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PREFACE 

THE First International Congress of Radiation 
Protection, sponsored by the newly formed In
ternational Radiation Protection Association 
(IRPA) was held in Rome, September 5-10, 
1966. The technical programme was outstanding 
in quality, thoroughly international in scope, and 
included papers in every major subject category 
of radiation protection. The Provisional Council 
of IRP A decided that the proceedings of the 
Congress would be a useful repository of the 
studies reported at the Congress as well as a 
permanent record of the technical level of the 
subject area at this time and, therefore, arranged 
to make them available to Congress registrants 
and to the general public. The Council is in
debted to Pergamon Press for its co-operation and 
fine performance in realizing this goal. 

The papers have been arranged by sessions, 
thus preserving the continuity established by 
the Programme Committee. Abstracts of all 
papers presented orally or read by title are 
included for each session. If a rapporteur paper 
was given, it has been included, when available, 
in the belief that the rapporteur's evaluation 
and comparisons of the papers he reviewed add 
considerably to the value of the individual 
papers. It has not been possible to provide 
translations of papers or abstracts in all the 
official languages of the Congress. Thus the 
arrangements of the papers follows closely that 
of the Scientific Programme, and these proceed
ings may serve as a permanent memorial of the 
excellent organization of this Congress. 

The publication of such an extensive body 
of technical information requires the assistance 
of many persons, and it is a pleasure for the 
Editor to acknowledge this indebtedness and 
express his appreciation to the President of 
the Congress, Dr. P. Caldirola; to Dr. C. 
Polvani, Secretary General of the Congress; 

and to Dr. L. Forti and the members of the 
Secretariat which she directed for their generous 
and courteous assistance. In particular, the 
Secretariat was responsible for collecting manu
scripts at the time of the Congress and for the 
transcription of the discussion. The fine co
operation ofW. G. Marley and A. Cigna and of 
the Programme Committee which they directed 
was invaluable in planning for the publication 
of the proceedings. The authors of the papers 
also deserve thanks for their co-operation; only 
a few papers could not be obtained for pub
lication. The Editor wishes to acknowledge 
with gratitude the assistance of the six persons 
who agreed to serve as Assistant Editors. Each 
of them had full responsibility for a certain 
group of papers from their initial delivery to the 
final reading of the proof, so that, except for 
some general guidelines, each was, in effect, an 
editor. Without their assistance, the task would 
have been unmanageable. It is an especial 
pleasure to acknowledge the excellent co-opera
tion of Pergamon Press throughout the course 
of the planning and publication of the proceed
ings, and the names of E. J. Buckley and 
Roy E. Strange are recorded here to express my 
special thanks for their assistance and guidance. 
Undoubtedly the list of those whose efforts 
have contributed materially to the work of 
publishing these proceedings could be extended 
over several pages of this volume. Many of 
them are not known to the Editor, and he can 
only express his general thanks to them. 

The Editor believes these proceedings will 
be a valuable record of the Congress and that all 
concerned in preparing this material for the 
press will share his satisfaction in contributing 
to their publication. 

WALTERs. SNYDER 

Publications Director, IRPA 

xix 



DEVELOPMENT OF HEALTH PHYSICS AS A PROFESSION* 

KARL Z. MORGAN 

Director, Health Physics Division, Oak Ridge National Laboratmy, Oak Ridge, Tennessee, U.S.A. 

Abstract-A brief history is given of the growth and development of health physics as a 
scientific profession. It is indicated that scientists and engineers from many disciplines have 
pooled their interests, combined their efforts and focused their attention on the central objective 
of providing adequate radiation protection for man and his environment from the harmful 
effects of ionizing radiation while at the same time enabling him to make better use of the 
benefits of this great source of energy. These scientists are engaged in education, training, ad
ministration, applied activities, engineering and research. Health physics research covers a 
wide spectrum of problems ranging from the effects of radiation on the living cell and on man to 
its interaction with matter at the atomic and nuclear levels. Ultimately, the goal of the health 
physicist is to develop a coherent theory of radiation damage, to assure that he measures and 
evaluates the proper physical and biological parameters related to the significant forms of 
potential radiation damage, to establish adequate radiation protection recommendations and 
measures at the national and international levels and to enforce these in such a manner that the 
benefits of ionizing radiation far outweigh the damage. Although the Health Physics Society, 
organized in 19~6, was surprisingly successful in developing an international radiation pro
tection organization, it was actually only partly successful in reaching this objective because 
there were some countries from which there were no members and many persons referred to it 
as the American society; this led to the formation of the IRP A and the calling of this inter
national congress on radiation protection 10 years after the Health Physics Society was 
organized. Many old and new problems on a local, national and international level remain to 
be solved by the health physicist. A few of these problems are given for illustration and are 
discussed briefly. 

RADIATION protection measures were practised 

rather sporadically from the time of the dis

covery of X-rays in 1895 until the beginning 

of World War II when health physics was 

organized as a profession, a new profession in 

which experienced and well-trained men with 

a variety of scientific backgrounds spent full 

time in activities for the protection of man and 

his environment from the hazards of ionizing 

radiation while at the same time encouraging 

an ever-increasing use of this great source 

of energy for the benefit of all mankind. This 

new profession, beginning with only eight health 

physicists at the UniversityofChicagoin 1942-43, 
grew very rapidly and spread to all countries 

*Work sponsored by the U.S. Atomic Energy 
Commission under contract with the Union Carbide 
Corporation. 
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in which there were nuclear reactor and high 

voltage accelerator programs. In 1955 at the 

University of Ohio, Columbus, Ohio, the Health 

Physics Society was formed and a year later it was 

formally organized at the University ofMichigan, 

Ann Arbor, Michigan. Although those organiz

ing this society came from only two countries

the United States and Canada-they deliberately 

organized what they hoped would become a 

truly international radiation protection associa

tion because as expressed by these founders 

"problems of radiation protection and their 

solution, whether in research, education and 

training or applied activities should not be 

limited by national boundaries or subordinated 

to political pressures". By its tenth birthday 

(1965) the membership of this Society ap

proached the 3000 mark with members in 45 
countries and sections in France, the United 
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Kingdom, Japan, Central Europe and Israel. 
Under the presidency of W. T. Ham (1964) 
it was first officially recognized that the Health 
Physics Society, although surprisingly successful 
in fostering an international radiation protection 
association, was actually only partially success
ful in attaining this goal of achieving a maximum 
participation in its programs by qualified indi
viduals of all countries because ( l) it had no 
members from countries such as Argentina, 
China, Egypt, Hungary, Luxemburg, Peru, 
Romania, Russia, Uruguay, etc., (2) in Europe, 
it was referred to frequently as the American 
Health Physics Society and (3) there were 
several independent radiation protection socie
ties not affiliated with the Health Physics Soci
ety. As a consequence, I was asked to investigate 
this matter and explore the interest of persons 
in all parts of the world in forming a single 
international health physics or radiation pro
tection association. I corresponded on this 
matter with members of the Health Physics 
Society and with hundreds of persons outside 

the Society; altogether I had replies from 
persons in approximately 70 countries. It was 
gratifying and very encouraging to find among 
these an overwhelming desire for the creation 
of such an organization. This led to the forma
tion of an ad hoc committee consisting of 46 
persons in 25 countries of the world, a committee 
to exchange information and pave the way for 
an international radiation protection association. 
Table 1 indicates the membership of this ad hoc 
committee. 

On February I, 1964 a small working group 
of this ad hoc committee, consisting of A. Benco 
(Italy), P. Courvoisier (Switzerland), P. Bonet
Maury, F. Duhamel and H. Jammet (France), 
W. G. Marley and B. A. J. Lister (United 
Kingdom), R. Maushart (Germany), S. Halter 
(Belgium), and W. T. Ham and K. Z. Morgan 
(United States) was informally assembled in 
London to discuss the matter. This group 
decided to proceed with plans to form an inter
national radiation protection association. It 
agreed unanimously on the basic principles, the 

Table I. Members qf the ad hoc Committee to form an International Health Physics or Radiation Protection Organization 
(january 1961:) 

1. A. Alonso, Spain 
2. Argeo Benco,* Italy 
3. Hanson Blatz,* U.S. 
4. Paul Bonet-Maury,* France 
5. Robert A. Borthwick, IAEA 
6. Louis Bugnard, France 
7. J. C. E. Button, Australia 
8. R. C. Cavalcanti, Italy 
9. N. Chassende-Baroz, France 

10. P. Courvoisier,* Switzerland 
I 1. F. P. Cowan, U.S. 
I2. George Cowper,* Canada 
I3. Fokke Dijkstra, Holland 
I4. Francis Duhamel,* France 
15. Yehuda Feige,* Israel 
16. Jose M. Feola, Argentina 
I 7. Jose A. Ferrer-Monge, Puerto Rico 
I8. E. H. Graul, Germany 
I9. S. Halter,* Belgium 
20. Jorge Hal vas, Mexico 
21. H. J. Ham, Australia 
22. W. T. Ham,* U.S. 
23. H. F. Herr, U.S. 

24. Toyohide Ishihara, Japan 
25. H. P. Jammet,* France 
26. P. Kayser,* Luxembourg 
27. Kristian Koren,* Norway 
28. B. A. J. Lister,* England 
29. W. G. Marley,* England 
30. John H. Martin, Scotland 
31. R. Maushart,* Germany 
32. JosephS. Mitchell, England 
33. Karl Z. Morgan,* U.S. 
34. Jan Muller, Czechoslovakia 
35. Jung Woo Nam, Korea 
36. Hassan Parnianpour, Iran 
37. Frank L. Paschal, Jr.,* U.S. 
38. C. M. Patterson, U.S. 
39. C. Polvani,* Italy 
40. Pierre Recht,* Belgium 
41. Rolf Sievert, Sweden 
42. Joaquin Solanas,* Venezuela 
43. F. D. Sowby,* ICRP 
44. L. S. Taylor, U.S. 
45. F. Yamasaki, Japan 
46. J. Zakovsky, Austria 

*These persons are listed on the program of the First International Congress of IRPA, Rome, Italy, 
September 5-10, 1966. 
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aims and objectives of the organization and 
drew up articles of agreement as summarized 
in Table 2. 

Following a favorable response from the 
ad hoc committee and the encouraging recom
mendations from the London meeting, the 
Board of Directors of the Health Physjcs Society 
formed a pro tempore Executive Council to further 

Table 2. Articles of Agreement for the formation of an 
International Health Physics or Radiation Protection Society* 

( 1) We have clarified to our satisfaction what is the 
Health Physics Society and the interpretation as 
used in America has led to a better understanding. 

(2) The aims and objectives of an international health 
physics or radiation protection society shall be: 

(a) to promote international contacts between 
those engaged in radiation protection work and 
promote the profession throughout the world, 

(b) to promote and organize international meetings 
on these matters, 

(c) to support an international journal devoted to 
radiation protection, and 

(d) to support the work of international bodies con
cerned with the establishment of radiation pro
tection standards and recommendations for 
radiation protection. 

(3) We are in unanimous agreement that we wish to 
move toward a single health physics or radiation 
protection society. 

*Drawn up in London, England, February 1, 1964 
by a working group of the ad hoc Committee to form 
an International Health Physics or Radiation Protec
tion Organization. 

study and expedite these proposals. The first 
meeting was held at Gatlinburg, Tenn., June 
11-12, 1964 and members of the Council 
attending were H. Jammet (France), R. Maus
hart (Germany), W. T. Ham and K. Z. Morgan 
(United States). Proxies were present as follows: 
P. Bonet-Maury for F. Duhamel (France), 
R. Maushart for P. Courvoisier (Switzerland), 
H. J. Dunster for W. G. Marley and B. A. J. 
Lister (United Kingdom), Y. Nishiwaki for 
T. Aoki ·(Japan), M. Izawa for F. Yamasaki 
(Japan) and P. Recht for S. Halter (Belgium). 
Members of the Council not represented were 
A. Benco (Italy), G. A. Zedgenidz (USSR), 
R. M. Sievert (Sweden), and A. M. Marko 

(Canada). Other invited attendees were M. 
Gras, H. Francois, P. Pellerin and J. Pradel 
(France), and H. H. Abee,J. C. Hart and W. S. 
Snyder (United States). At this meeting there 
was unanimous approval on the basic principles 
and articles of agreement prepared at the 
London meeting. It was agreed that the name 
of this organization should be the International 
Radiation Protection Association (IRPA). With 
the help of H. H. Abee and the legal guidance 
of J. C. Hart, this group developed the frame
work of a constitution. 

This constitution called for a rather unique 
confederated type of association. It stated not 
more than one organization from each country 
could be affiliated with IRPA and that indivi
dual members of national or regional affiliated 
societies would automatically become members 
of IRP A but that membership in IRPA would 
be possible only through such affiliated societies. 
The IRP A would be governed by a General 
Assembly, each member of which was to be 
elected by members of his affiliated society in 
accordance with procedures assigned to express 
the will of the majority of members of his 
society. The national or regional affiliated 
societies would have almost complete autonomy 
in matters of local or national concern. The 
business of IRPA and particularly that of the 
General Assembly would be carried on by an 
Executive Council elected by the General 
Assembly. The principal objectives and pur
poses of the International Radiation Protection 
Association, in addition to those expressed in 
the London articles of agreement, were sum
marized in the IRPA constitution: (1) to 
encourage scientific research and educational 
opportunities among those scientific disciplines 
which support the science of radiation protec
tion, and (2) to encourage the establishment of 
radiation protection societies throughout the 
world as a means of achieving international 
cooperation among scientists. There was com
plete accord of members of the pro tempore 
Executive Council on these recommendations 
which they then presented a few days later 
(on June 15, 1964 in Cincinnati, Ohio) to the 
Board ofDirectors of the Health Physics Society; 
the Board in turn approved them unanimously. 

At meetings of the pro tempore Executive 
Council in Gatlinburg and in Cincinnati, it was 
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decided to hold a pro tempore General Assembly 
at a convenient location during the early part 
of December, 1964. It was later agreed to hold 
this Assembly in Paris, France, as guests of the 
French Section of the Health Physics Society. 
P. Bonet-Maury, past-president of this Section, 
served as local chairman of arrangements. This 
now historic meeting of the pro tempore General 
Assembly was held at the Centre de Conferences 
Internationales, Paris, France, November 30-
December 3, 1964. Table 3 is a summary 
listing those organizations with official delegates 
at this important Assembly, the number of 

members reported by each of the organizations, 
names of attending delegates and others attend
ing but not officially representing specific 
organizations. 

Fifteen societies had official delegates there 
and, in addition, delegates were present from 
six other countries. Altogether there was repre
sentation from some 4000 health physicists in 
50 countries. 

The 45 official delegates at this pro tempore 
General Assembly adopted a constitution which 
states our primary objectives, objectives which 
are essentially those agreed upon earlier at the 

Table 3. Summary of Organizations, Membership reported and Delegates attending the Pro Tempore General Assembly 

in Paris, France, November 30-December 3, 1946 

Organization 

Belgium Radioprotection Association 
Central European Section of the Health Physics 

Society (Austria, Germany, Switzerland) 
European Society for Radiation Protection 
French Health Physics Society (amalgamated) 

Health Physics Society (Canada) 
Health Physics Society (United States) 

Israeli Section of the Health Physics Society 
Italian Health Physics Association 
Japanese Health Physics Society 
Luxembourg 
Mexican Society of Radiation Protection and 

Hospital Physicists 
Netherlands Society for Radiation Hygiene 
Nordic Society for Radiation Protection 

(Denmark, Finland, Norway, Sweden, Iceland) 

United Kingdom Section of the Health Physics 
Society 

Yugoslav Health Physics Society 

A Ad hoc Committee Member. 
§Attended London meeting on February 1, 1964. 
:Pro tempore Executive Council Member. 

Members 

182 

20 
148 
425 

29 
2302 

12 
125 
209 
29 

50 
117 

201 

127 
,...,zoo 

t Attended Gatlinburg meeting on June 11-12, 1964. 
*Also an IAEA observer. 

Delegates 

Halter, A§tP Boulenger, Hublet and RechtA~ 

Becker P and Mehl* 
Courvoisie?UP and MausharrAH~P 
Duhamel A§tP Jammet A§t~P Pellerin~ 

Gras,.: Bonet-Maury, A§ ~P Chassend:-BarozA 
Marko tP 

Andrews, Terrill, A bee, ~P Morgan/§ gP 
HamA§tO:P 

FeigeAP and Donagi 
Argiero, Todisco and BencoA§tP 
Yamaoka and Nishiwaki.;P 

KayserA and Rischard 

Hal vasA 

SpaanderP 

Sievert, AtP Grande, Salimaki, A Koren, P 

Lindell 

MarleyA§tP and ListerA§tP 

Tasovac 

P Elected on December 3, 1964 as a member of the Provisional Executive Council. 

National Delegates not Representing Specific Organizations 

L. Sklavenitis (Greece) 
H. ParnianpourA (Iran) 

0. Fissore (Monaco) 

E. Ramos (Spain) 
J. Baarli (Switzerland) 
0. Beninson (Argentina) 
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London and Gatlinburg meetings and sum
marized above. In particular, the constitution 
emphasizes our primary purpose and goal of 
providing a medium whereby international 
contacts and cooperation may be obtained 
among those engaged in radiation protection 
work-both applied and research-in an effort 
to provide for the protection of man and his 
environment from the hazards caused by ioniz
ing radiation and thereby to facilitate the exploi
tation of radiation and atomic energy for the 
benefit of mankind. I believe it is significant 
that the constitution ofiRPA states the positive 
as well as the negative purpose of the profession 
of health physics. 

It was decided at the Paris pro tempore General 
Assembly to form a rather large Provisional 
Executive Council to be responsible for the 
organization of the International Radiation 
Protection Association, to prepare for the first 
International Congress and General Assembly of 
IRPA and to select and approve appropriate 
organizations as affiliates in this federation. 
However, to expedite business matters a smaller 
executive group of provisional officers was 
provided. Those elected were P. Caldirola of 
Italy (Vice-President), thus signifying that the 
first General Assembly would meet in Italy in 
1966, P. Bonet-Maury of France (Secretary), 
P. Courvoisier ofSwitzerland (Treasurer), W. S. 
Snyder of the United States (Publications 
Director) and myself (Chairman). Other mem
bers of the Provisional Executive Council as 
elected by the pro tempore General Assembly were 
P. Spaander (Netherlands), A. Benco (Italy), 
Y. Feige (Israel), K. Koren (Norway), K. 
Becker (Germany), A. M. Marko (Canada), 
R. M. Sievert with B. Lindell as his alternate 
(Sweden), S. Halter (Belgium), G. Zedgenidz 
(USSR), R. Maushart (Germany and also 
representing Austria and Switzerland), F. Yam
asaki (Japan), Y. Nishiwaki (Japan), B. A. J. 
Lister (England), W. G. Marley (England), F. 
Duhamel (France), H. Jammet (France), H. H. 
Abee (United States) and W. T. Ham (United 
States). In addition the chairman was asked to 
select one representative from Latin America. 

At a meeting of Latin American health 
physicists in June 1965 in Los Angeles, Cali
fornia, J. Solanas was elected as their repre
sentative and the next day at the meeting of the 

Provisional Executive Council he was appointed 
as a member of the Council. 

The succeeding meetings of the Provisional 
Executive Council were held in Los Angeles 
(June 18-19, 1965), Paris (December 16-17, 
1965), Sterling Forest (June 18-19, 1966), 
and finally in Rome (September 3, 1966). 
Our most important progress at these meetings 
is indicated in Table 4 by action taken relative 
to new affiliates of IRP A. Other developments 
have been made in proposing amendments to 
the cons ti tu tion and a set of operating procedures, 
both of which will be presented for consideration 
and approval at the General Assembly, Wed
nesday, September 7. 

The Health Physics Society from the begin
ning has strongly supported efforts for the 
formation of an international organization in 
which health physicists in each country would 
have appropriate representation. The recent 
presidents, W. T. Ham, H. L. Andrews and M. 
Eisenbud, have made many personal sacrifices 
to assure the success of IRPA and the Board of 
Directors of the Health Physics Society has 
given strong financial support to these efforts. 
It has agreed to make available to affiliated 
members of the International Radiation Pro
tection Association its journal, Health Physics, 

at cost, at present $6.00 per year. One of the 
principal tasks ofW. S. Snyder, the Publications 
Director, has been to facilitate the availability 
of Health Physics to all members of affiliated 
organizations and to ongmate acceptable 
material for publication in Health Physics from 
you, the members of affiliated societies of the 
IRP A. The editors of Health Physics urge you 
to submit for publication high-quality papers .on 
all aspects of radiation protection. For example, 
we welcome papers on such subjects as radiation 
monitoring and surveys, environmental surveys, 
waste disposal, transport of radionuclides in 
air and in water, personnel dosimetry, radiation 
ecology, internal dose, fallout, contamination 
control, resuspension of surface contamination, 
regulations, codes of practice, radiation acci
dents, instrumentation, basic studies of inter
action of radiation with matter at all levels of 
interaction (atomic, molecular, plasma, crystal, 
gas, liquid, solid, cell, organism, animal and 
ecosystem), studies of radiation damage, radia
tion risks, permissible dose, measurements of 
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Table 4. 

Society name and principal area 
Place of action 

Provisional Executive Council and Date 
of unqualified acceptance 

1. The Central European Section of the Health Physics 
Society (name changed to Fachverband fur 
Strahlenschutz)-Germany, Switzerland and Austria. June 19, 1966, Sterling Forest1 

2. Association Luxembourgeoise de Radioprotection-
Luxembourg 

3. Societe Fran<;:aise de Radioprotection-France 
4. Health Physics Society-U.S. and Canada 

December 17, 1965, Paris1 

June 19, 1965, Los Angeles 
June 19, 1965, Los Angeles 

5. Nordiska Sallskapet for Stralskyld-Norway, Sweden, 
Denmark, Finland and Iceland 

6. L'Association Beige de Radioprotection-Belgium 
7. Japan Health Physics Society-Japan 
8. British Radiological Protection Association

United Kingdom 
(England, Wales, Scotland, and North Ireland) 

9. Israel Health Physics Society-Israel 

December 17, 1965, Paris 
December 17, 1965, Paris 
December 17, 1965, Paris 

December 17, 1965, Paris 
December 17, 1965, Paris 

10. Association Italiana di Fisica Sanitaria e di Protezione 
Contro 1e Radiazione-Ita1y December 17, 1965, Paris 

11. N eder1andse Vereneging voor Stra1ingshygiene
Netherlands December 17, 1965, Paris 

12. Associacion Mexicana de Proteccion Radiologica Y 
Fisica Medica-Mexico June 18, 1966, Sterling Forest 

June 18, 1966, Sterling Forest 13. Argentine Radiation Protection Association-Argentina 
14. Eotvos Lorand Physical Society, Health Physics 

Section-Hungary 
15. Philippine Radiation Protection Association

Philippines 

June 18, 1966, Sterling Forest 

September 3, 1966, Rome2 

1 Provisional acceptance was on June 19, 1965 in Los Angeles, California. 
2 Provisional acceptance was on June 18, 1966 in Sterling Forest, New York. 

dose and energy spectra, quality factor, etc. 
We welcome especially papers from new areas 
of interest and responsibility of the health 
physicist, e.g. biological effects and dosimetry 
of laser radiation, intense magnetic fields, 
fusion reactors and space radiation. 

P. Caldirola of Italy with the assistance of 
his very able colleagues has had as his principal 
assignment the arrangements for this, the 
first meeting of the International Radiation 
Protection Association in Rome, Italy, Sep
tember 5-10, 1966. He has had the valuable 
assistance of his Honorary Committee and 
Advisory Committee and especially of the 
Secretary-General C. Polvani, Treasurer of the 
Conference A. Benco, Scientific Program Chair
man W. G. Marley, Local Arrangements 

Chairman S. Tagliati, Technical Exhibits 
Chairman L. Argiero and Secretariat L. Forti. 
Without the untiring efforts and devotion of 
these individuals to IRPA and the health 
physics profession, this meeting in Rome could 
not have been the grand success that it is. 
I would like to recognize also the strong 
support IRPA has received from the Inter
national Commission on Radiological Pro
tection, the International Commission on 
Radiological Units, the International Atomic 
Energy Agency, the World Health Organiza
tion and the International Labor Office. They 
have assisted us by sending observers to meetings 
ofthe Provisional Executive Council where they 
gave us very valuable advice and guidance. 
We are most grateful also to IAEA, Euratom, 
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the Health Physics Society, the Societe Fran<;aise 
de Radioprotection and the Italian Board of 
Management for giving us very substantial 
financial assistance without which this meeting 
would have been impossible and we would not 
have been able to provide you with published 
proceedings of this International Congress. 
I would like to thank also the societies affiliated 
with JR P A that haw~ made advance contribu
tions of 1966 dues amounting to an extra year 
of dues in order to assist this fledgling organiza
tion. With this kind of voluntary support IRPA 
is bound to succeed. 

It is encouraging that scientists and engineers 
with many different national, cultural and 
language backgrounds can sit down together 
at meetings in London, Gatlinburg, Paris, Los 
Angeles, Sterling Forest and now in Rome and 
agree on the formation of a rather unique 
international organization with such worth
while scientific and professional objectives and 
develop a constitution based on such sound, 
democratic principles-a constitution recog
nizing the importance of the individual health 
physicist yet allowing almost complete autonomy 
of the individual affiliated societies in matters 
of local and national interest. We have formed 
an outstanding international organization which 
is a federation, yet an organization in which the 
individual is the most important element; he is 
an entity who expresses rather than impresses 
his will, both nationally and internationally. 
Hopefully, this spirit of trust and unanimity 
may point the way of cooperation not only to 
other scientists and professions, but to all those 
seeking a solution to international problems. 
Although there have been some differences of 
opinion among members of the Provisional 
Executive Council, such differences were dis
cussed freely and an understanding was reached; 
if necessary, satisfactory compromises were 
attained. Unlike many other international 
groups, the pro tempore General Assembly in 
Paris and the Provisional Executive Council 
in its several meetings have met in a spirit 
of complete harmony and cooperation; this 
meeting in Rome (September 1966), the first 
General Assembly of IRPA, is no exception 
and in fact has set such a high standard and 
one so close to perfection it is difficult to imagine 
how future meetings can continue to improve 

other than by emulating it. We have set a 
pattern and cultured an environment of co
operation in which we hope to exchange freely 
all information relating to the protection of 
man and his environment from radiation 
damage. With agreement on fundamental issues 
providing for cooperation of health physicists 
at the national and international levels and 
with the adoption of an organizational structure 
of IRPA that assures a mechanism for free 
exchange of information, we confidently expect 
more beneficial uses can be made of ionizing 
radiation. It is my hope and prayer that through 
this organization better radiation protection 
will be provided wherever it is needed-in 
research establishments, in hospitals, in the 
doctor's office, in mass X-ray programs, in 
reactor development and in the space program. 
Wherever the ratio of benefits to damage from 
ionizing radiation can be increased with a 
reasonable amount of effort, the health physicist 
member ofiRPA must recognize a challenge and 
an opportunity for professional service to man. 
In education and training each of the societies 
affiliated with IRP A must be satisfied with 
nothing but the best because our leaders must 
be men of stature that can stand shoulder to 
shoulder with the best scientists. In applied 
research we must solve the difficult as well as 
the simple, day-to-day problems, but at the 
same time we must apply a considerable portion 
of our research effort to the long-range and 
more basic studies. We must not be satisfied 
until we understand the basic mechanisms 
of radiation damage at all levels of energy 
exchange following the absorption of ionizing 
radiation and as the entropy of the system 
increases. We must continue our research until 
we have developed a coherent theory of radia
tion damage that answers our questions regard
ing permissible dose limits, that indicates the 
best methods of measuring the proper para
meters relating to dose and to biological damage 
and that permits the prediction of biological 
consequences of a given exposure which must be 
carefully weighed against the expected benefits. 

In this hour of rejoicing, however, let us not 
fail to recognize that as yet we have not been 
completely successful in this first phase of our 
development since our goal for a truly Inter
national Radiation Protection Association will 
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not be attained until all nations having 20 or 
more health physicists are affiliated with 
IRP A. This assembly of health physicists in 
IRPA has focused attention on the ways in 
which cooperation is possible rather than 
stubbornly and blindly argue about and magnify 
the impossibility of agreement. Perhaps poli
ticians would say such agreements among people 
of many countries are impossible but maybe 
we have succeeded because health physicists 
are a band of scientists that refuse to recognize 

the impossible. This agreement among health 
physicists is now an established fact; IRPA 
is a reality, a going, growing organization and 
at this meeting in Rome (September 1966) 
we are proud to announce there are fifteen 
organizations affiliated in IRPA comprising a 
total of over 5000 members living in 55 coun
tries of the world. We are moving steadily 
toward the attainment of our goal for world 
cooperation among all health physicists in one 
international organization. 



PERMISSIBLE DOSES FOR CRITICAL TISSUES 

E. ERIC POCHIN 

Medical Research Council Department of Clinical Research, Universily College 
Hospital Medical School, London 

Abstract-If dose rates regarded as permissible for occupational exposure of different critical 
organs or body tissues need to be determined less in respect of any likely impairment of organ 
function at these dose rates than of the risk of neoplastic change or relevant genetic effects, the 
criteria on which such dose rates are determined ought to be related to any available quantita
tive information as to the sensitivity of the various human tissues and cell types to such changes. 
Possible bases for such comparisons are reviewed. 

ONE of the most important functions of the 
International Commission on Radiological Pro
tection, and certainly one of the most difficult, 
must be its assessment, quantitatively, of the 
maximum levels of dose or dose rate that can 
be regarded as permissible, but which should 
not be exceeded, under various particular 
circumstances of necessary exposure to ionising 
radiation. This judgement is of course central 
to all protection requirements. Yet it is doubly 
difficult to make if we need to envisage the 
possibility of occasional radiation damage even 
at the lowest doses and dose rates, since we must 
then review, not only the numerical level of 
risk from various possible injuries at low doses, 
but also the levels of risk that could be regarded 
as appropriate for various circumstances of 
occupational or other exposure. The first is a 
radiobiological judgement that has to be made 
in the absence, fortunately, of any direct 
statistical evidence as to the harmfulness to 
man of radiation at low doses or- dose rates. 
The second is a sociological judgement as to 
the right criteria of safety and limitation of 
hazard, a subject on which the community 
offers remarkably little direct opinion, at least 
in the necessary quantitative terms, although 
it is evident in principle that risks should be 
minimized, or eliminated if practicable. 

I believe that the Commission's recent Pub
lication 9( 1> will be of value in helping to 
keep these difficult and important questions 
in perspective; and that the report of a Task 
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Group of its Committee 1,< 2> on the problems 
of radiation risk evaluation, will be particularly 
helpful also for the light it throws on the avail
able quantitative evidence, and on the degree 
of safety that is implied by particular dose 
limits. This report is one which appeared in 
the February number of Health Physics-so 
happily offered by the journal and by the 
Commission as a tribute to our distinguished 
colleague and friend, Rolf Sievert. 

The necessary translation of recommended 
limits of dose rate into the corresponding 
estimates of body burdens, organ burdens or 
intake-building the bridge from rads to 
microcuries-has been a heavy and an equally 
difficult task, for which we all owe much to 
the President of the Association, Karl Morgan, 
for his chairmanship of the Commission's 
Committee on Internal Exposure. This essential 
task, of making the Commission's recommenda
tions meaningful in terms of monitoring, of 
organ or body contents, of intakes or excretions, 
has been the harder because of the sparseness 
of metabolic data for many nuclides in man, 
even sometimes in mammals, and a wide field 
of investigation has to be kept continuously 
under review to strengthen the bases for the 
guidance needed on many different elements. 
The work of special task groups on particular 
tissues, for example recently on gut and on 
lung, and currently on bone, is also being of 
great value in defining the metabolic models 
which can be used to describe the behaviour 
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of radioelements in tissues, and to establish 
criteria for appropriate monitoring. 

But all these recommendations on internal 
dose depend on a basic question which I would 
like to discuss briefly, since it is also one which 
requires to be kept under close review in the 
light of developing knowledge. When indivi~ 
dual organs or tissues are exposed singly-owing 
to selective concentration of particulat radio~ 
nuclides in or near them-what dose rates for 
each tissue will ensure a degree of safety to the 
worker equal to that involved when all the 
organs or tissues are equally exposed at 5 
rem/year? 

This problem again is a difficult one to resolve 
in the necessary quantitative way. It obviously 
is less hazardous for the lung only to be exposed 
at 5 rem per year than for the lung and all other 
tissues to be exposed at this rate. The dose 
rate for the lung as critical organ alone should 
therefore clearly be higher than that for whole 
body radiation; but how much higher, and 
what should be the basis for deciding the ratio 
to be used? 

On present criteria, the maximum dose rate 
for most organs in the body, if irradiated 
singly, is three times that for whole body 
irradiation, with the exception of a higher 
ratio for skin, bone and the thyroid of adults, 
and a lower one for gonads and red bone 
marrow. The use in this way of the same 
limit of dose rate for most organs would seem 
appropriate, in the absence of better informa~ 
tion on the sensitivity of particular tissues, if 
we are essentially protecting against impairment 
of organ function, which might well depend on 
damage to enzyme systems or cell structures 
that were similar in different tissues; and the 
very proper present references to the importance 
of the different organs to the body health reflect 
the same concern with impairment of function. 

It is becoming increasingly clear, however, 
that, at the low doses and dose rates involved 
in protection limits, the metabolic function 
of the organ as a whole will be essentially 
unimpaired, and the relevant risks to the 
exposed individual are of the possible occasional 
induction of malignant change in certain 
tissues-other changes contributing to life 
shortening being at present more uncertain in 
man although probably present. The risks to 

the individual's progeny will depend on muta~ 
tions induced by irradiation of germinal tissues. 
And risks to a foetus would be added in exposure 
during pregnancy. If these are the hazards, 
what should be the criteria for setting up 
permissible doses to different critical organs or 
tissues? 

The following three assumptions might be 
appropriate as a basis for setting the dose 
limits for individual body tissues, if irradiated 
singly, in relation to that adopted for uniform 
whole body exposure. 

Firstly, that the hazard of whole body irradia
tion is simply the total of the hazards of the 
radiation of its constituent tissues.· This will 
clearly be untrue at high doses, when the 
probability of the development of somatic or 
genetic change in an individual would be affec
ted by the possibility of his earlier death from 
another somatic effect, or perhaps from effects of 
radiation on the function of particular tissues or 
from more subtle effects on endocrine or other 
forms of co-ordination. At the low doses, and 
presumably the low probabilities of somatic 
effects, that apply for permissible dose limits, 
however, it seems likely to be a reasonable 
approximation. 

Secondly, that within the range of doses or 
dose rates applicable to permissible dose limits, 
the frequency of harmful effects is about pro
portional to the dose or dose rate. This again 
will not apply for certain (e.g. some chromoso~ 
mal) changes, or perhaps if high dose limits 
were postulated for relatively insensitive tissues, 
or for locally high dose rates associated with 
non-homogenous dose distributions. It has 
however been rather widely postulated for 
protection purposes and might be assumed as 
an approximation within the range of dose 
rates involved. 

Thirdly, that dose limits for individual tissues, 
when irradiated singly, or for the whole body, 
when uniformly irradiated, are set so that the 
risk from any of these modes of exposure is 
equal in magnitude. This has never been 
formally stated as the basis for different tissue 
dose limits and there are obvious difficulties 
in assessing the weight to be attached to dif
ferent risks such as of disease in the exposed 
individual or in his descendents, fatal and 
non-fatal disease, or malignancies occurring 
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after short or long latency. The general aim 
of an equally high degree of protection for 
different forms of exposure, however, seems 
basic. 

If these three assumptions· are accepted as 
criteria for reviewing dose limits for critical 
tissues, I think that the first problem, setting 
aside for the moment the rather special question 
of foetal irradiation during a pregnancy, musl 
be to consider the relative total importance 
of the somatic effects in the individual exposed 
and the genetic effects in his progeny. To 
pose a definite question: if a population of a 
million people of all ages were exposed to one 
rad of whole body radiation, how would the 
total of resulting cases of leukaemia, other 
malignancy or other somatic effect in those 
exposed compare in importance with the total 
of all injuries resulting from genetic damage? 

This question can of course never be answered 
by any simple quantitative comparison, between 
say the number of deaths caused in the exposed 
individuals and the number of deaths or severe 
disabilities induced in their descendents. Some 
opinion must however be expressed, or will be 
implied, in any attempt to allocate dose rates 
for different tissues and for the whole body
even though the opinion may simply be that 
the sum of genetic damage is at present judged 
likely to be about equal to-or to be several 
times as important as-the sum of the somatic 
damage. 

Examination of the "Risk Report" indicates 
that the receipt of one rad by a million people 
might result in of the order of 50 to 100 fatal 
malignancies. This number of effects would 
be increased if non-specific ageing effects were 
important in man. It would be very much 
reduced if the dose response relationship in 
man were quadratic rather than linear. 

The same population exposure might result 
in of the order of 10 seriously defective offspring 
in the first generation from point mutations, 
and probably a substantially larger number 
from chromosomal aberrations. It is indicated 
that the total number of defects in all genera
tions might reach several hundreds, but should 
not exceed several thousands even if every 
point x:nutation was equivalent to a major 
defect. 

Any comparison of the somatic and genetic 
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impact of radiation is thus beset at present by 
great quantitative uncertainties, as limiting 
as those involved in judging the importance of 
the different types of effect; and either somatic 
or genetic damage might involve total fre
quencies of major effects of some hundredths 
of one per cent per rad. If estimates of the 
type and frequency of all induced genetic 
effects led to the opinion that these had an 
importance equal to that of all induced somatic 
effects, then strictly the limiting dose rate for the 
gonads alone should be twice that for whole 
body radiation: and a gonad dose rate of 10 
rem per year would correspond with the whole 
body rateof5 rem per year if the hazard from each 
form of exposure were to be kept to an equally 
low level. Or if the genetic effects were judged 
to be more important than the somatic ones, the 
dose rate for gonads alone should be corres
pondingly closer to that for whole body radia
tion. 

We may, I think, approach the dose limits 
for other tissues in a similar way. Suppose for a 
moment that non-specific ageing effects were 
unimportant compared with the induction of 
fatal malignancies, and that leukaemia formed 
one third of all the latter-again, broadly, on 
the basis of the Risk Report. If so, and if somatic 
and genetic effects were held to be equal in 
importance, the effects of whole body radiation 
would be due-as to one half to the gonad 
irradiation, and as to one sixth (one third of 
the remaining half) to irradiation of the bone 
marrow, if this is regarded as the critical tissue 
for induction of leukaemia. If then the whole 
body rate was 5 rem per year, that for gonads 
alone should be 10 rem per year and for bone 
marrow alone 30 rem per year. Clearly one could 
extend this type of argument with increasing 
information. If for example the thyroid and the 
pancreas were each responsible for one third of 
the remaining malignancies, the dose rates for 
these tissues, if irradiated alone, should be 45 
rem per year-the dose rate for any particular 
tissue being inversely related to the risk per 
unit dose for that tissue, at least to levels at 
which a linearity of dose effect relationship 
might be assumed. 

These values of course are quoted merely as 
illustrations of the way in which the increasing 
amounts of quantitative information that are 



14 E. ERIC POCHIN 

becoming available on radiation effects will 
need to be kept in review to ensure that pro
tection criteria are properly related to current 
knowledge. The next few years are likely to 
see some clarification of the estimated relative 
frequencies of genetic and somatic effects; of 
the relative importance of malignant and other 
somatic changes; of the greater or less sensitivity 
of different tissues to malignant change. Already 
an approximate comparison can be made as to 
the sensitivity to induction of malignancies in 
the foetus and in the adult, so that some estimate 
could be made of relative total risk for different 
dose rates in the pregnant and non-pregnant 
individual. When the causes for any non
malignant life-shortening become clearer, we 
shall be better able to judge of the relative 
importance of the irradiation of such tissues 
as muscle or fat in which tumour induction 
seems likely to be of insignificant probability. 

What I have discussed is simply a personal 
view of emerging information which may in the 
future alter somewhat, even if perhaps not 
greatly, the relative importance attached to 
the irradiation of different tissues-although the 
present criteria for some tissues may prove to 
be unduly restrictive. And it is stimulating to 

see in the scientific programme of this Congress 
so many papers on subjects which bear upon our 
advancing knowledge of the types and impor
tance of the hazards with which the Commission 
is concerned in its protection recommendations 
and with which we are all involved in our 
development of protection procedures: the cells 
which are most sensitive; the dose rates which 
are of greatest importance; the localization of 
nuclides within the body, within the tissue or 
within the cell which are of highest significance; 
and the techniques of monitoring which can 
ensure the fullest and most reliable protection. 
I am sure that there will be the greatest value in 
this Congress's review of the means o[achieving 
effective radiation protection and of the prob
lems and difficulties which arise in the very 
varied fields of protection which we will have 
under discussion. 
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DISCUSSION 

M. GIUBILEO (Euratom): 

1. La ICRP pcnsa di includere le dosi ricevute per 
scapi medici nella dosimetria generale dell'individuo? 

2. Ritiene attuale considerare il midollo osseo come 
organo critico per la leucemia in base aile acquisizioni 
recenti sulla patogenesi periferica della leucemia? 

E. E. PocHIN: 

1. I believe that one should base one's procedure 
on the view that, if any radiation exposure may in
volve some element of risk, the risk should be justified 
by the need for the exposure. Levels of occupational 
exposure should correspond to a degree of safety ap
propriate to good industrial practice, and would not 
be influenced if a worker additionally required a 

J.R.P. VOL. I-B 

15 

radiological examination of which the necessity 
should also justify any risk involved. If the risks of 
radiation are regarded, at these dose levels, as being 
additive, the permissible occupational exposure 
should, on this basis, be no more affected by the need 
for a radiological examination than, for example, by 
the need for a surgical operation. 

2. I would certainly agree that one cannot exclude 
the possibility that leukemia might be induced solely 
by irradiation of the blood, the lymph glands or 
other tissues, or that irradhtion of part of the red 
bone marrow may be less important than irradiation 
of all of it. I think that one should, however, regard 
the red bone marrow as a "critical tissue" for leu
kemia induction, and that permissible doses for the 
marrow should be set with this in mind. 



ENERGY TRANSFER BY ALPHA-PARTICLES TO BIOLOGICAL 

ENTITIES OF VERY SMALL SIZE 

j. BOOZ 

Biology Service, C.C.R. Euratom-Ispra, Italy 

Abstract-The energy spectrum of the energy transferred by alpha-particles of 239Pu and 
210Po to cylindrical subcellular units has been studied experimentally. 

For this purpose a cylindrical proportional counter with tissue equivalent walls of Shonka 
type and with an internal diameter of 5 mm has been used. The counting gas is tissue equivalent 

(64·4% CH4, 32·4% C02 and 3·2% N 2) flowing at a rate of 3 ml/min through a vacuum
tight vessel in which the counter is built. The alpha-particles which have an energy of about 

5 MeV enter into the counter perpendicular to its axis through a hole 1 mm in diameter, their 

path length inside of the counter being constant within 1 %· By using gas pressures between 1 
and 500 torr the biological diameter of the counter has been varied between 70 A and 3 · 5 p, 
of tissue. 

The authors discuss the resolution of the counter and present measurements of the mean 
number of ionization that the alpha-particles produce along a track length of 50 A. 

INTRODUCTION 

It is well known that the linear energy transfer 
(LET) of radiation is in general not a suitable 
parameter for describing the deposition of 
radiation energy on the microscopic level. This 
has been shown by Rossi and coworkers, who 
have measured the energy transferred to small 
spherical volumes by single events and have 
developed a new approach for describing the 
energy deposition by taking into account its 
quantification. <1

- 7 > This approach has been 
shown to be very fruitful. <8 > However, its 
practical application is limited by the fact that 
not all the sub-cellular biological structures 
that are believed to be significant for a certain 
biological damage can be approximated by a 
sphere. For the chromosome, for instance, that 
might be the significant structure for many 
observed effects, the infinitely long cylinder 
is probably a better model. 

The purpose of this work was to study the 
possibility of using a cylindrical proportional 
counter as a "chromosome counter". The 
counter used and measurements of its resolution 
are described below. 
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INSTRUMENTATION 

The proportional counter is shown in Fig. 1. 
It is cylindrical and has a diameter of 5 mm. 
Its wall is made from tissue equivalent plastic 
after Shonka. <9 > The tissue equivalent counting 
gas was that proposed by Rossi and Failla <10 > 

with a composition 64·4% CH4 + 32·4% C02 

+ 3 · 2% N 2 • When the gas pressure is 0 · 7 mm 
Hg, the diameter of the counter corresponds to 
50 A of soft tissue of unit density. This tissue 
layer that corresponds to the counter diameter 
at a certain gas pressure we will call from now 
on the "tissue diameter" d of the counter. The 
thickness of the counting wire was varied be
tween 40 and 200 p,. For the final measure
ments the 50 p, wire was used because it gave a 
better resolution at the higher pressures. At 
pressures below l 0 mm Hg the thickness of the 
counting wire had no influence on the measured 
deviation. The total counter was mounted on a 
ENG-connector passing through a vacuum
flange with which the counter was fastened in a 
gas tight vessel. 

For the measurements of the energy trans
fer a small pencil beam of alpha-particles 
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f215mm 

60mm 

Fm. 1. Side view of the tissue equivalent proportional counter. 

from 210Po was used that traversed the counter 
perpendicular to its axis. The geometrical 
relation between the counter and the alpha
source is shown in Fig. 2. The alpha-particles 
passed into the counter through a hole of 1 mm in 
diameter. In order to prevent scattering at 
the inner surface of the hole, an aperture of 
0 · 1 mm diameter in an aluminium foil 50 p. 

thick was put in front of the counter. The source 
was placed a little to one side ofthe line between 
the wire and the aperture, so that the particles 
could not come into collision with the central 
wire. The counter length of 60 mm, giving 
30 mm at both sides of the pencil beam, is 
effectively infinitely long when its tissue dia
meter dis bigger than 400 A. <11> With smaller 
sizes the more energetic o-rays could reach the 
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counter ends. However, this had no influence. 
Comparative measurements (d > 100 A) with a 
similar counter having a length of only 30 mm 
gave the same results. 

Figure 3 shows the instrumentation in form of 
a block diagram. All measurements were made 
with a constant gas flow of 3 mlfmin passing 
through a metal gas-tight vessel containing 
the counter and the source. The pulses had 
a mean frequency of l 0' cpm and a rise time 
of less than 0 · 2 p.sec. The pulses were shaped 
in the main amplifier first by a differentiating 
and then by an integrating network, both 
having a time constant of 0 · 8 p.sec. With 
this setting the noise level of the electronic 
system was about 600 electrons at the input of 
the preamplifier. 

20 mm 

Fm. 2. Geometrical relation between counter and source. The alpha-particles enter through 
an aperture of 0·1 mm and pass through the counter without coming into collision with the 

central wire. 
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MEASUREMENTS 

The alpha-source was shielded with 1.05 
mgfcm 2 AI which caused a standard deviation 
of I·3% in the particle energy. This deviation, 
measured with a solid state detector, was 
regarded as sufficiently small for the present 

purpose. 
The energy transfer to the counter, and its 

spectral distribution, were measured at tissue 
diameters between I 00 A and 3 · 5 p.. At tissue 
diameters below 100 A the peak of the energy 
spectrum began to disappear in the noise. 
Fig. 4 shows the spectrum measured at 240 A 
as an example at low tissue diameters d. It is, 
like all other spectra measured at d < 0.3 p., 

recorder analyzer 

f1L 

I. L is the standard deviation of the mean 

energy transfer L of the alpha-particles to the 
counter. 

2. N is the number of the ion pairs formed 
per energy unit. 

3. M is the electron multiplication which 
would occur in an ideal proportional counter 
in which the region of multiplication at the 
central wire is infinitely small. 

4. The factor V takes into account that 
the region of multiplication is not infinitely 
small. 

5. A describes the constant deviation that is 
due to mechanical imperfection of the counter 

source 

FIG. 3. Block diagram of the total instrumentation. 

very close to a Poisson distribution. For the 
bigger tissue diameters . the Gaussian distri
bution was a better approach. For the analysis 
of the measured standard deviations, that are 
shown in Fig. 5, it was assumed that the 
mean pulse height E of any measured pulse 
height spectrum is equal to the product of 
the mean values of the different components 
that contribute to the observed deviation: 

from this follows 

ul u1_ ui 
]E2 = t2 + · · · + R,2 

The factors influencing the observed devia
tion are: 

(central wire, counter ends, etc, "A/A ~ 2%). 
6. R is the electric amplification factor 

f1R 

-=- = 5·5% for R = 211
, 

R 

f1R 

-= < 1·2°1 for R < 29
• R- !o -

The standard deviation of the product MV A 
is the so called counter resolution. In Fig. 5 

the measured deviation u.! is shown. 
E 

The standard deviation of V which is calcu
lated in the appendix is also drawn in Fig. 5. 
The comparison shows that the deviation of the 
factor V, which takes into account that the region 
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of multiplication is not infinitely small, is sur
prisingly low. 

It can be concluded, therefore,, that the 
counter has worked like a normal proportional 

counter. 
The c-ontribution of the components L, N, 

and M to the measured deviation a E 2/E2
, un

fortunately, cannot be evaluated by experimental 

3 
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number of pulses 
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AVERAGE ENERGY PER ION PAIR 

At tissue diameters between 1 .p.. and 3 · 5 p.. 

the counter was used as a pulse ionization 
chamber to measure the differential average 
energy per ion pair along small track lengths. 
The results are shown in Table 1. 

The second column gives the mean LET 
of the alpha-particles in the counter. It is the 

21.0 A. 

100 channel number 150 

Fw. 4. Energy spectrum measured at a tissue diameter of 240 A. Channel number 0 is equal 
to energy zero. The dotted line represents the noise. 

methods. However, it can be shown theor
etically <12> that the straggling of the energy 
transfer gives by far the biggest contribution 
(about 90%), whereas the deviation of N, the 
so called Fano fluctuation and the deviation 
that is caused by the multiplication process 
contribute to aE2/E2 with about 10% only. 
Within the limits of accuracy, the measured 
deviation aE{E is therefore equal to the fluctua
tion of the energy transferred by alphas of about 
5 me V to tissue of thickness d. , 

LEToo 
keV 
--

P-

91·5 
99 

106 

TABLE 1. 

N d w 
,..., ,...., 

J1 eV 

4·22 X lQS 1·40 30·3 ± 5% 
1·14 X 1Q4 3·50 30·4 ± 5% 
4·64 X 10 8 1·40 31·2 ±7% 
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LET em because the counter is big enough to 
absorb all 8-rays. The w-values in the last 
column have been calculated with the following 

equation: 

LET oo • d 
w= N 

They represent therefore the relation between 
the energy that have been absorbed in soft 
tissue along small particle track lengths with a 
LET

00 
of about 100 keVfp. and the number of 

produced ion pairs. 

SUMMARY 

A cylindrical tissue equivalent proportional 
counter is described, which has been used to 
measure the fluctuation of the energy trans
ferred by alphas to tissue thicknesses between 
100 A and 3 ·5 fL· The factors that contribute 
to the observed standard deviation are analysed 
and discussed. In addition, measurements of 
the differential average energy per ion pair 

0,5 

0 

lOOA 1000 

along small track lengths of alpha-particles 
in tissue are described. 
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APPENDIX 

The multiplication factor for a single electron 
that is produced at the point r in the counter 
can be described by: 

M(r) --C. e K v' r -- eK <y';:-_ y;;) (fora ~r ~ro) 

.y-
M(r) = C.eK ro (forro~r~b) 

d 

a is the radius of the central wire, 
r 0 the radius of the region of electron 

multiplication, and 

b the radius of the counter. 

1;U 

FIG. 5. Measured and calculated standard deviations as a function of the tissue diameter d. 

I.R.P. VOL. I-B* 
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Under the assumption that the ionizations 
are uniformly distributed in the counter, the 
distribution function of M(r) is 

• 47T (In M/C) a 
1/J (M)dM = 27Trdr = K 4 • M dM 

From this follows 

7T (b2 -aa) 

M(r0 ) M(b) 

{ I M(r).ifl(M)dM+M(ro), f ,P(M)dM} 

1 M(r0 ) 

and 

M(r0 ) 

I M(r),P (M)dM + M(ro)7T(b 2-r2
0 ) 

1 

M 2 (ro) = 

M(ro) 

f M 2(r) if; (M)dM + ~ 2 (ro) 7T (b2 -r20) 

1 

The desired mean square deviation of V is 

finally 

For the evaluation of this formula the radius 
of the multiplication region r0 has been defined 
by 

To+ .Q 

I I Fdr = ln~a ln(l + ~) 
ro 

wh~re I is the mean ionization potential, F the 
electric field strength and Q the mean free 
path of the electrons. It has, therefore, been 
assumed that the region of electron multiplica
tion begins there, where the electron gains 
sufficient energy for ionization between two 
collisions. 
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ETUDE DES VARIATIONS DES PARAMETRES BIOCHIMIQUES 

APRES IRRADIATION 

G. MARBLE 

Departement de la Protection Sanitaire, Commissariat a l'Energie Atomique 
Fontenay-aux-Roses (France) 

Resun:u~-Certaines perturbations metaboliques ou fonctionnelles, provoquees par !'irradia
tion, chez l'homme et les animaux superieurs, peuvent etre mises en evidence par le dosage 
chimique de catabolites urinaires ou de certains metabolites sanguins. 

Dans le but d'evaluer la dose absorbee ou le dommage biologique subi et de pronostiquer les 
chances de survie de l'irradie, les variations des parametres biochimiques peuvent etre, experi
mentalement chez !'animal, suivies 

(a) en fonction du temps pour une exposition donnee, 

(b) en fonction de !'exposition a un moment donne ou pendant une periode de temps 
determinee. 

Cependant, dans le cas d'irradiation accidente!le humaine, on ne connait que rarement les 
valeurs des parametres biochimiques de l'accidente avant !'irradiation et il est souvent difficile, 
compte tenu de Ia dispersion des valeurs individuelles, de relier les n!sultats trouves aux valeurs 
de reference, d'autant plus que cel!es-ci sont tres peu nombreuses. II peut alors etre utile d'etu
dier Ia variation relative des valeurs mesurees (sens de la variation, pente de Ia courbe, ampli
tude relative, etc.) en fonction du temps. 

Des exemples de ces divers modes d'etude sont donnes. Des essais d'interpretation des 
resultats relatifs a Ia variation de la glycemie et a !'excretion urinaire des electrolytes ont ete 
tentes. 

INTRODUCTION 

L'action des rayonnements sur les structures 
cellulaires, les systemes enzymatiques, les glandes 
a secretion interne se traduit, sur le plan bio
chimique, chez l'homme et les animaux superi
eurs, par des perturbations metaboliques dont 
!'amplitude semble liee a la dose absorbee. 

Le dosage chimique des catabolites urinaires 
ou de certains metabolites sanguins permet-il 
de donner une appreciation quantitative de l'at
teinte de l'organisme irradie? 

Existe-t-il une relation simple entre la valeur 
numerique de certains parametres biochimiques 
et I' exposition? 

La reponse biochimique est-elle suffisamment 
sensible, precoce, fidele, precise pour constituer 
un bon dosimetre biologique? 

Ce probH:me a deja ete tres etudie chez 
!'animal, experimentalement, beaucoup moins 
chez l'homme car les irradiations accidentelles, 
heureusement peu nombreuses, sont les seules 
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possibilites d'etude que nous ayons, les resultats 
enregistres a partir des irradiations thera
peutiques etant toujours difficilement inter
pretables. 

NATURE DES PARAMETRES BIOCIUMIQUES 

Quels sont les parametres biochimiques qui 
se pretent le mieux a !'etude de !'evaluation du 
dommage radiobiologique? 

Les variations sanguines sont, en general, 
de faible amplitude aux doses sublethales et 
leur evolution en fonction du temps n'est pas 
toujours reproductible d'un cas a un autre, 
ce qui peut, dans une certaine mesure, expliquer 
certains resultats apparemment contradictoires. 

Tous les auteurs sont d'accord sur l'hyper
glycemie qui se produit apres }'irradiation. <1

-
7 > 

Nous reviendrons plus loin sur !'etude de la 
glycemie car elle permet de bien comprendre 
le probleme de la reponse biochimique. 
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Le cholesterol plasmatique est aug-

mente. <4· 8-11 > 

L'hyperlipemie avec hypoliproteinemie a ete 
egalement notee par Steadman. <12> 

Une hyperbilirubinemie cs. 13· 15) et une hy
percreatininemie cs. 16 > semblent de regie aussi 
bien chez l'homme que !'animal. 

Les proteines seriques ne sont que peu 
modifiees, a faible dose. Les proteines totales 
diminuent (17, 18 > et le rapport globulines afglo
bulines y augmente. (17, 19, 20J 

Il en est de meme des composes mineraux, 
les electrolytes plasmatiques restant, le plus 
souvent, dans les limites normales. <8> 

L'activite des enzymes seriques a paru etre 
un test possible. (~ 1 • 22 > Augmentation pour les 
transaminases (SGOT et SGPT), <21 -24 > les 
deshydrogenases, C21 - 26 l la phosphatase acide, <27 l 

!'amylase, <28 > diminution pour la phosphatase 
alcaline, C27 · 15 > la glycerophosphoisomerase, <21> 

par exemple. Smith et Bates <29 > n'ont pas obtenu 
de resultats netset pensentquelamesurede lacon
centration des enzymes seriques est d'une valeur 
limitee comme index de dommage biologique. 

Par contre Rappoport et Fritz <30 > ont etabli 
une relation lineaire entre la duree d'inhibition 
de la nucleoside phosphorylase des erythrocytes 

et !'exposition. 
En ce qui concerne !'excretion urinaire, les 

recherches ont surtout ete orientees vers le meta

bolisme des proteines. 
L'excretion de la desoxycytidine, <31, 32

• 
33 l 

de la thymidine, <32·33 > de la pseudo-uridine,<34l 

de l'acide xanthurenique, <33 > des amines telles 
que !'histamine, la tryptamine, la seroto
nine, <35 • 3 6) et son produit de degradation 
l'acide 5-hydroxy-indole acetique< 37 · 38 ) ainsi 
que celle des acides a amines <9. 24 · 39

-
48 > en 

particulier le glycocolle, l'acide aspartique, le 
tryptophane, est notablement augmentee. Par 
contre !'excretion de serine libre est dimi
nuee. (9, 39-42, 49J La taurine<4o, 5o-5sJ et surtout 

l'acide fl-aminoisobutyrique <40. 54
• 

59 -64
> sem

blent etre les meilleurs indicateurs. 
L'excretion d'acide urique, de creatine, <9· 40• 

63-68 ) de certains acides organiques tels que 

l'acide pyruvique, l'acide a-cetoglutarique, 
l'acide lactique est egalement augmentee. (69 ) 

Par contre l'excretion urinaire des glycu
ronides <70J ainsi que celle du sodium, du 

potassium, du chlore est diminuee. <8 l 

Il faut signaler, egalement, le dosage des 
desoxypolyribonucleotides libres, dans la moelle 
osseuse, effectue par Skalka et Matyasova <71> 

chez la souris, ce test semble tres sensible et 

tres precis. 
Dans de nombreux cas, des relations dose

effet ont pu etre etablies chez l'animal, mais 
pour !'instant il semble tres difficile de pouvoir 
etablir ces memes relations chez l'homme. 

EXPRESSION DES RESULTATS 

Les resultats numeriques sont, le plus souvent, 
donnes en fonction du temps, pour une exposi

tion donnee. 
Ils sont exprimes soit sous forme de tableaux 

de valeurs numeriques, soit de courbes en coor
donnees normales ou plus rarement logatith
miques, soit d'histogrammes lorsqu'il s'agit 
d'excretion. II est preferable, a notre sens, de 
reserver l'histogramme a !'expression d'une 
quantite excretee en fonction du temps, soit 

200 

200 

-;;, 100 
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Jours 

Fro. l. Excretion urinaire d'acide aspartique 
(irradie accidentel). 
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par exemple ( cf. Fig. 1) l'histogramme tradui
sant !'excretion urinaire d'un acide amine: 
l'acide aspartique,ex primee en milligramme par 
24 h, par un hornme irradie accidentellement. 
On conserve alors la courbe pour representer 
la variation de la concentration et la super
position sur un rneme graphique des deux 
representations permet, de plus, de voir le 

role de la diurese. 
Les courbes d'excretions cumulees sont d'un 

interet certain, d'autant plus que lorsque ce 
sont des droites il est possible de calculer leurs 
pentes comme l'a fait Hasterlik, <47 l pour l'ex-

,; 

" CT 

"' E 

Jours 

FIG. 2. Excretions urinaires cumulees de potas
sium (rats irradies a 750 r proteges et non 

proteges par AET). 

cretion des acides a amines par les irradies de 
Los Alamos. Cette representation presente 
egalement, en experimentation animale, l'avan
tage de donner une image de l'action d'un 
radioprotecteur chimique ou d'un agent thera
peutique par exernple. L'effet protecteur de 
l'A.E.T. est ainsi traduit sur les courbes d'excre
tion du potassium ( cf. Fig. 2) chez des rats non 
irradies, irradies a 7 50 r, proteges et non proteges. 
La variation de pente due a l'A.E.T. est tres 
nettement observable. 

Le calcul de la quantite moyenne excretee 
par unite de temps, pendant une duree deter
minee, a la meme signification que le calcul 
de la courbe d'excretion cumulee. Mechali <72 l a 
employe cette methode pour etablir une relation 

entre !'exposition et la quantite d'acide {3 
aminoisobutyrique excretee par les irradies 
d'Oak Ridge du troisieme au huitieme jour 
apres !'irradiation. 

La representation sous forme d'histogramme 
peut aussi etre utilisee lorsque l'on veut montrer 
!'importance relative de quantites excretees, en 
un temps determine, de differents composes 
appartcnant a un mcmc groupe, par exemple 
les differents acides a amines. 

L'experimentation animale permet d'etablir 
des courbes dans lesquelles les resultats peuvent 
etre exprimes en fonction de !'exposition. 

• 

·-·-·--.-· 
0 500 1000 1500 

Rods. 

Fra. 3. Excretion urinaire de sodium (rats) 
(2° jour a pres !'irradiation). 

Ces courbes peuvent representer, par exemple, 
une concentration plasmatique, a un instant 
donne ou une excretion journaliere comme le 
montre la courbe (cf. Fig. 3) traduisant !'ex
cretion urinaire de sodium, pendant le deuxieme 
jour apres !'irradiation de rats irradies a des 
doses de rayonnement gamma de 0 a 1 250 rads. 

La superposition sur un meme graphique 
des courbes d'excretions cumulees, en fonction 
de la dose, pour des intervalles de temps suc
cessifs permet de verifier si une variation ob
servee est stable ou transitoire. La courbe 
d'excretion urinaire de sodium (c£ Fig. 4) de 
rats irradies par les rayons gamma du cobalt 
Il).et en evidence la diminution de !'excretion 
en fonction de !'exposition. La courbe relative 
a !'excretion du potassium (c£ Fig. 5) etale les 
resultats jusqu'au vingtieme jour. 
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FIG. 4. Excretions urinaires cumulees de 
sodium (rats). 
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FIG. 5. Excretions urinaires cumulees de 
potassium (rats). 

INTERPRETATION DES RESULTATS 

Lorsqu'un parametre biochimique varie, 
proportionnellement ou en raison inverse, line
airement ou non, mais toujours dans le meme 
sens, en fonction de !'exposition, !'interpretation 
des resultats numeriques est alors facile puisque 
l'on est ramene dans ce cas a des expositions. 

Lorsque la valeur du parametre varie dans le 
sens des expositions croissantes on peut admet-

tre que pour une exposition donnee une aug
mentation exageree traduit un effet biologique 
plus grand ou une sensibilite plus grande de 
l'irradie ce qui, d'ailleurs, revient au meme. 

Mais il est des cas ou les variations du para
metre evoluent, en fonction du temps, de part 
et d'autre de la normale. L'evolution de la 
glycemic est un exemple de ce type de variation 
car a une hyperglycemic precoce succede 
generalement une hypoglycemic et l'on observe 
quelquefois plusieurs oscillations. La variation 
de la glycemic du rat en fonction du temps et 
de la dose ( cf. Fig. 6) illustre ce cas. Des courbes 
analogues ont ete obtenues chez le pore et 
chez l'homme. La courbe de variation de la 
glycemie d'un irradie (c£ Fig. 7) semble repre-

0 500 1000 

Dose, rods. 

FIG. 6. Variation de la glycemie en fonction de 
la dose et du temps (rats). 

E ,., 
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Jours 

FIG. 7. Variation de la glycemie en fonction du 
temps (irradie accidentel). 

1500 
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senter les variations d'un mouvement oscil

latoire amorti traduisant, en quelque sorte, la 
reaction du mecanisme physiologique de regu

lation de la glycemie ala suite de I' exposition au 
rayonnement. Chez le rat le pronostic est 

d'autant plus defavorable que l'hyperglycemie 

est initialement forte et que l'hypoglycemie 

est ensuite tres importante. 
Il peut arriver egalement que les variations de 

certains parametres biochimiques ne soient pas, 

tout au moins directement, liees a la dose mais 

leur etude peut avoir un interet physiopatho-

toires specialises puissent pratiquer le plus 
grand nombre d'examens possible portant en 

particulier sur l'urine, dans les cas d'irradiations 
humaines meme a tres faible dose. Ce n'est que 

par la compilation de nombreuses donnees qu'un 

resultat positif pourra un jour etre obtenu. 
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UTILISATION DES ANALYSES CHROMOSOMIQUES EN 

TANT QUE DOSIMETRIE BIOLOGIQUE* 
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Fontenay-aux-Roses, France 

Reswne-L'irradiation in uitro de sang preleve sur un sujet sain, a ete faite a l'interieur d'un 
fantome humain, aupres d'un montage critique experimental. Six echantillons de ce sang ont 

ete indus en des points divers du fan tome, de fac;on a ce que chacun rec;oive une dose differente 

de rayonnement mixte gamma + neutrons. Les doses se sont etagees entre 38 rads et 555 rads. 
Chacun des tubes etait par ailleurs environne de nombreux dosimetres de types divers egalement 

indus dans le fantome. 
Vingt-huit cultures de lymphocytes ont ete faites a partir de ces echantillons. La technique 

utilisee a ete une micro-methode, derivee de celles de Edwards, de Arakaki et Sparkes. 
On a etudie les aberrations chromosomiques au niveau de chaque point experimental, sur 

deux groupes de cultures: pour le premier groupe, l'arret de culture a ete fait au bout de 72 h; 

pour le second groupe, au bout de 96 h. 
Les auteurs discutent des relations entre Ia dose rec;ue et les aberrations observees, pour 

chaque point selon le temps de culture et selon les types d'aberrations. 
lis tentent de les relier aux observations faites avant eux sur du sang irradie soit par des 

rayons X, soit par des rayons y du 8°Co. 
lis discutent de la possibilite de relier ces observations faites sur des irradiations in uitro, avec 

les observations d'anomalies chromosomiques portant sur des sujets humains irradies. 

INTRODUCTION 

De nombreux chercheurs ont, depuis que 
les techniques de culture de sang humain ont 
permis d'obtenir et d'etudier des images de 
chromosomes, observe des aberrations de nom
bre et de structure dans ce materiel biologique. 

L'etablissement de relation dose-effet a done 
ete tente par plusieurs d'entre eux, sur du sang 
humain, soit in vivo a !'occasion d'irradiations 
accidentelles, soit in vitro dans un but experi
mental plus precis. C'est ainsi que des courbes 
ont ete etablies in vitro par: 
Bender <1 > "Irradiation aux rayons X de 250 

keV" aux doses de 0-200 R; 
Gooch, Randolph et Bender <2 > "Irradiation 

aux neutrons de 14 MeV" aux doses de 
0-200 R; 

Kelly et Brown <3 > "Irradiation aux rayons X 
de 200 ke V" aux doses de 0-1600 R. 

* Ce travail a ite effectue avec la collaboration 
technique de M. ~rguignon,J. Dacher, G. Ducatez 

et 0. Foissac. 
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A !'occasion de !'accident d'irradiation 
humaine survenu a Mol, le 30 decembre 1965, 
aupres de !'assemblage critique Venus, il nous 
a semble interessant de proceder a de sem
blables etudes experimentales. En effet, 

( l 0 ) d'une part, nous avons, sur le sang de cet 
irradie, effectue des analyses chromoso
miques dans un but d'estimation des 
dommages; les resultats obtenus seront 
exposes plus particulierement dans un 
autre rapport de ce congres <4 > (H. Jam
met, R. Gongora, R. Le Go, G. Marble 
et M. Faes); 

(2°) d'autre part, au cours d'une reconstitution 
dosimetrique de !'accident aupres du 
meme assemblage critique, faite sur un 
fantOme en Mix-D, il nous a semble 
interessant de recouper les donnees prece
dentes par une irradiation in vitro. 

Des tubes contenant des echantillons de 
sang normal provenant d'un meme indivi
du, ont ete introduits en divers points 
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dans la profondeur de ce fantome oil ils 
etaient environnes de dosimetres fournis~ 
sant des valeurs precises de la dose; 

(3°) enfin, nous avons complete les donnees de 
cette irradiation in vitro-un melange de 
y + 10% neutrons-en effectuant une 
irradiation aux y du 6°Co, aux doses de 
400 et 600 R, toujours sur du sang normal 
du meme sujet. 

C' est 1' ~nsemble des resultats obtenus sur 

ces 3 groupes d'analyses chromosomiques que 
nous voulons exposer ici. 

CONDITIONS TECHNIQUES 

I. Technique des irradiations 

(a) Irradiation accidentelle. Les conditions de 
cette irradiation et la dosimetrie a laquelle elle 
donna lieu, etant exposees par ailleurs de 
maniere extensive au cours de ce congres, nous 
nous bornerons a rappeler ici qu'il s'est agi 
d'une irradiation totale tres heterogene a des 
doses etagees entre environ 1000 rads et 300 
rads pour le tronc et la tete, avec une dose 
mediane estimee a 500 rads. 

Le sang fut preleve au 4e jour a pres I' accident. 

(b) Irradiation au 6°Co. Nous avons expose 
2 groupes de 3 tubes contenant 3 cc de sang 
normal aux doses de 400 et 600 R avec un 

debit de dose de 30 R/min. 

(c) Irradiation dans le Jantome (Fig. 1). Des 
tubes contenant 5 cc de sang normal ont ete 

disposes de la fa~on suivante: 
1 tube au niveau des coupes 12 

et 13 exposees a 40 R, 
1 tube au niveau des coupes 24 

et 25 exposees a 85 R, 
1 tube au hiveau des coupes 33 

et 34 exposees a 165 R. 
En outre, des tubes ont ete places au niveau 

du membre inferieur, au niveau de la jambe 
(en profondeur), et au niveau du pied (a 
sa surface), a des doses respectives de 200 R 
et 587 R. La duree de !'irradiation ayant ete 
la meme pour tous les tubes, soit ISO minutes, 
le debit de dose a ete tres faible, et il a varie 
selon les points d'irradiation de 0,26 Rjmin. a 
4R(min. 

II. Technique des cultures 

Le sang preleve a ete mis en culture im~ 
mediatement apres, soit le prelevement, soit 
!'irradiation experimentale; dans le cas du 
fan tome le sang a voyage, apres mise en culture, 
entre Mol et Paris dans un container isotherme 
pendant 6 h. 

A partir de ces echantillons, nous avons 
effectue des microcultures selon la technique 
de l\1oorhead< 5 J modifiee par Lejeune. <6 l Pour 

chaque dose nous avons effectue des cultures 
de 72 h et 96 h. Le contact avec la colchicine 
a dure 2 heures. 

REMARQ,UE: II est certain, et no us en sommes 
conscients, que le temps de culture de 72 h est un 
facteur technique critiquable: il n'estpas douteux 
-et nous en donnerons la preuve dans ce qui 
va suivre-qu'une partie des metaphases ob
servees ont deja franchi la premiere mitose. 
Cependant, comme notre propos etait de nous 
referer par comparaison a des resultats etablis 
precedemment par les auteurs deja cites, et 
qui avaient utilise des cultures de 72 h, il 
nous a paru preferable de ne pas nous ecarter 
de ces premieres conditions experimentales. 

III. Technique d' analyse 

Toutes les analyses ont ete faites apres 
etablissement des caryotypes des cellules selec
tionnees-sans tenir compte des anomalies chro~ 
mosomiques-uniquement sur la nettete des 
centromeres et des extremites des bras. 

Seules n'ont pas ete montees en caryotypes 
les cellules polyploi:des, pour lesquelles on a 
pris en compte les dicentriques et les anneaux 
qui s'y trouvaient. 

Independamment des analyses sur caryotypes, 
nous avons etabli, sur 1000 cellules, le pour
centage des polyploidies et des endoreduplica

~ns~2~~&~~~&nhct%~ 

RESULTATS 

Tous nos resultats numeriqu~ sont donnes 
dans le tableau 1. 

I. Comparaison des methodes 

La courbe de relation dose-effet concernant 
les dicentriques peut etre tin~e des resultats 
obtenus respectivement par Bender et Gooch et 
par Kelly et Brown. 
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Fro. 1. Repartition des echantillons de sang dans le 
fantome au moment de !'irradiation. 

Tableau I. Evolution des differents types d' anomalies chromosomiques en fonction de la dose, apres irradiation de 
sang humain in vitro. 

Nombre des Gamma + 10% Neutrons Gamma 6°Co 
Aberrations 

pour 100 
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Cellules DOSE 40 85 165 200 587 400 600 (R) 

Dicentriques 1,25 4,5 7,7 12,5 85,0 47,0 85,0 
Dicentriques + Anneaux 1,25 4,5 9,2 20,8 97,0 52,7 110,0 
Cassures directT observab1es 7,5 26,0 48,0 67,0 243,0 192,0 308,0 
Cassures tota1es sur caryotypes 15,0 37,0 61,0 83,0 320,0 231,0 348,0 
Cellu1es anormales 11,3 26,6 41,7 50,0 90,0 83,0 100,0 
Nombre de Jlryotypes etudie's 

pour chaque dose 80 45 65 24 41 70 26 

I 
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(a) Culture. Ces auteurs ont utilise la macro
technique originale de Moorhead. Nous avons 
utilise, pour notre part, une microtechnique 
derivee de fa<_;on a limiter le volume total des 
prelevements-tant sur l'accidente-que sur 
l'unique donneur sain dont le sang a ete 
irradie experimentalement. Le temps de culture 
a ete de 72 heures pour Bender, de 70 a 96 
pour Kelly. Nous avons fait des cultures a 
72 et 96 heures en deux series independantes. 

" u 
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Kelly ont porte sur des sangs normaux preleves 
sur plusieurs individus sains. 

Notre experience n'a utilise qu'un seul et 

meme donneur pour toutes les doses, dans les 
deux series d'irradiation (n, yet WCo). 

-Debits de dose et rayonnements utilises: Les 
experiences de Bender aux rayons X de 250 ke V 
ont ete faites aux debits de 60 Rfmin et 10 Rfmin. 

Les debits de dose employee par Kelly (rayons 
X de 200 ke V) ont varie de 42 a 48 R/min. 

- lcen nques de Bender D. t . } d'ap. result 

--Dicent+anneaux et de Kelly 

o Dicentr. (result personnels J 

+ Die.+ anneoux id. 

40 65 165 
Dose, R 

Fw. 2. Evolution du nombre de dicentriques, pour 100 cellules, en fonction de Ia dose. 
Analyses chromosomiques Sang Irradie in vitro. Comparaison avec les resultats de. 

Bender et de Kelly. 

(b) Analyse chromosomique. Par ailleurs, les 
auteurs precedents ont fait leurs evaluations par 
observation microscopique directe ou sur photo
graphics sans montage de caryotypes. 

Pour ces techniques, seules ont ete prises en 
consideration, par Bender, les anomalies directe
ment constatables: dicentriques, anneaux et 
les deletions portant sur les paires les plus 
caracteristiques (l-5), (13-15), (19-22). 

Notre travail a comporte, en plus, !'estimation 
de toutes les translocations et deletions, estima
tions rendues possibles sur les caryotypes montes. 

(c) Irradiation. 

-Sang: Les experiences de Bender, de 

Dans notre experience au 6°Co, le debit de dose 
a ete de 30 Rjmin. Dans notre experience avec 
le fantome a Mol, c'est 1a duree qui a ete 
constante ( 150 minutes), et les debits de dose 
ont varie suivant 1es points entre 0,26 R/min 
(pour la dose la plus faible 40R) et 4 R/min 
(pour la plus forte 587 R). 

II. Comparaison des resultats 

(a) Courbe des dicentriques (Fig. 2). Cette courbe 
a ete tracee en uti1isant 1es points experimentaux 
de Bender pour les faibles doses (50-200 R) 
et ceux de Kelly pour Ies doses fortes, superieures 
a 200 R. 

A noter que les points de Bender ont ete 
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etablis sur 300 a 500 cellules, tandis que ceux 
de Kelly ne portent que sur un nombre limite 
de cellules, surtout aux tres fortes doses: 59 a 
250, 53 a 3oo, 86 a 400, 10 a 800, 33 a 1600. 

La variance sur, ces points est done plus 
elevee. Une autre raison de variance est le 
fait que les resultats globaux ont porte sur 
des temps de culture variables, entre 3 et 4 jours. 

Nos points experimentaux se trouvent cepen
dant en excellente concordance avec cette 
courbe. Pour les faibles doses, jusqu'a 200 R, nos 
points sont un peu au-dessous de la courbe. 
Ceci provient probablement de nos debits de 
dose tres faibles. En effet, si l'on compare le 
point 200 R avec le point, etabli par Bender, 
avec une dose fractionnee de 200 R, on obtient 
une coincidence exacte. Pour les fortes doses, nos 
points sont legerement au-dessus de la courbe. 
Pour les doses superieures a 200 R, il semble 
comme l'a deja signale Kelly, que la courbe 
experimentale dicentriques + anneaux croisse 
moins vite que la courbe theorique proposee 
par Bender selon la formule y = 0,52.10" 5 D 2 

y (nb de D +A/cellule). 
Si l'on porte sur ces courbes les resultats 

obtenus chez l'homme accidente a Mol, la dose 
estimee est de 470 R. (Culture de sang preleve 4 
jours a pres !'accident.) 

II n'a pas ete rare d'observer pour les doses 
tres fortes, tant chez l'accidente qu'in vitro, 

des cellules porteuses de 2 ou 3 dicentriques 
(Figs. 3, 4) et des cellules porteuses de dicen
triques associes avec un anneau ou une trans

location (Figs. 5, 6). 

(b) Courbe des "cassures" (Fig. 7). II est 
admis que les deletions et fragments proviennent 
d'un seul impact sur le chromosome, et re
presentent des lesions a l coup; 

que les remaniements chromosomiques (di
centriques, anneaux, translocations) sont dus a 
2 impacts et doivent etre comptes comme lesions 

a 2 coups. 
L'estimation du nombre des "cassures" doit. 

done tenir compte du nombre total d'impacts, 

c'est-a-dire: 
(nb de deletions + fragments) + 2 X (nb de 
remaniements : dicentriques + anneaux + 
translocations). 
Les translocations n'etant pas toujours direc

tement observables microscopiquement ou sur 

photographic, il est necessaire de les denombrer 
sur des caryotypes montes. Notre estimation 
tient compte de ce fait, qui fournit une relation 
dose-efl'et plus precise. 

Si nous ne decomptons pas les translocations, 
ni les deletions sur les paires non reconnaissables 
sans etablissement de caryotypes, nous obtenons 
des resultats qui sont en parfait accord avec 
ceux de Bender et ceux de Kelly, sauf amc 
doses les plus fortes (587 et 600 R) ou nos 
resultats sont inferieurs a ceux de Kelly. 

Si nous comptons, au contraire, le nombre 
total des cassures selon notre technique, c'est-a
dire deletions et translocations comprises, nos 
points dessinent une courbe qui, pour les doses 
inferieures a 200 R, est une droite reguliere, 
a telle enseigne que nous pourrions nous en 
servir comme courbe de reference pour ces 
faibles doses. 

Pour les doses inferieures a 200 R, nous 
trouvons un coefficient de production de 
cassuresfcellulejR, egal a 0,0032; ce coefficient 
est en parfait accord avec celui trouve par 
Bender <7 > sur des leucocytes humains irradies au 
cours de la culture lorsque les cellules sont en 
phase G2 du cycle mitotique (chromatides 
deja dedoublees). L'estimation du nombre 
total d'anomalies est alors plus simple puisqu'elle 
ne necessite pas l'etablissement de caryotypes. 

Vers 200 R, cette courbe s'inflechit et sa 
pente augmente; mais au-dela de 400 R, elle 
passerait au-dessous de la courbe de Kelly 
( etablie sans caryotypes). Leur point de croise
ment est autour de 400 R. 

Nous ne nous croyons pas autorises a tracer 
de courbe passant par nos points experimentaux. 
Nous nous bornons ici a une simple comparaison. 

Par ailleurs, les resultats compares des deux 
experiences d'irradiation (y + net y du &oCo) 
sont sensiblement equivalents; mais rappel om 
le faible debit de dose dans !'experience y, n. 

(c) Courbe des "cellules anormales" (Fig. 8). 
Nous prenons ici en consideration le nombre 
des cellules porteuses d'une anomalie chromoso
mique quel qu'en soit le type, exprime en 
pourcentage des cellules examinees. 

Ces valeurs sont mises en comparaison avec 
les resultats etablis par De Grouchy. <8 > Cet 
auteur a utilise des rayons X de 200 keV, 
debit d'exposition de 10-15 Rfmin, pour 
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en fonction de la dose. 



UTILISATION DES ANALYSES CHROMOSOMIQUES 41 

irradier des cultures de sang venant d'etre en
semencees, aux doses de 100 a 300 R. Les 
resultats portent sur des cultures de 3 jours et 
4 jours. 

Nous exprimons ici des valeurs obtenues sur 
cultures de 3 jours uniquement, aux doses deja 
indiquees. Nos points sont parfaitement alignes 
avec la courbe de De Grouchy. Nous obtenons 
une relation lineaire jusqu' a 250 R. 

Pour la dose de 200 R, la frequence de cellules 
anormales est de 0,5: y = 0,0025 D. Bender et 
Kelly ne fournissant pas de donnees sur le taux 

constation dont on ne peut tirer d'argument 
dosimetrique. En effet, il existe un certain 
pourcentage d'hypoploidies sur des cellules 
normales (bruit de fond), et la pente de la 
courbe obtenue est faible done imprecise. 

L'existence d'un bruit de fond implique 
vraisemblablement !'intervention d'un facteur 
technique dependant de la fragilite du cyto
plasme cellulaire. Et ceci ne peut etre apprecie 
quantitativement. 

2° f Polyplo'idies-endoreduplications (tableau 2) : 
Les polyploidies ont ete evaluees sur 1000 

oy 

Pente de Ia droile # 0.056 

0 

Dose, R 

FIG. 9. Evolution du pourcentage de cellules hypoploides en fonction de la dose. 

de cellules anormales, nous n'avons pas pu 
faire d'autres comparaisons. 

Aux alentours de 300 R, la pente de courbe 
diminue et tend vers un plateau pour des doses 
superieures a celles de nos experiences (600 R). 

Ce point de changement de pente (300 R) 
equivaut approximativement a "1 coup par 
cellule" estime sur la courbe des cassures de la 
figure 7 precedente. 

(d) Anomalies modales 

1 °/Hypoploi"dies (Fig. 9): Les hypoploidies ont 
ete evaluees pour 100 cellules. Nous observons 
une augmentation reguW:re avec la dose, selon 
une loi quasi-lineaire. Ceci est une simple 

cellules, au cours d'un travail completement 
independant de l'etablissement des caryotypes 
qui etait la base du travail precedent. On a 
etabli en meme temps, a cette occasion, le 
taux des endoreduplications. C'est un type 
particulier de polyploidies dans lequel les 
chromosomes conjoints sont spontanement 
apparies. 

Le taux des polyploidies s'eleve avec la dose 
sur les deux types de culture, comme le montre 
le tableau 2. 

Cette augmentation lineaire jusqu'a 400 R 
est assez reguliere. Les points obtenus a 600 R 
avec les y du 6°Co sont egalement alignes sur 
cette courbe. Nous avons toutefois obtenu un 
point extremement eloigne pour la dose de 
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587 R, n, aussi bien sur les cultures de 3 jours 
que sur celles de 4 jours. 

Nous ne formulons aucune conclusion sur 
cette divergence (EBR des neutrons? Influence 
du long sejour des cellules dans des tubes en 
polystyrene precedant leur mise en culture: 
8 he ures environ avant et durant !'irradiation?). 

Du point de vue cytologique, la grande majorite 
des cellules polyploi'des sont 4 n au 4eme jour. 
On observe egalement des cellules 3 n a 10 n 
(tableau 3). 

Les cultures de 3 jours ne montrent prati
quement que des polyploidies 3 n et 4 n. On en 
observe meme aux doses faibles et dans le 
temoin. 

Les endoreduplications au 3eme jour n'appa
raissent pas avant la dose de 400 R. Par contre, 

sur les cultures de 4 jours, elles apparaissent 
a partir de 100 R environ (85-112). 

Reduplication des "anomalies par rem~niement" : 
dans les cellules tetraplo'ides prises eJ\ compte 
dans l'etablissement des caryotypes, a:

1
ux doses 

de 585 R et 600 R, sur des cultures du J3eme jour, 
nous avons observe des reduplication~ portant 
sur les "anomalies par remaniement'i (dicen
triques). Ces dicentriques allant par p<\tire, ont 
naturellement etc comple~ pour 2 cou*-s seule
ment et non 4 coups dans l'estimat~on des 
cassures et des dicentriques (Figs. 10, 1\1). 

Cette constatation evoque avec forcd !'inter
vention d'une seconde mitose dans ~e telles 
cellules. Neanmoins, leur pourcentage ,egt tres 
faible (4 sur 41 = 10% pour 585 R~ l sur 
25 = 4% pour 600 R). · 

Tableau 2 Evolution de la proportion des cellules polyploides en fonction de la dose. 

Irr. y, n 

Dose (R) 

Temoin etabli (sur 2000 cell.) 

40 
85 

112 
165 
200 
587 

Irr. y 6°Co 
Dose (R) 

400 
600 

Polyploidies pour 1000 cellules 

Cultures de 3 jours 

Nombre total Endoredu-
plication 

1 0 

2 0 
6 0 

- -

3 0 
37 0 

188 5 

45 5 
53 1 

Cultures de 4 jours 

Nombre total 

-

8 
12 
17 
14 
32 

226 

58 
90 

Endored u
n plicati•b 

-

0 
1 

I i 

4 ' 

3 

46 L 
12 
10 
~-

Tableau 3. Repartition des polyploidies dans les cultures de 4 jours, provenant de sang irradii aux differentes doseJ[. 

Polyploidies 3n 4n 5n 6n 7n 8n 9n 
I if 

Cultures de 4 jours 9 103 10 8 3 3 1 I ;I 

n 
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Dans les cultures de 4 jours, cette proportion 
est beaucoup plus forte, et par ailleurs on ob
serve des anomalies trisomiques . (Fig. 12). 

CONCLUSIONS 

1 o. Les pourcentages des anomalies chromoso
miques observes, dans notre travail, sur des 

tage la valeur des analyses chromosmniques en 

tant que dosimetrie biologique. 
2°. L'estimation dosimetrique pour; les doses 

fortes, superieures a 200-300 R, peut 1

• etre faite 
a partir de courbes de dicentriques + lanneaux, 
ce qui peut etre etabli par observatio'n directe 
au microscope. 

Fm. 12. Cellule hexaplo!de porteuse d'anomalie triple. 

cultures de 72 heures, sont en accord avec les 
resultats etablis, par ailleurs, par d'autres au
teurs. Les differences dans le conditions experi
mentales (debit de dose, technique de culture, 
modes d'observation et d'expression des resul
tats) n'affectent pas, semble-t-il, la concor
dance des chiffres observes. 

Cette constatation permet d'affirmer davan-

Cependant, il nous semble que l'etabliss:ement 
de relation dose-effet pour les doses inferieures a 
200 R necessite !'utilisation d'une tecHnique 
plus raffinee, qui doit avoir recours a. l'et~
blissement des caryotypes complets, afin dct temr 
compte de toutes les anomalies. 

3°. Bien qu'il puisse se trouver des cellules en 
seconde mitose, dans des cultures de 72 h.eures, 
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il nous est apparu que le pourcentage de ces 

secondes mitoses est relativement faible (moins 

de 10%). A ces doses, l'erreur entre dans le 

cadre des variances biologiques. 
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ResunuS-Ce rapport presente des aberrations chrom~somiques observees chez un groupe 
d'ouvrier de l'Institut "Boris Kidric" travaillant aux sources de radiations ionisantes et chez un 
groupe de radiologues. Les doses d'irradiation ne depassaient pas les doses admissibles. II est 
montre par les resultats obtenus que les aberrations chromosomiques sont bien plus accentuees 
chez les individus professionnellement exposes que chez les temoins. 

La correlation entre les modifications constatees et la dose d'irradiation est discutee dans ce 
rapport ainsi que !'importance clinique et pronostique des aberrations chromosomiques 
persistantes. 

INTRODUCTION 

Il a ete montre par de nombreuses etudes 
que les radiations ionisantes peuvent influencer 
les chromosomes humains in vivo et in vitro 

provoquant des modifications numeriques et 
structurales. 

Des chromosomes de structure modifiee sont 
reveles meme apres une exposition a de faibles 
doses d'irradiation. <1 • 2 l Quelques unes de ces 
modifications sont maintenues longtemps apres 
!'exposition chez des sujets professionnellement 
SOUmis a l'irradiation,(S-ti) OU a titre diagnOS• 
tique et therapeutique <s. 7 l ainsi que chez des 
sujets exposes accidentellement a de fortes doses 
d'irradiation. <8 - 10 > 

MATERIEL ET METHODE 

L'etude des chromosomes a ete faite sur les 
leucocytes du sang selon la methode de Moor
head, <11

> quelque peu modifiee. Les cellules 
ont ete examinees 72 h apres avoir ete cultivees. 
Les mitoses sont bloquees par une solution de 
colchicine a 0,04% pendant une heure. Le 
choc hypotonique est effectue avec une solution 

* Adresse actuelle: Hopi tal de la Ville 172, rue 
Baje Sekulica a Belgrade 
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de citrate de soude a 0,95%. Apres fixation au 
Carnoy, les lames sont colorees a l'orceine 2%. 

Les groupes experimentes comprennent quel
ques ouvriers de l'Institut "Boris Kidric" 
et quelques employes de l'Institut Radiologique 
de la Faculte de medecine a Belgrade. A 
!'exception de deux sujets de l'Institut Radio
logique-deux infirmiers ayant travaille aux 
moulages de radium ont presente des signes 
remarquables de radiodermite-les autres sujets 
examines n'ont pas presente de signes cliniques 
perceptibles de dommages dus a !'irradiation. 
Les donnees dosimetriques sur !'exposition a 
!'irradiation sont presentees pour les ouvriers 
de l'Institut "Boris Kidric". En ce qui con
cerne le personnel de l'Institut Radiologique, 
ces donnees n'existent pas. C'est pourquoi le 
tableau presente le nombre d'annees que ces 
individus ont passees aux sources de radiations 
ionisantes. 

Le groupe des temoins comporte 4 sujets qui 
n'ont pas ete soumis. aux radiations ionisantes 
et n'ont pas ete atteints de maladies virales, 
d'hemopathies malignes ou de cancer. 

Le plus grand nombre d'analyses des chromo
somes a ete fait. par la methode generale (9 ): 

constatation du nombre de chromosomes et 
des modifications morphologiques grossieres. 
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L'analyse de caryotype ayant ete faite spora
diquement devrait etre complt~tee. Les resultats 
seront done presentes en supplement. 

RESULTATS ET DISCUSSION 

Les resultats montrent que 289 a 300 cellules 
analysees chez des temoins presentent un nombre 
normal de chromosomes, c'est-a-dire 2n = 46. 
Parmi onze cellules aneuploi:des, il n'y en a 
qu'une tetraploi:de. Les modifications struc
turales se sont manifestees par des lacunes et 
cassures chromatidiennes et chromosomiques. 
Le nombre total des cellules anormales a ete 
5,7%, ce qui est en accord avec les constata
tions d'autres auteurs. (6, s, 12) 

Le taux des aberrations chez des sujets pro
fessionnellement Soumis a !'irradiation est bien 
plus significatif que chez des temoins. On 
observe des chromosomes de proprietes mor
phologiques differentes de ceux trouves chez 
des sujets non exposes: dicentriques (Fig. l), 
ronds et extra longs (Fig. 2). Les autres aberra
tions se rapportent aux lacunes et cassures 
chromatidiennes et chromosomiques et aux 
fragments acentriques (Fig. 3). 

Les cellules aneuploi:des, surtout les cellules 

tetraploi:des (Fig. 4) representent un phenomene 
plus frequent chez des sujets exposes. Etant 
donne que tous les individus exposes avaient 
plus de 35 ans, on peut supposer que l'age a eu 
aussi de !'influence. Il a ete constate par Jacobs 
et al. <13 > que les sujets ages de plus de 35 ans 
presentent un nombre plus eleve des cellules 
aneuploi:des que des individus jeunes. 

Ces resultats indiquent que !'exposition pro
fessionnelle chronique a de faibles doses d'irra
diation provoque des modifications in vivo chez 
l'homme. D'apres !'opinion de plusieurs auteurs 
ces modifications sont dues a l'effet direct et 
indirect de !'irradiation et ne peuvent pas etre 
considerees comme spontanees. (2-4, 6 • '· 10, a> 

D'apres Mac Kinney et al. <16 > les cellules du 
sang se divisant dans la culture sont des lym
phocytes. 

Puisque la frequence d'exposition et la dose 
re<_;:ue chez le personnel de l'Institut Radio
logique ne sont pas connues, il n'est ·pas possible 
de faire une correlation entre les doses re<_;:ues et 
les lesions observees. Il n'y a pas de differences 
entre les aberrations chromosomiques chez les 
ouvriers de l'Institut "Boris KidriC'', bien 
que la dose soit 3 a 6 fois plus grande chez les 

Table 1. 

Nombre Nombre Aneuploidie 
Sujets Dose d'annees des 

de cellules Hypodi-
travail examinees ploidie 

----
Temoins 0 - 300 8 

B.I. 12 3 74 2 

Dj.V. 10 3 50 2 
T.T. 64 15 56 4· 
M.A. 35 10 57 3 

R.2 ? I2 50 2 

R.1 ? 20 50 2 
R.6 ? 25 41 2 

R.7 ? 25 43 3 

Total 421 20 

** Lacune chromatidienne et chromosomique. 
Cassure chromatidienne et chromosomique. 
Fragment acentrique. 

Hyperdi-
ploidie 

3 

4 

1 

3 

4 

3 

1 

4 

2 

22 

% 
Die en- Anneau Extra ** des 
trique long anomalies 

0 0 0 5 5,7 

0 0 1 2 12,1 

I 1 0 3 16,0 

0 0 1 2 17,8 

I 0 I 2 19,3 

1 0 0 3 18,0 

1 0 2 2 16,0 

0 0 2 2 24,3 

1 0 2 2 23,6 

5 1 9 18 15,9 
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FIG. I. Chromosome dicentrique. 

Fm. 2. Chromosome extra long. 
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FIG. 3. Fragments acentriques. 

Fm. 4. Tetraploidie. 
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troisieme et quatrieme personnes. Il apparait, 
d'apres nos resultats, qu'il n'existe pas de 
liaison entre le temps d'exposition et le nombre 
des aberrations chromosomiques. 

L'importance clinique et pronostique des 
aberrations persistantes n'est pas tout a fait 
nette. La plupart des individus ayant des 
chromosomes modifies du point de vue clinique 
ne presentent aucune anomalie. <2

• 
4

• 1
2

) 

Buckton et al. <16 > et Wald <17> soulignent 
!'importance d'observer des aberrations chromo
somiques persistantes afin de pouvoir trouver 
une correlation entre ces modifications et des 
maladies malignes. Cept;ndant, d'apres Ben
der<10> on ne peut pas prouver, pour le moment, 
une liaison entre ces modifications et les neo
plasies eventuelles observees ulterieurement. 

CONCLUSION 

Les resultats indiquent qu'il existe des modi
fications numeriques et structurales des chromo
somes dans les leucocytes du sang chez des sujets 
soumis aux radiations ionisantes. 

On a constate un nombre eleve des cellules 
aneuploi'des et des cellules aux chromosomes 
dicentriques et extra longs par rapport au 
groupe temoin. 

Le taux des cellules presentant des aber
rations chromosomiques vade 12,1 a 24,3% chez 
des sujets professionnellement exposes, tandis 
qu'il est de 5, 7% chez le groupe temoin. 
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Sonuna.ri.o-Nel presente rapporto sono riferiti i primi risultati di un programma di ricerche 
indirizzate in particolare allo studio di eventuali modificazioni citogenetiche indotte dall'es

posizione prolungata per motivi professionali a piccole dosi di radiazioni ionizzanti. 
Lo studio, condotto su dipendenti di una centrale nucleare di potenza, suddivisi in gruppi 

in rapporto alla destinazione lavorativa ed all'entita dell'esposizione, si e svolto in un primo 

tempo con Ia definizione del cariogramma di base e in seguito con periodici controlli effettuati 
nel corso dell'attivita lavorativa. 

Allo stato attuale delle indagini e stata osservata una percentuale di piastre aneuploidi del 

13% .con una netta prevalenza di conte ipomodali su quelle ipermodali; per quanto si riferisce 

alle anomalie cromatidiche la percentuale riscontrata e stata del 6,7% sui totale delle cellule 
esaminate. 

Nel corso dei successivi controlli non sono state riscontrate significative modificazioni del 
cariogramma di base. 

Valori pressoche analoghi sia per quanta riguarda l'incidenza di cellule aneuploidi che Ia 
frequenza di anomalie cromatidiche sono stati osservati in un ampio gruppo di soggetti accura

tamente selezionati presi come controllo, con caratteristiche di eta, sesso, ecc. sovrapponibili a 
queUe dei dipendenti della centrale oggetto di studio e in precedenza non esposti a radiazioni 

per motivi professionali, diagnostici o terapeutici. Da rilevare come le anomalie cromatidiche 
sinora osservate sia nei controlli che nei dipendenti della centrale sono disposte a caso in tutti 

gli elementi, e che Ia frequenza di lacune e rotture a carico di un cromosoma appare in genere 

proporzionale alia sua lunghezza. 

NEGLI ultimi anni l'estensione delle tecniche 
di cultura delle cellule umane, soprattutto 
leucociti; e l'accresciuto interesse per gli effetti 
delle radiazioni sull'uomo hanno stimolato 
numerose ricerche sulle conseguenze, a livello 
cromosomico, dell'esposizione a dosi di radia
zioni ionizzanti che, rispetto a quelle usate nella 
pratica sperimentale, sono da considerarsi 
relativamente basse. 

In particolare sono state compiute ripetute 
osservazioni sulle modificazioni citogenetiche 
indotte nell'uomo da irradiazioni terapeutiche, 
e sono state descritte anomalie dei cromosomi 
anche per effetto di accertamenti radiodia
gnostici. 

Nell'ambito di questo indirizzo di studi, 
sono state intraprese una serie di ricerche 
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sulle eventuali modificazioni citogenetiche in
dotte nel personale di una centrale elettro
nucleare dalla esposizione prolungata a piccole 
dosi di radiazioni ionizzanti. 

L'interesse di questa ricerca consiste nella 
possibilita di studiare sistematicamente un 
campione sufficientemente esteso e relativa
mente omogeneo, costituito da soggetti sotto
posti, per motivi di lavoro, a dosi di radiazioni 
ionizzanti molto basse e molto diluite nel 
tempo, rna comunque superiori a quelle cui la 
popolazione e naturalmente esposta. 

Una centrale elettronucleare rappresenta 
attualmente l'ambiente pili idoneo allo studio 
sistematico e protratto degli effetti che puo 
avere sull'uomo la cronica esposizione a livelli 
di radioattivita lontani da quelli artificialmente 
elevati propri dell'esperimento, rna indicativi 
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delle condizioni nelle quali il progresso tecno
logico potra nel futuro condurre parte sempre 
pili larga della popolazione attiva. 

Nel presente rapporto vengono riferiti i 
risultati relativi ad un gruppo di 56 lavoratori 
della Centrale Elettronucleare ENEL del 
Garigliano, seguiti con esami citogenetici dal 
1964 ad oggi; trattasi di soggetti clinicamente 
sani, mai sottoposti a trattamenti radioterapi~;i, 
di sesso maschile, di eta compresa come limiti 
estremi tra 20 e 50 anni (in gran maggioranza 
tra 25 e 35 anni). 

Contemporaneamente vengono riportati an
che i dati relativi ad un gruppo di esami ese
guiti, con le stesse modalita tecniche, su 30 
soggetti di controllo non esposti e con carat
teristiche di eta e sesso sovrapponibili a quelle 
dei lavoratori nucleari oggetto di studio. 
Dall'esame della letteratura e attraverso la 
nostra diretta esperienza ci siamo infatti resi 
conto dell'assoluta necessita di riferire i dati 
riguardanti le eventuali modificazioni cromo
somiche degli esposti ad un gruppo di controllo 
sufficientemente esteso e studiato nelle identiche 
condizioni. Il fattore tecnico ed i criteri di 
esame e classificazione pili o meno restrittivi 

sono infatti determinanti, e ciascun gruppo 
di controllo con i suoi relativi valori "normali" 
e valido per la serie di osservazioni o di esperien
ze cui si riferisce. 

La tecnica usata e quella, ormai classica, di 
Moorhead e call. <1• 2) 

I preparati, ottenuti dopo 72 ore di cultura, 
sono stati colorati con blu di Unna o con orceina 
acetica, ed il loro studio e stato eseguito con 
un fotomicroscopio Zeiss. 

Le fotografie sono state fatte su pellicola 
Adox Dokuortho e Gevaert Scientia 39 C 56. 

Lo studio dei cromosomi, sia dal punto di 
vista quantitativa ( conta degli elementi) che 
qualitativo (morfologia e identificazione di 
eventuali anomalie) e stato eseguito sia median
te 1' osservazione diretta dei preparati al micro
scopio che mediante la proiezione per mezzo 
di un ingranditore del negativo su pellicola di 
tutte le piastre esaminate. Il doppio esame, che 
generalmente e stato compiuto da osservatori 
diversi, assicura un conteggio esatto e permette 
la correzione degli eventuali errori che si possono 
compiere all'osservazione diretta. 

I cariogrammi relativi a queste piastre sono 
stati ordinati secondo lo schema di Denver e 

Tabella 1. 

JO GRUPPO 

N° cell. % con 
esamin. 2N=46 

I controllo 313 100 295 
II controllo 274 100 238 
III controllo 338 100 308 

IJO GRUPPO 

N° cell. % con 
esamin. 2N = 46 

I controllo 369 100 341 
II controllo 401 100 350 
III controllo 504 100 461 

(dosi accumulate in coincidenza del 3° controllo 
< 1 rem; n. 8 casi) 

% con % con % con anom. 
2N < 46 2N > 46 cromat. 

-----
94,25 14 4,47 4 1,28 10 
86,86 28 10,22 8 2,92 17 
91,12 27 7,99 3 0,89 21 

(dosi accumulate in coincidenza del 3° controllo 
tra 1 e 2 rem; n. 11 casi) 

% con % con 0/ con anom. 
2N < 46 2 N > 46 

iQ 
cromat. 

92,41 25 6,77 3 0,82 38 
87,28 39 9,73 12 2,99 32 
91,47 39 7,74 4 0,79 29 

% 

---
3,19 
6,20 
6,21 

% 

10,30 
7,98 
5,75 
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I 
N° cell. 

I esamtn. 

I controllo 668 

II controllo 742 

III controllo 938 

N° cell. 
esamin. 

·-
I controllo 360 
II controllo 288 
III controllo 435 

N° cell. 

esamtn. 

I controllo 152 
II controllo 112 
III controllo 216 

No cell. 

esamin. 

I controllo 156 
II controllo 144 
III controllo 168 

I.R.P. VOL. 1--c* 

Tabella 2. 

IIIo GRUPPO (dosi accumulate in coincidenza del 3° controllo 

tra 2 e 3 rem; n. 20 casi) 

% I con 0/ con % con % con anom. 

2N = 46 
/0 

2N < 46 2 N > 45 cromat. 

I 100 596 89,22 62 9,28 10 1,50 30 
100 676 91,10 56 7,55 10 1,35 

I 
50 

100 864 92,11 68 7,25 6 0,64 62 

IV0 GRUPPO (dosi accumulate in coincidenza del 3° controllo 

"I. con l 
'0 

2N =46 

100 327 
100 246 
100 393 

yo GRUPPO 

% con 

2N =46 

100 140 
100 112 

100 200 

Vl 0 GRUPPO 

% 
con 

2N =46 

100 146 

100 116 

100 142 

tra 3 e 4 rem; n. 9 casi) 

% con % con 01 con anom. 

2N < 46 2N > 46 
/0 

cromat. 

90,83 27 7,50 6 1,67 15 
85,42 36 12,50 6 2,08 6 
90,34 33 7,59 9 2,07 24 

Tabella 3. 

(dosi accumulate in coincidenza del 3° controllo 

tra 4 e 5 rem; n. 4 casi) 

% con % con % con anom. 

2N < 46 2N > 46 cromat. 

92,10 12 7,90 - - 7 
100 - - - - 8 
92,60 8 3,70 8 3,70 13 

(dosi accumulate in coincidenza del 3° controllo 
tra 5 e 6 rem; n. 4 casi) 

% con % con % con anom. 

2N < 46 2N > 46 cromat. 

93,59 10 6,41 - - 12 
80,56 24 16,66 4 2,78 14 
84,52 20 11,91 6 3,57 12 

% 

--

4,49 
6,74 
6,61 

% 

4,17 
2,08 
5,52 

% 

4,60 
7,14 
6,01 

% 

7,69 
9,72 
7,14 
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si e costituito un archivio fotografico, non 
soggetto al possibile deterioramento dei pre
parati originali, che permette con grande 
facilita in ogni momento il riesame dei casi. 

La classificazione delle anomalie e stata fatta 
seguendo i criteri proposti da Buckton e col!. <8

• 
4

) 

I risultati riportati nelle tabelle l-3 si 
riferiscono a 56 dipendenti della Centrale per 
un totale di 1613 culture. Le cellule esaminate e 
fotografate sono complessivamente 6.568. 

I casi studiati sono stati disposti in sei gruppi 
tenendo conto della dose totale cumulata al 
momento dell'ultimo prelievo; per ogni gruppo 
sono indicati il numero delle cellule esaminate, 
il numero delle cellule euploidi e aneuploidi, 
la distribuzione delle conte, il numero di 
cellule con anomalie di tipo cromatidico. Non 
sono riportate le cellule con altre anomalie 
(tipo "C" di Buckton) in quanto presenti in 
numero molto scarso e percio considerate solo 

globalmente. 
I dati riassuntivi dei gruppi sopra menzionati 

sono riportati nella tabella 4. 
I risultati riportati nella 5 riguardano il 

gruppo di controllo e si riferiscono a l 00 l 
cellule esaminate e fotografate. Questo materia-

le e stato ottenuto da 30 soggetti sani in grande 
maggioranza compresi tra i 25 ed i 35 anni di 
eta, mai sottoposti in precedenza a trattamenti 
ratioterapici o a prolungati accertamenti radio
diagnostici. 

CONSIDERAZIONI 

La percentuale di piastre con 2n # 46 
osservata nei dipendenti della Centrale e com
plessivamente del 9,52%, con una netta preva
lenza (8,02%) delle piastre con numero di 
cromosomi inferiore al modale su quelle (1,50%) 
con 2n superiore a 46. Il rapporto fra conte 
ipo e ipermodali e percio 5,4. 

Nel gruppo di controllo la percentuale di 
piastre aneuploidi e del 10,79%, anche qui 
con una netta prevalenza (9,29%) delle piastre 
con numero di cromosomi inferiore al modale. 
Il rapporto fra conte ipo e ipermodali e in questo 
caso 6,2. 

Il confronto fra questi due gruppi di dati non 
mostra una differenza significativa nella per
centuale di cellule aneuploidi tra i lavoratori 
della centrale e i soggetti normali non esposti. 

Premesso cio restano da fare alcune considera
zioni sulle frequenze osservate. Queste per-

Tabella 4. 

numero totale delle cellule esaminate 6,578 100% 
numero delle cellule con ? N = 46 5,951 90,48% 
numero delle cellule con 2 N # 46 627 9,52% 
numero delle cellule con 2 N < 46 . 528 8,02% 
numero delle cellule con 2 N > 46 99 1,50% 
numero delle cellule con anomalie di 

tipo cromatidico 400 6,08% 
numero delle cellule con altre anomalie 39 0,60% 

Tabella 5. 

numero totale delle cellule esaminate 1,001 100% 
numero delle cellule con 2 N = 46 893 89,21% 
numero delle cellule con 2 N # 46 108 10,79% 
numero delle cellule con 2 N < 46 93 9,29% 
numero delle cellule con 2 N > 46 15 1,50% 
numero delle cellule con anomalie di 

tipo cromatidico 68 6,79% 
numero delle cellule con altre anomalie 5 0,49% 
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centuali, indubbiamente elevate, sono molto 
probabilmente dovute a fattori tecnici. L'im
portanza del fattore tecnico e indicato dal fatto 
che il contributo di gran lunga maggiore al 
totale delle piastre non modali e dato da queUe 
con conte ipomodali, nelle quali si e presumi
bilmente verificata, durante la preparazione 
dei vetrini, la perdita di uno o piu elementi del 
normale assetto diploide. 

Esse rientrano tuttavia nei limiti della norma; 
a questa conclusione si giunge esaminando 
alcuni tra i piu recenti lavori di citogenetica 
umana nei quali siano considerati gruppi di 
controlli "normali" sufficientemente ampi. 

Il criterio seguito nell'esaminare e classificare 
le anomalie morfologiche osservate nel materiale 
studiato e quello che, inizialmente proposto da 
Buckton e col!., <3 > e stato successivamente 
accettato ed impiegato anche da altri ricer
catori, e recentemente aggiornato da Buckton e 
Pike<4 > 

La classificazione di questi Au tori comprende: 
cellule A-senza nessuna evidente anomalia di 
struttura; ulteriormente divisibili in: A1-con 
un normale numero diploide di cromosomi; 
A2-con un numero di cromosomi ipo o ipermo
dali; cellule B-con sole anomalie di tipo 
cromatidico; divisibili in: B1-cellule con una 
lacuna cromatidica; B2-cellule con una rot
tura cromatidica; B3-cellule con una lacuna 
isocromatidica; cellule C-con anomalie di 
tipo cromosomico e comprendenti tutte le 
modificazioni di struttura diverse da quelle del 
gruppo precedente; possono essere divise in: 
Cu--cellule contenenti dicentrici, tricentrici, 
cromosomi ad anello o frammenti acentrici e 
che sono considerate instabili perche destinate 
a perdersi o a subire ulteriori modificazioni 
nella successiva divisione cellulare; C.--cellule 
che presumibilmente sono stabili alia mitosi, in 
quanto contengono uno o piu cromosomi 
anormali rna monocentrici. 

Per quanto si riferisce a~la frequenza delle 
anomalie cromatidiche in rapporto all'entita 
dell'esposizione, allo stato attuale non si ri
scontrano significative differenze tra i singoli 
gruppi e tra questi e il gruppo controllo. 

La percentuale di cellule con anomalie di 
tipo cromatidico osservata nei dipendenti della 
centrale e complessivamente del 6,08% ( 400 
su 6.578); Ia percentuale di cellule con altre 

anomalie ( tipo c della classificazione) e dello 
0,60% (39 su 6.578). 

Nel gruppo di controllo, su 1001 cellule 
esaminate, sono state osservate 68 cellule con 
anomalie di tipo cromatidico (6, 79%) e 5 
cellule del tipo C (0,49%). 

Nessuna differenza esiste tra il materiale 
ottenuto dai lavoratori della centrale e quello 
ricavato Jal gruppo di controllo anche per 
quanto riguarda il tipo delle anomalie osservate; 
si tratta di lacune e rotture cromatidiche e 
piu raramente isocromatidiche, e-tra le cellule 
di tipo C-soprattutto di frammenti acentrici e 
di qualche raro dicentrico (Figs. 1-5.) 

Importante e la constatazione che sia nei 
controlli che negli esposti le anomalie piu 
frequenti di tipo cromatidico sono distribuite 
a caso in tutti gli elementi, e che Ia frequenza 
di lacune e rotture a carico di un cromosoma e 
in rapporto alla sua lunghezza. 

La frequenza con cui anomalie morfologiche 
dei cromosomi possono essere osservate in 
soggetti normali e molto variabile seguendo i 
diversi Au tori; cio dipende sia dalle condizioni 
tecniche, evidentemente diverse in ogni labora
torio, sia dai criteri piu o meno restrittivi di 
valutazione; mentre infatti alcuni considerano 
tutte le anomalie, comprese le lacune e rotture 
cromatidiche, altri basano le loro considera
zioni esclusivamente sulla presenza di fram
meriti acentrici o di cromosomi policentrici e 
ad anello. 

Per quanto riguarda la frequenza di anomalie 
citogenetiche sia morfologiche che numeriche 
in individui esposti a radiazioni ionizzanti, i 
dati che e utile ricordare, per un confronto con 
i nostri risultati, sono quelli-non numerosi che 
si riferiscono a soggetti sottoposti ad irradiazioni 
diagnostiche o esposti per motivi di lavoro. <5

-
83> 

Di particolare interesse il confronto con i 
dati che Court Brown, Buckton e McLean <34

• a&) 

hanno recentemente pubblicato a completa
mento delle precedenti casistiche sugli aspetti 
delle irradiazioni terapeutiche. 

Si tratta di 42 soggetti esposti professional
mente a radiazioni ionizzanti e divisi in quattro 
gruppi in base alia dose cumulativa assorbita. 
Le frequenze di cellule Cu e c. osservate sono: 
per il gruppo B, comprendente alcuni individui 
di cui non e nota con esattezza la dose, 0,6% 
di Cue 1,3% di C.; peril gruppo C (da I a 9 
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FIG. 1. Cellule normali (di tipo A secondo la classificazione di Buckton e Pike) in soggetti 

di controllo (fila superiore) e in lavoratori della Centrale (fila inferiore). 

rad) 0,9% di Cue 1,4% di C.; per i1 gruppo D 
(da 23 a 34 rad) 1,8% di Cu e 0,9% di c.; 
per i1 gruppo E (da 76 a 98 rad) 2,2% di Cu 
e 1,1% di c .. 

E1aborando statisticamente questi dati gli 
Autori trovano che l'aumento di cellule Cu 
neg1i ultimi due gruppi, al di sopra cioe dei 

23 rad assorbiti, e significative; nessuna dif
ferenza vi e invece tra questi due gruppi, benche 
1a dose media sia nel primo di 27 e nel secondo 
di 84 rad. Nessuna significativita sotto i 23 rad, 
al punto che i valori dei gruppi B e C vengono 
uti1izzati come riferimenti normali, assieme a 
quelli del gruppo A (non esposti). 
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Fw. 2. Cellule anormali (di tipo Be Cu secondo la classificazione di Bucktone Pike) in lavoratori 
della Centrale. 
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Fm. 3. Cellule anormali (di tipo Be Cu secunda la classificazione di Buckton e Pike) in lavoratori 
della Centrale. 
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FIG. 4. Cellule anormali ( di tipo Be Cu secondo Ia classificazione di Buckton e Pike) in soggetti 
di controllo. 
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FIG. 5. Cellule anormali ( di tipo Be Cu secondo classificazione di Buckton e Pike) in soggetti 
di controllo. 
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A conclusione di questa rapporto si puo 
affermare che nel gruppo di 56 dipendenti della 
Centrale Elettronucleare del Garigliano qui 
considerati, allo stato attuale non si osservano____:_ 
-a distanza di oltre due anni dall'inizio della 
cronica esposizione a piccole dosi di radiazioni 
ionizzanti-particolari modificazioni del quadro 
cit ogenetico. 

Le percentuali di cellule aneuploidi e di cellule 
con anomalie morfologiche dei cromosomi 
trovate, su un totale di 6.578 cellule esaminate, 
sono simili a quelle trovate in 1001 cellule pro
venienti da 30 soggetti di controllo non esposti. 

Il tipo delle anomalie osservate e lo stesso 
sia negli esposti che nei controlli, ed e rap
presentato in grandissima maggioranza da 
aberrazioni cromatidiche. 

A questa conclusione si puo dare natural
mente solo un valore generale provvisorio, 
perche copre un periodo di esposizione di 
soli due anni, durante il quale nessuno dei 
dipendenti esaminati ha accumulato una dose 
superiore a 6 rem; ne consegue che !'interesse 
di siffatte ricerche citogenetiche aumentera in 
un prossimo futuro con il progressivo incremento 
delle dosi cumulate dai lavoratori e potra con
sentire in eventuali casi di sovra esposizione la 
ricostruzione della "storia citogenetica" del 
lavoratore nucleare sin dall'inizio della sua 
attivita lavorativa. 
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DISCUSSION 

]. Booz (Euratom): 

Looking at the picture of the phantom used, I had 
the impression that it had been built out of lucite 
slides and that between two lucite slides there was 
another material having a different optical density. 
I would like to know the composition of the phantom 
and the influence of possibly different densities of the 
two materials on the dosimetric measurements. 

R. LE Go: 

Le fantome reel qui a ete utilise pour la reconstitu
tion dosimetrique faite a Mol est un fantome de la 
firme Alderson, en Mix-D avec squelette indus. 

L'image qui a ete projetee montrait une reproduc
tion dans la meme geometrie, de ce fan tome, executee 
avec des gabarits en plexiglas, dont la transparence 
permet de montrer la situation des tubes de sang dans 
le fantome reel. 

Par ailleurs, ce fantome transparent nous a servi a 
dessiner sur chacune des 34 coupes, le trace des zones 
isodoses, ce qui donne une representation spatiale 
tridimensionnelle de la dosimetrie interne, par la 
superposition des coupes. 

M. DELPLA (France): 

Il serait interessant de preciser quelques points de 
!'expose. 

1. Quelle est la valeur numerique la plus faible des 
doses etudiees? L'auteur a-t-il determine les valeurs 
de l'ecart type correspondant? Il va sans dire que ces 
precisions sont indispensables pour parler de linearite 
des courbes. 

2. Quel a ete le mode d'irradiation: continue ou 
fractionnee, debit de dose? 

3. Les resultats obtenus in vitro peuvent-ils etre 
transposes in vivo? 
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R. LEGo: 

1. Comme il a ete dit dans !'expose et montre dans 
le tableau l, les doses d'expositiuu ~e sont situees entre 
40 Ret 600 R. Le calcul d'un ecart type n'a pu etre 
envisage, puisqu'il s'agit d'une experience unique, 
comportant un seul point pour chaque dose. Ce calcul 
ne pourrait etre envisage que par la repetition d' experi
ences semblables, aux memes points de dose. Ce que 
I' on peut dire, c'est que la variance est plus faible pour 
les faibles doses, qui ont permis d'examiner un grand 
nombre de cellules, et qu'elle est certainement plus 
elevee aux doses fortes, par exemple pour 600 R, dose 
a laquelle on n'a pu examiner que 26 cellules. 

2. L'irradiation a ete continue dans tousles cas de 
notre experience. Le debit de dose dans !'experience 
au 6°Co a ete de 30 R/min. Dans !'irradiation a 
l'interieur du fantome, c'est la duree d'irradiation 
qui a ete constante (2 h.30). Le debit de dose a varie 
selon la distance du tube de sang par rapport a la 
source, entre 0,26 R/min pour le point le plus distant 
et 4 R/min pour le point le plus proche de la source. 
Malgre les grandes differences sur ce parametre, les 
points obtenus ne se sent pas montres aussi aberrants 
qu'on aurait pu le craindre. 

3. En !'absence, fort heureux, de nombreuses ir
radiations totales homogenes chez des humains, les 
setiles donnees que I' on peut obtenir sont tirees soit de 
!'experimentation animale, soit de !'irradiation in vitro 
de sang humain normal. Cependant, le recoupement 
que nous avons pu faire avec la dosimetrie physique 
chez l'irradie de Mol, nous a donne des doses estimees 
(par analyse chromosomique) de 470 rads pour le 
taux des dicentriques; de 500 rads pour le taux des 
cassures "totales"--en accord avec Ies chiffres de la 
dosimetrie interne dans le fantome. 
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Tms is a report on eight papers, most of 
which deal with the old stand-by of personnel 
monitoring, namely, the photographic film 
badge. It is quite interesting to go through this 
collection of papers, some by experienced old
timers, some by people just starting in the field. 
One becomes aware of how-based on the 
work of others-the latecomers are making 
shortcuts and are acquiring competence and 
sophistication much faster than the earlier 
workers, and how much the critical eyes of 
quizzing national and international organiza
tions can contribute toward progress. Also, 
one notices the latecomers' struggle in the pur- . 
suit of the traditional, at the very same time as 
the young rebels start their shouts for the new 
and better. 

PHOTOGRAPIDC DOSIMETRY: 

BETA-GAMMA CALmRATION 

M.P. OLIVARES and S. PEREZ-MODREGO (Spain) 

studies do not extend over a large enough range 
of the particular variable to establish the general 
characteristics. For instance, they vary develop
ing time from 4 to 5 mins only, a range over 
which the shape of the characteristic curve 
does not change appreciably. But, for practical 
purposes, such a limited study suffices. Also, 
so far, they only calibrate with Ra226 and 
Co60 gamma rays, that is, in a photon energy 
range in which photographic response varies 
only slowly with photon energy. But their 
badge has a lead-covered area and an open 
window, in anticipation of future work w1th 
low-energy x rays and beta radiation. 

The authors show characteristic curves for 
four different types of film, exposed to Co 60 

gamma rays. For the sensitive film of the 
DuPont-556 packet, they examined samples of 
two emulsion numbers, and found no difference 
in response-but, according to DuPont, two 
emulsion numbers may designate samples from 
separate coating operations but from the same 

Most of the papers on photographic dosimetry emulsion batch. For their particular type of 
that were sent to me for review, deal with old, processing in a home-mixed metol-hydroquinone 
universal questions. Olivares and Modrego developer, the Ilford film seems to be the most 
tell about their orientation studies in the field of sensitive below I R. Above, the Mafe film has 
photographic dosimetry and their endeavor the steepest slope and highest sensitivity, and 
to achieve clean, scatterfree calibration condi- also reaches the highest maximum density. The 
tions. They describe their study of the change in authors did not supply any information on the 
response with developing time, and discuss type of Kodak and Ilford films used, except that 
how they eliminate the influence of processing they were dental-size personnel monitoring 
variations by developing all related samples films. This probably means that the Ilford 
simultaneously. They also report on studies of films were of the "P.M." series and the Kodak 
some of the basic properties of photographic film was of type KK; all of these film types 
film exposed to gamma radiation, such as, usually saturate at a density above 5 or 6, 
absence of rate dependence, variation of the rather than at a density of 3, as found by the 
characteristic curve with film type, batch-to- authors. Also, the sensitivity of Kodak type KK 
batch reproducibility, keeping quality of the film usually is twice that shown by them for low 
developed image, etc. In some instances, their exposures. The authors concluded that Mafe 
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film is best suited for personnel monitoring. 
Yet, possibly, if they had used another developer, 
they might have arrived at different conclusions. 

TRANSPORTABLE CALIBRATION FACILITY 

FOR FILM DOSIMETRY OF X-RAYS BY 

MEANS OF RADIOACTIVE SOURCES 

V. PAic (Yugoslavia) 

Pair's main r.ontrih11tion r.onsists in the des

cription of the design and construction of a 
portable facility for calibrating photographic 
film badges with radioactive sources, and in a 
discussion of how to use these calibration sources, 
in conjunction with energy-dependence data, 
for personnel-exposure determinations over a 
wide range of x and gamma rays. She employs 
Ilford PM3 film in a badge having six cop
per filters, ranging in thickness from 0.1 to 
I mm. Narrow spectral bands ofbremsstrahlung 
are used to produce effective energies for the 
x ray calibration between 25 and 156 keV. 
A radioactive source is used to get a calibration 
in the region between 0.5 and I MeV. 

Data are shown for a number of different 
exposures administered at three different effec
tive x ray energies incident on the film badge. 
The author points out the disagreement between 
the effective energies determined from ionization 
measurements and those determined from the 
film densities behind the copper filters. This 
disagreement stems mainly from the use of the 
narrow-beam absorption coefficients for the 
photographic determination of effective energy, 
while the exposures were made under broad
beam conditions. Energy dependence of the 
film response also is a contributing factor. 

The author points out, furthermore, that, 
in spite of the optical density not being a linear 
function of exposure, the relation between den
sity and exposure turns out to be strictly expo
nential. This may be fortuitous. The curvature · 
that one would expect for the thinner copper 
layers because of a progressive hardening in 
the beam may be offset by the effect of density 
saturation for the very high densities under the 

thin copper layers. 
The data also are shown plotted both in the 

form of density ratios as a function of copper 
filter thickness, with the parameter effective 
energy, and density ratio as a function of effec
tive energy, with the parameter copper thick-

ness. From these plots, the effective energy 
for an unknown exposure can be deduced. 
This, in turn, enables one to determine the un
known exposure in the usual way, say, by using 
what is often called the "hardness factors" and 
one characteristic curve obtained at a convenient 
energy. To obtain this curve in a simple, re
producible way, the author designed portable 
calibration assemblies consisting of special lead 
containers for the sources, and of supports for 
the film badges. 

Photographs are shown of the container and 
its parts, and of the badges in their reproducible 
position for exposure. The main body of the 
container used for Ra226 or Cs137 is a lead block 
with a bore through the center. A cylindrical 
shutter and collimator slides in this bore, and 
can be positioned so that the source, in its 
holder, is either shielded or is permitted to 
radiate through the collimator window. The 
film-badge supports and the base of the assem
bly are made of an aluminum alloy. Some 
badges are positioned quite close to the collim
ator-but I suppose an inverse-square check 
was made to show that there is no excessive 
scatter at this position. The whole assembly 
weighs about 13 kg, and is easily taken apart. 
It is being used with either about 4.5 mg of 
radium or 15 mCi of Cs137• 

A simpler lead container is being used with 
a bremsstrahlung source, consisting of Sr90-J9° 
in aluminum. The source is in a source holder, 
in the center of the upper surface of a simple 
lead block, that can be covered with a lead lid. 
The assembly is designed for uze.with a brems
strahlung source containing about 620 mCi 
Sr9o_I90 • It weighs about 10 kg. 

A NEW CONCEPT IN FILM BADGE DESIGN 

J. D. EASTES, M. L. MAURER and F. L. PASCHAL 
(U.S.A.) 

Popular around reactor facilities are film 
badges which permit inclusion of a number of 
dosimetric devices other than film. Eastes, 
Maurer, and Paschal describe the badge which 
they have been using for the past It years, 
and which permits an option of dosimeter 
components and filter systems. It is of molded 
plastic and has three main components. The 
recessed central surfaces of the front and rear 
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components have an open window and accom
modate filters in a choice of types, sizes. and 
orientations. The badge incorporates a magneti
cally released locking mechanism with two stops; 
one for keeping the badge closed, and one for 
holding its parts together while it is open for 
servxcmg. The front component slides into 
grooves in the rear component, and allows 
filters to be mounted opposite to their counter
parts in the rear. Also, there is room for a lead 
identification tape used for radiographic film 
marking. An identification and work-record 
card, or some other appropriate credential 
card of the wearer, slides in at the very front. 

The dosimeter holder, which is a separate 
part of the badge, can accommodate several 
different monitoring devices. The compart
ments at the top and bottom ends are for high
range, emergency monitoring devices, which 
are held in place by small molded packaging 
components. If one wants to use monitoring 
devices of different types or shapes, one simply 
fabricates new packaging components, but the 
badge as such may remain unchanged. The 
large center portion of the holder transports 
and holds in position either one or two film 
packets, which are confined in their proper 
places by a frame and thin separators, in a way 
that enabl~s one to use either one or two film 
packets. The design also permits essentially 
automatic removal of either one or two film 

packets at a time. 
The emergency dosimeter components pre

sently in use with this badge are: indium foil, 
copper, sulfur, and cadmium; they all are used 
for emergency neutron monitoring. In the near 
future, LiF will be added for emergency 
gamma-ray monitoring. The film packets used 
at present for routine monitoring are the 
DuPont type 544 x- and gamma-ray monitoring 
packet and the Kodak type A neutron-monitor

ing packet. 
The filters presently used over the photo

graphic films are made of plastic, aluminum, 
tin, iron (two thicknesses), and cadmium. The 
aluminum and the thinner iron are matched for 
identical attenuation of beta rays from uranium 
and Sr90, but they attenuate low-energy x rays 
to a different degree. The tin and cadmium 
filters are matched in the usual way for identical 
photon attenuation over the entire energy 

range of interest. The difference in reading then 
provides an indication of the amount of thermal 
neutrons present. Fast-neutron monitoring is 
done by track counting in a projection micro
scope, using the area of the neutron-monitoring 
film that is behind the cadmium filter. 

X- and gamma-ray, beta-ray, and thermal
neutron doses are evaluated with the aid of 
sev~n simultaneous equations involving the 
densities in the seven film areas, and suitable 
calibration data supplying a type of "hardness 
factor" for photons. The authors call it "energy 
index factor" and obtain it as the quotient of 
the sum of the densities behind two of the filters 
to the sum of the densities behind two others, 
over the photon energy range from 30 keV to 
1.25 MeV. Time does not permit a detailed des
cription of the method; nor is there time to 
show the results of the performance and 
reliability studies. The method is fairly elabo
rate, but the authors feel that it permits a more 
accurate assessment of the various components 
of a mixed radiation field than some of the less 
elaborate photographic methods in use. 

A PHOSPHATE GLASS DOSIMETER ADAPTED 

TO THE REQUIREMENTS OF HEALTH 

PHYSICS APPLICATION 

W. BuTTLER, R. MAUSHART and E. PIESCH 
(Federal Republic of Germany) 

Whatever the refinements of photographic 
personnel monitoring, most of us believe that 
we are about to witness a changeover to differ
ent, simpler and maybe more accurate methods. 
In fact, some are ready to throw out the 
photographic method right now. 

The dosimetry experts in the Karlsruhe and 
other German reactor centers believe that silver
activated phosphate glasses are the personnel 
dosimeters of the future. In their present paper, 
Buttler, Maushart and Piesch report on a 
modification of their previously published 
system. They are developing a new capsule, 
which takes care of two problems that, so far, 
prevented a general acceptance of the spherical 
version of the low-Z phosphate-glass dosimeter. 
One objection was the need for periodic, 
meticulous cleaning of the glass to insure 
reproducible collection of the luminescence 
light; the other objection concerned the need 
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for manipulation of large numbers of glasses 
during the reading phase, with the possibility 
ofmixups. 

The main body of the new capsule is formed 
by a circular aluminum cylinder. There are 
two ring-shaped troughs in the cylindrical side 
wall, and one in the bottom; these are filled 
with tin, for reduction of the energy dependence 
of the glass response. The glass is in the 
shape of a short cylinder, 8 mm in diameter and 
9 mm high. An aluminum disc designed to 
carry the identifying information, remains in 
contact with the glass at all times, even during 
readout. While in use, the glass is in total 
darkness, and, just as important, is hermetically 
sealed in the capsule. Therefore, it does not 
have to be cleaned after each use. The hermetic, 
tamper-proof seal is provided by a steel lid, 
which can be released magnetically. 

The authors show a plot of the response of the 
new capsule as a function of photon energy 
for irradiation in a direction perpendicular 
to the axis of symmetry of the device. The 
inaccuracy introduced due to the residual 
energy dependence is about ± 18% between 
50 keV and I MeV. Since the instrument has 
a higher anisotropy than its spherical pre
decessor, a larger dependence of its response on 
the direction of photon incidence is to be 
expected. The authors are now in the process 
of studying this feature. 

Another new development concerns the 
luminescence reader for the glasses. A semi
automatic instrument is being developed. One 
of its features is an automatic transfer of the 
dosimeter identification symbols to the readout 
record, which eliminates all possibilities of 
mixups. 

Regardless of what the instrument of choice 
may be, when you see how much time and 
effort is spent in many countries on improving 
personnel-monitoring procedure, you start won
dering about the justification for the continuing 
drive toward improvements, and about the 
returns. Are these returns in terms of a decrease 
in personnel time spent on routine evaluation 
procedures? Do the improvements lead to a 
decrease in personnel exposure, because of 
the higher accuracy and wider scope of per
sonnel monitoring, or the more efficient method 
of data processing? You also wonder about 

where the point of diminishing returns might 
lie, and, if, in certain instances, it has not been 
reached now. The following papers touch on 
some of these questions. 

PERSONNEL FILM MONITORING IN POLAND: 

ORGANIZATION, METHOD, RESULTS 

T. MusiALOWICZ (Poland) 

I had the opportunity of getting acquainted 
with personnel monitoring procedure at CLOR 
through my work at the IAEA, and therefore 
was very interested in the current progress 
report by Musialowicz. CLOR covers all 
workers in Poland in radioisotope and nuclear 
establishments; medical departments are cov
ered elsewhere. Currently, they use a film 
holder having an open window, two plastic 
and two copper filters of different thicknesses, 
a combination copper or cadmium and lead 
filter, a combination tin and lead filter, and a 
lead filter. They employ a double-emulsion 
monitoring film made by Foton, with which 
they are able to cover the exposure range from 
60 mR to 1300 R of Co60 gamma rays, and from 
which they also deduce the x-ray, beta-ray, 
and thermal-neutron exposures. They monitor 
fast neutrons with the Kodak neutron monitor
ing film, type A, sealed in a plastic bag, one
half of it covered with cadmium. Calibration, 
processing, and evaluation is done in the usual 
way, and will not be further discussed here. 

The films are handled in each of the establish
ments according to CLOR's directions, and 
are dispatched back to CLOR for processing 
and evaluation, along with detailed information 
on the wearer. Personnel cards are kept both 
at CLOR and at the individual establishments. 
CLOR investigates all doses exceeding the 
maximum permissible, and makes the decision 
on whether or not to take it into account in the 
cumulative personnel record. The doses from 
the record cards are summed up every three 
months. When a dose equivalent of 12 rems 
or of the usualS(N-18) rems is exceeded, CLOR 
recommends withdrawal of the individual from 
radiation work. The annual totals are pub
lished, grouped according to the range of dose 
equivalent, the type of establishment, and, for 
dose equivalents exceeding 5 rems, also by sex 
and age groups. The author reports that, as a 
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rule, the overexposures are found in the same 
places, namely, in hospitals using radium 
applicators, and in industry, where, apparently, 
Ra 228 still is used in paints. Also, the exposures 
in these fields of endeavor depend largely on 
the individual operators. 

The number of persons monitored by CLOR 
has increased from around 800 in 1959 to around 
4500 in 1965. Nevertheless, the percenlage of 
individuals receiving doses above 12 rems per 
year over .this period dropped from 0.3 to 0.06%, 
while the percentage of workers receiving doses 
below 0.5 rem per year increased from 72% 
to 88% over the same period. Since 1961, they 
also record the percentage of people exceeding 
3 rems quarterly, and report that it has dropped 
from 33% in 1961 to 15% in 1965. They find it 
disconcerting that most of the doses above 5 rems 
per year are found in the 18-30 year age group. 
Nevertheless, the overall record looks fairly 
impressive. 

PRACTICAL PERSONNEL DOSIMETRY OF 

THERMAL NEUTRONS 

D. NACHTIGALL (Switzerland) and 
E. RosE (Federal Republic of Germany) 

In this paper, the question of diminishing re
turns is raised. Nachtigall and Rose report on 
the results of calculations of the contribution 
made by thermal neutrons to personnel dose. 
The authors made their calculations for a 
"standard man" phantom, simulating the hu
man thorax. The dimensions were 20 em X 40 
em X 80 em, and the thermal neutrons were 
assumed to be incident perpendicularly to one 
of the 40 em X 80 em bounding surfaces. 

The authors set up a computer program for 
determining the dose contributions due to the 
(n, y) reaction on hydrogen, and the (n, p) 
reaction on nitrogen. For the (n, y) computa
tions, they started with Snyder's formulation 
for the decrease of the fl.uence with depth in the 
phantom, and then considered that the 2.2 
MeV photons produced by the thermal neutrons 
in any volume element are absorbed partially 
by other volume elements in the body. Intro
ducing numerical values for the reaction cross 
section, they obtained an expression for the 
dose due to gamma rays per unit fl.uence of 
thermal neutrons produced at any distance 

from the point at which the (n, y) reaction takes 
place. This equation was then integrated along 
various directions in the body, and over the 
body surface. Integration parallel to the long 
axis of the thorax yielded an essentially con
stant dose at any one depth up to about 10 em 
from the body edge. There, the dose fell to 
about one-hal£ The doses at the front and 
back of the body differed by a factor of ten. 

Integrated over the body surface, the equation 
yielded a dose due to gamma rays that com
pares very well with the one Heard had obtained 
from previous data of Snyder, Schalnow and 
Smith by simple interpolation. But I think 
that even if the authors had taken one of the 
values available for the (n, y) contribution in 
the other geometries, their subsequent argu
ments would not have been materially different. 

The proton dose distribution due to the (n, p) 
reaction shows much less of a boundary effect, 
being essentially constant almost to the body 
edges, and the calculation for the thorax phan
tom therefore yielded no new information for 
this reaction. The authors show plots of the 
dose distribution per unit fl.uence as a function 
of depth along the short central axis of the 
phantom for the two reactions separately, and 
also for their sum total. From the dose distribu
tion, they then computed the distribution of the 
dose equivalen~, of which plots are presented 
also. Here, their approach differed from that of 
Snyder's. They used the usual quality factor 
of 1 for the photons, but for the protons they 
plotted the distributions once for a quality 
factor of 10, the value recommended by the 
ICRP for protons of unknown energy, and 
once for a quality factor of 5, corresponding 
to the initial proton energy of 0.62 MeV. Sny
der and Neufeld, on the other hand, weighted 
their doses in the integration process with the 
factor corresponding to the individual proton 
energies. The curves plotted by the authors 
for a quality factor of 10 compare fairly well 
with Snyder's data in the NCRP report to which 
they make reference. For a quality factor of 10, 
the total dose equivalent in a depth of 2 em 
is shown to be three times the gamma dose 
equivalent at the surface. At a depth of 6 em, 
they are equal. Thus, the authors conclude, 
that, in a pure neutron field, and for a quality 
factor of 10, one may determine the total dose 
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equivalent to deep-seated organs simply by doub
ling the dose equivalent deduced from the 
measured gamma-ray dose. For a quality factor 
of 5, no correction would be required. 

The authors then point out that, while these 
results were deduced for organs lying in the 
thorax, and in a depth between 2 and 6 em, 
the same approach would be acceptable also for 
the eye and the male gonads. For the eye, the 
(n, p) reaction plays a smaller role because of 
the proximity of bone. The (n, y) reaction is less 
important both for the eye and the male gonads 
because the total mass in the proximity of these 
organs is smaller than for organs in the thorax. 
This would tend to offset the lack of attenua
tion by overlying tissue. But, the authors do 
not consider the eye factor, which, for a quality 
factor often, is three, according to ICRP Report 
No.9.* 

The authors also discuss the influence of 
neutron direction on the fraction of the neutron 
dose measured by the gamma-ray dosimeter 
on the surface, and it is concluded that, depend
ing on whether mean total-body dose or surface 
dose is considered, and depending on what quality 
factor is assumed, the gamma-ray dosimeter on 
the body surface measures 20 to 100% of the 
dose equivalent in a pure thermal-neutron field. 
Since, usually, the contribution to dose equiva
lent around reactors and accelerators is less 
than 10%, the authors conclude that, in 
general, one may dispense with special thermal-

* According to the recommendations published in 
this Report, the maximum permissible level for the 
eye is 15 remsfyear. But, in the case of neutron ex
posure to the eye, the dose equivalent is computed by 
multiplying the absorbed dose by two LET-dependent 
factors, the quality factor and the eye factor. A 
variation of quality factor between 1 and 10 is to 
result in a variation of the eye factor between 1 and 
3. For quality factors of 10 and above, a constant eye 
factor of 3 is assumed. Thus, only if the authors chose 
to use for the eye the same maximum permissible 
level as for the gonads ( 5 remsfyear), could they ignore 
the eye factor without introducing an error on the 
unsafe side. But if they used this lower maximum 
permissible level, they would needlessly restrict the 
x- and gamma-ray exposure to the eye to a level 
lower than the one now recommended. See also the 
comments ofF. D. Sow by in the discussion following 
his paper. 

neutron personnel monitoring. They strengthen 
this conclusion by showing the results of gamma
ray and thermal-neutron measurements around 
thermal columns both at J uelich and Harwell, 
from which they deduce that even in the vicinity 
of a thermal column, the fraction of the surface 
dose that is not registered by a gamma-ray 
dosimeter or a fast-neutron dosimeter is usually 
smaller than 20 to 50%; the mean total-body 
dose even may be overestimated. 

AUTOMATIC DATA PROCESSING OF A 

FILM BADGE SERVICE 

W. BENARI, M. ScHATZ and G. BEN-DAVID 
(Israel) 

Just as the types of personnel dosimeters 
and the monitoring procedures are subjected 
to scrutiny and are undergoing radical changes, 
so are the methods of keeping personnel moni
toring records-a usually very time-consuming, 
but a vital phase of any personnel dosimetry 
service. Benari, Schatz and Ben-David report 
that, at Soreq, completely automatic data pro
cessing was introduced about a year ago, for 
handling all industrial and medical dose records 
throughout Israel. The badges are assembled 
in the central service laboratory and are sent 
to the different organizations together with a 
dispatch list, a duplicate of which is kept in 
the central laboratory. The input data for this 
list, which are stored on an IBM card, consist 
of the "period" number,* the "run" number, 
which indicates one of five different groups of 
organizations, each having a separate section 
of the magnetic storage tape reserved, and the 
serial number of the first film in each run. Be
cause of the time lag between the information 
received for entries in the dispatch list and in the 
dose reports list, one magnetic tape is prepared 
for each of the two lists. But the same input 
cards are used for both, only with a suitable 
delay, to take care of the lag. Information on 
each new employee are entered on a different 
IBM card. Included are: personal identity, full 

* Badges are usually changed after a period of two 
weeks, but, in instances of only intermittent contact 
of the wearer with radiation, they may be carried six 
weeks. 
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name, in terms of suitably coded letters of the 
alphabet, national registry number, date of 
birth, badge type and organization identity 
number. 

If an individual transfers from one organiza
tion to another, the information on this card 
is augmented by the new personal identity 
number and the new organization number. In 
addition, IBM transfer cards, each carrying 
information on up to three individuals are 
prepared. They show the personal identity 
number, badge-type information, a transfer sig
nal, and the dose accumulated in the other 
organization. A typical cancellation card con
tains the personal identity number, badge type, 
and cancellation signal. Cancellation informa
tion on different individuals is entered on the 
card in the order of the personal identity numbers 
within each organization. 

The input data card for the period-dose 
report and personal dose record contains infor
mation on badge type, personal identity num
ber, period, radiation type, dose (here there is 
room for dose information from two different 
types of radiation), and remarks. No record for 
a returned badge means that no measurable 
dose was recorded, and is taken to mean a 
"zero" entry. This scheme reduces the volume 
of input data considerably. When a badge is 
not returned or returned late, a remark is 
entered to this effect. Also, a separate card is 
made for all individuals or groups with late 
returns. Dose input data are double-checked 
against work lists by two operators. The per
sonnel dose records are stored for one year 
on magnetic tape, from which there is im
mediate recall of any individual's dose record, 
if his identity number and the period of interest 
is known. As a rule, dose-record reports are 
printed out every three months, separate cards 
being prepared and mailed to each of the parent 
organizations. 

The authors feel that their computerized 
record-keeping system is a complete success. 
Soreq handles several thousand individuals in 
over two hundred organizations, but has now 
a record staff of only two people, while, before, 
they had four. The reduction in errors was 
even greater, percentagewise. The system is 
faster and more flexible than a semi-automatic 
system, and there is never a backlog. The cost 

of computer time is negligible compared with 
the other costs of the monitoring service. 

EXPEruENCE PRATIQUE DE DOSIMETRIE 

COMPAREE DANS LES SIX PAYS 

D'EURATOM (PREMIERS RESULTATS) 

M. CoLLET and P. RECHT (Euratom) 

The best monitoring device and the best 
record system are useless without the know-how 
and care necessary for adequate interpretation 
of the monitor readings in terms of dose and 
dose equivalent. This is why more and more 
national and international organizations are 
trying to develop performance standards and 
devise performance tests for individual dosi
metry laboratories. 

Collet and Recht report on performance 
tests given under the auspices of Euratom and 
some of its individual member countries over 
the past two years. X- and gamma-ray expo
sures were administered by three different 
central calibration laboratories to over 1700 
film badges from many different personnel 
monitoring services. The services were not 
given any information about the exposures ini
tially, but had to interpret them as they would 
interpret unknown exposures for the rest of 
their clients. Four different calibration centers 
and three exposure intervals were involved. 
The centers split the experiment up into four 
series, sending out batches of exposed films four 
times, four months apart. The photon energies 
covered ranged from around 30 keV to 1.25 
MeV. Whenever feasible, the calibration sta
tions reported the errors back to the services 
before the next test series, so that the services 
could make improvements where necessary be
tween any two successive tests. At the end of the 
last series, the calibration laboratories were to 
prepare a report of the complete results, and to 
reveal radiation quality, exposure, and error 
to the participating services. 

So far, only the 0.1-8-rem exposure interval 
has been completely evaluated and reported. A 
comparison in the exposure range below 1 R for 
one typical service shows considerable improve
ment between the first and fourth test series. 
None of the interpretations in the fourth series 
was ~ff by as much as 50%, while, in the first 
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equivalent to deep-seated organs simply by doub
ling the dose equivalent deduced from the 
measured gamma-ray dose. For a quality factor 
of 5, no correction would be required. 

The authors then point out that, while these 
results were deduced for organs lying in the 
thorax, and in a depth between 2 and 6 em, 
the same approach would be acceptable also for 
the eye and the male gonads. For the eye, the 
(n, p) reaction plays a smaller role because of 
the proximity of bone. The (n, y) reaction is less 
important both for the eye and the male gonads 
because the total mass in the proximity of these 
organs is smaller than for organs in the thorax. 
This would tend to offset the lack of attenua
tion by overlying tissue. But, the authors do 
not consider the eye factor, which, for a quality 
factor often, is three, according to ICRP Report 
No.9.* 

The authors also discuss the influence of 
neutron direction on the fraction of the neutron 
dose measured by the gamma-ray dosimeter 
on the surface, and it is concluded that, depend
ing on whether mean total-body dose or surface 
dose is considered, and depending on what quality 
factor is assumed, the gamma-ray dosimeter on 
the body surface measures 20 to 100% of the 
dose equivalent in a pure thermal-neutron field. 
Since, usually, the contribution to dose equiva
lent around reactors and accelerators is less 
than 10%, the authors conclude that, in 
general, one may dispense with special thermal-

* According to the recommendations published in 
this Report, the maximum permissible level for the 
eye is 15 remsjyear. But, in the case of neutron ex
posure to the eye, the dose equivalent is computed by 
multiplying the absorbed dose by two LET -dependent 
factors, the quality factor and the eye factor. A 
variation of quality factor between 1 and 10 is to 
result in a variation of the eye factor between 1 and 
3. For quality factors of 10 and above, a constant eye 
factor of 3 is assumed. Thus, only if the authors chose 
to use for the eye the same maximum permissible 
level as for the gonads (5 remsjyear), could they ignore 
the eye factor without introducing an error on the 
unsafe side. But if they used this lower maximum 
permissible level, they would needlessly restrict the 
x- and gamma-ray exposure to the eye to a level 
lower than the one now recommended. See also the 
comments of F. D. Sowby in the discussion following 
his paper. 

neutron personnel monitoring. They strengthen 
this conclusion by showing the results of gamma
ray and thermal-neutron measurements around 
thermal columns both at Juelich and Harwell, 
from which they deduce that even in the vicinity 
of a thermal column, the fraction of the surface 
dose that is not registered by a gamma-ray 
dosimeter or a fast-neutron dosimeter is usually 
smaller than 20 to 50%; the mean total-body 
dose even may be overestimated. 

AUTOMATIC DATA PROCESSING OF A 

FILM BADGE SERVICE 

W. BENARI, M. ScHATZ and G. BEN-DAVID 
(Israel) 

Just as the types of personnel dosimeters 
and the monitoring procedures are subjected 
to scrutiny and are undergoing radical changes, 
so are the methods of keeping personnel moni
toring records-a usually very time-consuming, 
but a vital phase of any personnel dosimetry 
service. Benari, Schatz and Ben-David report 
that, at Soreq, completely automatic data pro
cessing was introduced about a year ago, for 
handling all industrial and medical dose records 
throughout Israel. The badges are assembled 
in the central service laboratory and are sent 
to the different organizations together with a 
dispatch list, a duplicate of which is kept in 
the central laboratory. The input data for this 
list, which are stored on an IBM card, consist 
of the "period" number,* the "run" number, 
which indicates one of five different groups of 
organizations, each having a separate section 
of the magnetic storage tape reserved, and the 
serial number of the first film in each run. Be
cause of the time lag between the information 
received for entries in the dispatch list and in the 
dose reports list, one magnetic tape is prepared 
for each of the two lists. But the same input 
cards are used for both, only with a suitable 
delay, to take care of the lag. Information on 
each new employee are entered on a different 
IBM card. Included are: personal identity, full 

* Badges are usually changed after a period of two 
weeks, but, in instances of only intermittent contact 
of the wearer with radiation, they may be carried six 
weeks. 
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name, in terms of suitably coded letters of the 
alphabet, national registry number, date of 
birth, badge type and organization identity 
number. 

If an individual transfers from one organiza
tion to another, the information on this card 
is augmented by the new personal identity 
number and the new organization number. In 
addition, IBM transfer cards, each carrying 
information on up to three individuals are 
prepared. They show the personal identity 
number, badge-type information, a transfer sig
nal, and the dose accumulated in the other 
organization. A typical cancellation card con
tains the personal identity number, badge type, 
and cancellation signal. Cancellation informa
tion on different individuals is entered on the 
card in the order of the personal identity numbers 
within each organization. 

The input data card for the period-dose 
report and personal dose record contains infor
mation on badge type, personal identity num
ber, period, radiation type, dose (here there is 
room for dose information from two different 
types of radiation), and remarks. No record for 
a returned badge means that no measurable 
dose was recorded, and is taken to mean a 
"zero" entry. This scheme reduces the volume 
of input data considerably. When a badge is 
not returned or returned late, a remark is 
entered to this effect. Also, a separate card is 
made for all individuals or groups with late 
returns. Dose input data are double-checked 
against work lists by two operators. The per
sonnel dose records are stored for one year 
on magnetic tape, from which there is im
mediate recall of any individual's dose record, 
if his identity number and the period of interest 
is known. As a rule, dose-record reports are 
printed out every three months, separate cards 
being prepared and mailed to each of the parent 
organizations. 

The authors feel that their computerized 
record-keeping system is a complete success. 
Soreq handles several thousand individuals in 
over two hundred organizations, but has now 
a record staff of only two people, while, before, 
they had four. The reduction in errors was 
even greater, percentagewise. The system is 
faster and more flexible than a semi-automatic 
system, and there is never a backlog. The cost 

of computer time is negligible compared with 
the other costs of the monitoring service. 

EXPERIENCE PRATIQUE DE DOSIMETRIE 

COMPAREE DANS LES SIX PAYS 

D'EURATOM (PREMIERS RESULTATS) 

M. COLLET and P. RECHT (Euratom) 

The best monitoring device and the best 
record system are useless without the know-how 
and care necessary for adequate interpretation 
of the monitor readings in terms of dose and 
dose equivalent. This is why more and more 
national and international organizations are 
trying to develop performance standards and 
devise performance tests for individual dosi
metry laboratories. 

Collet and Recht report on performance 
tests given under the auspices of Euratom and 
some of its individual member countries over 
the past two years. X- and gamma-ray expo
sures were administered by three different 
central calibration laboratories to over 1700 
film badges from many different personnel 
monitoring services. The services were not 
given any information about the exposures ini
tially, but had to interpret them as they would 
interpret unknown exposures for the rest of 
their clients. Four different calibration centers 
and three exposure intervals were involved. 
The centers split the experiment up into four 
series, sending out batches of exposed films four 
times, four months apart. The photon energies 
covered ranged from around 30 keV to 1.25 
MeV. Whenever feasible, the calibration sta
tions reported the errors back to the services 
before the next test series, so that the services 
could make improvements where necessary be
tween any two successive tests. At the end of the 
last series, the calibration laboratories were to 
prepare a report of the complete results, and to 
reveal radiation quality, exposure, and error 
to the participating services. 

So far, only the 0.1-8-rem exposure interval 
has been completely evaluated and reported. A 
comparison in the exposure range below 1 R for 
one typical service shows considerable improve
ment between the first and fourth test series. 
None of the interpretations in the fourth series 
was off by as much as 50%, while, in the first 
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series, the errors ranged from below 50% to 
more than 100%. Similar improvements were 
noted at higher exposures: Between 1 and 4 rems, 
the same service reduced its errors from 40 to 
20%. In the fourth series, errors between 10 and 
20% were common among the services for dose 
interpretations in the 0.1 to 8 rem dose range; 
for high energies, errors up to 30% were found 
below I rem. 

Even at this stage of the evaluation of the 
results, one gains the impression that the Euratom 

study has been beneficial. The authors point out in 
particular that their study has helped the services 
to obtain better calibration curves without their 
having to do any high-precision calibrations 
themselves; it helped them to improve their 
equipment and procedures, where necessary; 
and-probably most important-it brought 
about an interchange of opinions, a sharing of 
f'.xpe:riences, and a closer contact between Eura~ 
tom, the four participating calibration centers, 
and the personnel dosimetry services. 



A NEW CONCEPT IN FILM BADGE DESIGN 

J.D. EASTES, M. L. MAURER and F. L. PASCHAL 

Dynamics Corp., Fort Worth, Texas, U.S.A. 

Abstract-Unique concepts are incorporated into a new personnel monitoring badge which 

include ( 1) a basic structural design to permit various options in the choice of dosimetric acces

sories, (2) unusual mechanical features for operational improvements, and (3) a specific film

filter system and an unusual new technique for dealing with the film energy dependence problem. 

The basic structure of the badge consists of three molded plastic components which can be 

assembled or disassembled in a matter of seconds. When assembled the structure is locked 

together with a tamper-proof locking system~ The components are designed to collectively 

contain two dental size film packets in separated compartments (each opposed by matched 

filter systems), a system of high range dosimetry devices in two other compartments, and 

identification and/or security credentials. The high range dosimetry compartments and the 

areas designated for the filter system are designed to afford numerous options in the choice of 

components for these systems. Individualized film compartments permit the use of either one 

or two film packets in the badge and make possible the selective exchange of film packets in a 

simple manner. A unique locking device serves a dual purpose as a lock when the badge is 

closed and as a catch which prevents the complete disassembly of the components when the 

badge is being serviced. The locking system is also unique in that only one magnet is required 

to open the badge even in automated operations. A specific filter system which consists of five 

different filters is utilized to accomplish routine dosimetry for beta, gamma, X-, thermal 

neutron and fast neutron radiations. Dosimetry for beta, gamma, X-, and thermal neutron 

radiations is accomplished with the same film. The major problem in film dosimetry, energy 

dependence, is treated in a unique new manner with this filter system, which permits the 

evaluation of mixed exposures involving photon radiations in the critical energy region with 

greatly improved accuracy. The technique utilizes an energy index factor which is the ratio of 

the sum of densities behind two filters to the sum of densities behind two other filters. The 

photon dose in the critical region is determined from the sum of the excess densities behind 

three relatively thin filters as compared to a thicker filter, using the apparent energy indicated 

by the index factor. The density under the thick filter in excess of that predicted for the apparent 

exposure in the critical energy region is attributed to high energy photons. The filter system 

and techniques related to those just mentioned permit the evaluation of mixed exposures in

volving the four types of radiation mentioned previously. 

A simple mathematical development of the energy index and low energy dose factors are 

presented and the film dosimetric capabilities attainable with the system have been verified 

with appropriate testing; however the test results are not included in this report. The badge 

has been in use since January 1965 and has proven very satisfactory in routine use and in the 

evaluation tests. The test results show that the film dosimetry capabilities attainable with the 

system described greatly exceed proposed standards. 

INTRODUCTION dosimetric devices. Unfortunately this evolution 
During the past two decades the film badge · has not resulted in a standard system. 

has continued to be the principal means of In general, badge structures have been de
( external) personnel monitoring. As a result of signed to accommodate the particular system 
ever-increasing requirements, both monitoring of components available at that time, which 
and otherwise, the film badge has evolved into most nearly satisfied the requirements of the 
a multi-purpose system of credentials and designer. Too often it has been necessary 
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to design a new badge, or to resort to multiple 
badges in order to improve personnel monitoring 
capabilities, or to satisfy new requirements. 

In January 1965, the Fort Worth Division 
of General Dynamics put a new badge design 
into routine service which continues the evolu
tion of the film badge into a combination moni
toring and identification system. The badge 
represents a significant changF. in r!F.sign concept 
in that the structural components can accom
modate a wide variety of choices of parapher
nalia for identification and monitoring purposes. 
Thus, the structure does not limit the system 
to its current status, but is adaptable to changes 
which satisfy new requirements, or which im
prove the state of the art. The badge structure 
is presently complemented with a diverse array 
of accessory components which represent current 
trends, including an unusual approach to the 
film energy dependence problem. 

This paper describes the badge as equipped 
for use at the Fort Worth Division of General 
Dynamics, with occasional reference to unique 
features and to the features which permit 
unusual options. 

STRUCTURAL COMPONENTS 

The structural components of the General 
Dynamics badge are shown in Fig. l. The 
three major components will be referred to as 
the Rear Component, the Dosimeter Holder 
and the Front Component. These three com
ponents are designed to lock together to form a 
unit which houses the entire monitoring system. 
(The assembled badge measures 8.3 em X 5.3 
em X 1.2 em and weighs approximately 60 g 
when fully equipped.) 

The Rear Component composes the back, the 
top, and both side portions of the badge. Part 
of the front side of this component is slightly 
indented to accommodate the rear array of 
filters. With the exception of the open window 
and the plastic filter, this design permits some 
option as to the choice, size, and orientation of 
the filter array. A long slender strip of spring 
steel is mounted at one end in a cavity on the 
right side of this component. This strip has 
a 90° bend at its free end which permits a small 
portion of the spring to emerge through a slot 
into the space occupied by the dosimeter holder 

and thus to act as a catch or locking device. 
A clip, which is free to rotate, is attached to 
the rear side of this component. 

The Front Component is designed to slide into 
a groove in the side and top portions of the 
rear component and thus compose the front 
side of the badge structure. An array of filters 
which match those on the rear component is 
mounted on the back side of this component 
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FIG. 1. Structural components of the General 
Dynamics film badge. 

in an indented area which provides the option 
previously mentioned. The front side of this 
component also has a slight indentation over the 
entire film area so that a lead identification 
tape can be affixed in any desired position and 
orientation. The front side of this component 
is designed to accept a 15 column identification
time card or other appropriate credentials. 
These credentials may be inserted into slots 
constructed on each side of the front from either 
the top or bottom when the badge is open. 
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The credentials can be inserted or removed only 
from the top when the badge is closed. (With a 
slight modification of the molds the credentials 
can be locked in place when the badge is 

locked.) 
The Dosimeter Holder is designed to contain the 

high range monitoring devices and to transport 
and confine two film packets to their particular 
lucaliun within the badge. This component 
also composes the bottom of the badge and 
functions as an integral part of the locking 
system. The high range dosimetry devices are 
housed in two rectangular shaped compart
ments or cavities which are covered with re
movable clear plastic covers. The compart
ment at the bottom end of the holder measures 
2. 70 em X 1.11 em X 0.55 em. The other com
partment is located at the top end of the holder 
and measure s3.49 em X 0.87 em X 0.24 em. 
The high range dosimetry devices selected for 
use at the Fort Worth Division are compactly 
located in these compartments by means of 
small molded plastic packaging components 
fabricated to contain each particular device. 
Any other system of high range devices which 
are within the size and shape limitations of the 
compartments can be incorporated into the 
badge by merely fabricating new packaging 
components. (This is the second unique option 
of the design.) The holder is designed to accept 
either one or two film packets in the center 
portion of the unit and to transport and confine 
the film to its proper location within the badge 
regardless of whether one or two packets 
are used. Each packet is confined to its portion 
of the holder by the walls of a frame-like 
opening in the center of the holder and by thin 
separators which protrude from each of the 
two side walls into the space between the 
packets. (This is the third unique feature.) 
The front and rear components serve as the 
remaining structures which confine the packets 
when the badge is assembled. 

The design features just mentioned make it 
possible to selectively exchange the packets in a 
rather simple manner. If the holder is with
drawn from the badge assembly with either 
face directed in the vertical direction the film 
packet on the opposite side will fall from the 
holder while the top packet will be retained. 
(Either packet can thus be removed by this 
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procedure.) When the holder is withdrawn with 
either edge of the badge directed vertically 
both packets will fall from the badge but from 
opposite sides. Thus, packets can be selectively 
exchanged, or can be collected separately at 
exchange time by means of a simple collection 
system positioned beneath the badge when it 
is opened. 

The right side of the dosimeter holder is de
signed to function as part of the locking mech
anism. There is a small narrow gap across this 
side near the bottom of the holder and a notched 
gap near the top. When the structural com
ponents are assembled in the closed position 
the free end of the thin spring which is mounted 
in the rear component protrudes into the bot
tom gap; thus, any force which tends to remove 
the holder results in a shearing force upon the 
spring. The second (notched) gap serves to 
retain the holder in the badge while it is being 
serviced, yet permits the badge to be closed 
and locked by mechanical action. This two
stop locking feature is designed for use with a 
single permanent (or electro) magnet. When 
the right edge of the badge is drawn through a 
sufficiently strong magnetic field the free end 
of the spring will be withdrawn from the gap 
in the holder. As the badge is drawn across the 
gap of the magnet the field will retain the holder 
by the attractive force exerted on the soft iron 
bar which is mounted at the corner of the badge 
in the bottom of the dosimeter holder. When 
the body of the badge is drawn far enough to 
remove the spring from the magnetic field the 
free end of the spring will ride along the side of 
the holder until it engages the second catch 
(i.e. the notch gap). Further movement of the 
badge in the same direction will remove the 
iron bar from the magnetic field. The badge 
can be closed and locked by reversing the 
direction of motion just described, or by simply 
pushing the holder into the closed position. 
The holder may be withdrawn completely 
from the badge by application of the magnetic 
field to the spring a second time when the badge 
is opened. This permits complete disassembly 
(or assembly without the use of a magnet) 
of the three structural components in less than 
ten seconds. All the internal components of 
the badge and dosimetry system are completely 
accessible when the badge is disassembled. 
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ACCESSORY COMPONENTS 

Various accessories have been incorporated 
into the badge structure to fulfill present re
quirements. These requirements and the appli
cable components are as follows: 

Identification: The identification credentials 
consist of currently acceptable data printed on 
colormatch paper and enclosed in a clear plastic 

with a number engraved through a thin lead 
tape (0.64 em X 3.02 em X 0.014 em) which is 
affixed to the front component immediately 
below the filter system. The date can also be 
X-rayed into the film (below the identification 
number) with a similar tape appropriately 
positioned in the X-ray shield. 

Routine monitoring accessories: Routine moni-

Fw. 2. Front views of the badge; disassembled and assembled. 

envelope. This envelope is located in the front 
component of the badge structure in grooves 
at each side which are designed to accept either 
of the following devices: a 15 column identi
fication-time card; a thick printed form for 
visitor identification; the credentials just des
cribed; any other credential of the appropriate 
size. The printed form for visitors is retained 
as part of the personnel monitoring records. X
ray is used to permanently identify the film 

toring accessories consist of two film packets, 
two matching sets of five filters each, one set 
each bonded to the front and rear components, 
and the identification tape just described. The 
two film packets are Dupont's Type 544 X-beta
gamma packet and Kodak's Type A Personal 
Neutron Monitoring Film packet. The filter 
materials are aluminum (Al), thin iron 
(Fe1), thick iron (Fe2), tin (Sn), and cadmium 
(Cd), plus the plastic (PI) and open window 
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(OW) which are part of the structural design. 
The characteristics and location of the filters 
are given in Fig. 2 and Table 1. The routine 
monitoring system is designed to render infor
mation which may be used for the interpretation 
and evaluation of beta, gamma, X-ray, thermal
neutron, and fast neutron exposures, whether 
present concurrently or independently. The 
position and orientation of the filter system are 
shown in Fig. 3. There are several reasons for 
the size and arrangement of the filters. The 
evaluation of fast neutron exposures is accom
plished by the track counting method described 
by Cheka and others. (1-3) At our facility the 
track counting is accomplished by means of a 
projection microscope. The special film holder 
used during the counting operation will not 
permit the positioning (or movement) of the 
microscope objective to the edge of the film. 
It is also desirable to move the objective in 
long sweeps across the film during the counting 
operation rather than a short, bi-directional 
path. Finally it is highly desirable to provide a 
Cd shielded area on the neutron film that is large 
enough to locate easily and to operate within 
during the reading operation. Thus a large 
cadmium filter was chosen and positioned near 
the center of the packet. With the exception of 
Cd, the filters were chosen large enough to 
reduce scatter into the center portion of the film 
behind the particular filter to an acceptable 
minimum and large enough to be easily posi
tioned in the density reading device (densito
meter), yet small enough to fit compactly in 
the space available in the badge. The filters 

are mounted close together in a compact array 
which extends slightly beyond the outer edge 
of the film packets. This arrangement is an 
attempt to reduce scattering of radiations into 
the film behind the filters, a problem of con
siderable importance.<4> 

The Al and Fe1 filters were experimentally 
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Fro. 3. Position and orientation of the filter 
system with respect to the film. 

matched using both natural Uranium and 
oosr to achieve identical attenuation of beta 
radiation. High energy photons (E > 250 kVe) 
are also attenuated identically; however, the 
pair differ significantly in low energy photon 
attenuation properties. (Henceforth low energy 
photons will be assumed to be in the 30 < E < 

Table I. Physical Characteristics of the Filter System 

Surface 
Filter dimensions Thickness Total Mg/Cm 2 

material (em) (mm) thickness* 

Open window 0.953 X 1.27 0 39 

Plastic ( cycolac) 0.953 X 0.953 2.70 343 

Aluminium 0.953 X 0.953 0.84 407 

Iron 0.953 X 0.953 0.25 376 

Iron 0.953 X 1.03 0.71 728 

Tin 0.953 X 1.03 1.14 1013 

Cadmium 1.27 X 3.18 0.97 1018 

* Includes filter, plastic structure, and identification materials. 
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250 k V e energy range.) Thus the film response 
behind these two filters may be conveniently 
used to detect the presence of low energy 
photon radiation in an exposure. The Sn and 
Cd filters were also matched experimentally 
to produce identical attenuation of high energy 
gamma radiation. When exposed to thermal 
neutrons the (N, y) reaction (E1err = 2.18 meV) 
in the Cd filt.er result.s in a significant. increase 
in the exposure to the Dupont film behind that 
filter whereas no appreciable change in exposure 
will be noted behind the Sn filter. Thus the 
difference in density behind the matched 
(Cd: Sn) pair of filters is a measure of the 
thermal neutron exposure received by the badge. 
The density produced behind the Cd filter has 
been reported to be related to the density 
produced by gamma rays by the ratio 

roentgens (y) density (y) = 
1 98

. (5 ) how-

rem( Nth) density (Nth) · ' 
ever this ratio may be subject to the cadmium 
ratio of the neutron spectrum. <6 > Tin was 
chosen as the material to match Cd ( 1) because 
its backscatter properties are very similar to those 
of cadmium and (2) because its absorption 
edge is below 30 kV. With regard to (1) in 
the previous statement, it should be noted that 
if the sensitive component of a film packet is 
positioned near the surface of a filter system 
and the badge exposed to photons from the 
rear rather than the front, the backscatter 
from dense metal filters such as cadmium, lead, 
etc., increases the film density in the areas 
adjacent to them. 

The amount of backscatter varies with the 
filter material and as a result c:an erroneously 
indicate a thermal neutron exposure if two 
filters differ significantly in backscatter pro
perties. Al, Fe, and Sn were all chosen as filter 
materials because of their low absorption edge, 
their density, mechanical, and other favorable 
properties. 

High wnge monitoting iomponents and aiiessoties: 

The high range monitoring system is patterned 
after the system which originated at Hanford <7 > 

and consists of a bare indium foil, and a cadium 
covered indium foil, a sulfur pellet, and a bare 
copper bar. Provisions have been made for 
the use of either glass rods or thermoluminescent 
dosimetry (TLD) materials in addition to the 
foils and pellets. Recent developments in the 
TL dosimetry (B) indicate that a TLD system 
will be a desirable addition to this 'system. A 
thick indium tape affixed to the rear component 
just below the array of filters is also a part of the 
high range dosimetry system. The physical 
characteristics of the high range system are 
exhibited more completely in Tables 2 and 3. 

Miscellaneous: The badges are serviced, trans
ported, and stationed for use on racks which are 
designed to hold 56 badges each (along with 
56 pocket dosimeters). The racks are of a 
step-like construction and are designed to dis
play the entire front of each badge for ease in 
locating any particular badge. This construc
tion also permits permanent identification of 
the film in lots of 56 badges each by use of a 
similarly fashioned lead shield which has 

Table 2. Physical Characteristics of the High Range Neutron Dosimetry Components 

Dosimetry Area Thickness Weight Number 
Location and exposure condition 

component (em X em) (em) (g) used 

Indium 1.175 X 3.1 0.0381 1.02 1 Rear component below cadmium 
(film) filter 

Indium 1.13 Dia. 0.0254 0.189 2 Lower cavity-one behind sulfur 
(disc) pellet (bare), one sandwiched 

between two cadmium discs 

Copper 0.92 X 1.1 0.106 0.799 1 Upper cavity-bare 

Sulfur 1.116 Dia. 0.30 0.585 1 Lower cavity-in front of bare 
(disc) indium foil 

Cadmium 1.129 .Dia. 0.055 0.468 2 Lower cavity-on either side of an 
(disc) indium foil 
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windows thaCare accurately positioned in front of 
the lead tapes when the shield is placed over a 
rack. 

ROUTINE MONITORING 

The evaluation procedure for routine monitor
ing of X-ray (low energy photons), gamma rays 
(high energy photons), beta particles, and ther
mal neutron exposures involves the various 
densities produced in the Dupont film. The 
film response (net transmission density versus 
exposure) to either of these radiations is 
relatively linear over most of its useful range 
and thus it is not unreasonable to assume that 
its response to combinations of these radiation& 
is also approximately linear. 

Assuming that the film response is relatively 
linear to exposures involving individual and 
multiple radiation types over most of its useful 
range the following linear equations may be 
used to represent the densities in the various 
filter areas : 

D 1 = b1B + x1X + g1G = the net density in the 
OW area. 

D2 = b2B + x2X + g2G = the net density be
hind the Pl filter. 

D8 = b3B + x3X + g3G = the net density be
hind the Al filter. 

D4 = b4B + x,X + g4G = the net density be
hind the thin Fe 
filter. 

D5 = b5B + x5X + g5G = the net density be
hind the thick Fe 
filter. 

D6 = b6B + x6X + g6G = the net density be
hind the Sn filter. 

D 7 = b7B + x7X + g7G + kNth = the net den
sity behind the 
Cdfilter. 

where bn, Xn, gn, and k represent the net density 
per unit dose of beta, X-1 gamma- and thermal 
neutron radiations respectively, and B, X, G, 
and Nth represent the beta, X-ray, gamma-ray, 
and thermal neutron dose respectively. The 
subscript (n) is used to represent the various 
areas. The filters were chosen such that b3 = 
b,, bs ;;;;' bs ;;;;' b1 ;;;;' 0, and ga ;;;;' g4 ;;;;' gs ;;;;' go 
;;;;' g7. 

Table 3. Ana{ysis of High Range Neutron Exposures 

Neutron 
energy 
range 

0 .025 eV 
o 0.3 eV 

0 
2 
2 

.3 eV to 
eV 
eV to 

1 MeV 

1 MeV to 
2 .9MeV 

2.9 MeV up 

Dosimetry Cross-

component section 
utilized (barns) 

In 145 

In 28,000* 

Cu 0.09 

In 0.18 

s 0.23 

Half- Corrections 

life Method of analysis required 

54.3 m Use activity difference Backscattering 
between bare and cadmium and cadmium 
covered indium foils. absorption. 

54.3 m Use activity of cadmium None. 
covered indium foil. 

12.8 hr Positron annihilation gammas Thermal and 
(510 keY) counted. (A 657 epithermal 
keY positron is emitted by activation. 
19% of Cu-64). 

4.5 hr Count cadmium covered Activity due to 
indium (either 0.335 MeV fast neutrons 
gammas or 0.96 MeV betas) of energy 
for activity produced by above 2.9 MeV 
inelastic scattering of fast 
neutrons. 

14.5d Count 1.71 MeV betas from None. 
P 32 produced in the S32 

(n,p)P32 reaction. 

*At 1.4 eV resonance. 
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It should be noted that it is not necessary to 
utilize all of these equations in a particular 
analysis and that by a judicious choice of filters 
the analysis of exposures can be simplified. 
Therefore, the filter system was chosen such 
that b3 = b4 and b5 ~ b6 ~ b7 ~ 0 (that is, the 
filters were chosen for identical beta response 
behind the AI and thin Fe filters and essentially 
no beta response behind the other three metal 
filters) and such that gs ~ g4 ~ gs ~ gs ~ g7 
(that is, essentially equivalent gamma response 
behind the five metal filters). 
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Fm. 4. A typical curve illustrating the energy 
dependence of film response to photon 

radiation. 

10.0 

The data represented by the system of equa
tions given above can be used to evaluate 
exposures involving a single type of radiation 
or a mixture of radiation types. Since the types 
of radiation involved in an exposure are not 
necessarily obvious from the appearance of a 
processed film it is necessary to proceed from 
the complicated to the simple in devising a 
technique for analysis of an exposed film. 
Fortunately in many cases it is possible to 
circumvent a lengthy analysis by use of know
ledge either of the potential types of exposure 
or the history of the subject's activities during 
the period in which the film was exposed. In 
such cases the appropriate simplified analysis 
can be applied immediately. 

Analysis of exposures involving (X, B, G) radia
tions: The most important particular problem 
in film dosimetry is the energy dependence of 
film response to low energy photons. A typical 
energy dependence curve for film is shown in 
Fig. 4. To overcome this problem it is necessary 
either to ascertain the energy of the photon 
radiation or to reduce the energy dependence 
of the film to an acceptable level by attenuation 
of the incident photon radiation. Either 
alternative can be used to accomplish a satis
factory analysis procedure; however, the former 
affords at least two advantages: (I) some infor
mation is acquired regarding the photon spec
trum (thus the system serves as a simplified 
spectrometer) and (2) the sensitivity of the 
detector is preserved. The system described 
in this report is designed to apply to the former 
approach to the problem. The first requirement 
in the analysis of an exposure then is to deter
mine the energy of the low energy component 
of the incident photon radiation. This determi
nation can be accomplished quite easily by use 
of the energy index factor, K, which is derived 
from four of the basic density equations as 
follows: 

Consider the ratio: 

Da + D4 

Ds +Ds 

(ba + b4)B + (x3 + x4)X + (g3 + g4)G 

(bs + b6)B + (x5 + X 6)X + (g5 + g6)G 

Now (b3 + b4 ) is very small compared to 
(x3 + x4 ) and for all practical purposes may 
be neglected. Also b5 and b6 are approximately 
zero and g3 ~ g4 ~ g5 ~ g6 by design, so that 
the ratio reduces to: 

(x3 + x4 )X + 2 g6G 

(x5 + x6)X + 2 g6G 

Now if G = 0 (i.e. there is no high energy 
photon component of exposure) the ratio re
duces to: 

Da + D4 = (x3 + X4)X = (xa + X4) = K 
D, +De (x5 + x6 )X (x5 + Xe) 

where K is a constant which depends only on 
the low energy photon energy. (It should be 
noted that K can be used to determine the 
energy of low energy photons even when G ::j: 0 
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provided G is not too great, because (x3 + x4) 

> > 2g6.) 
Calibration data at six energies in the 30--

215 kVe (kilo-volt-effective) range have been 
used to produce the smooth curve of K versus 
energy shown in Fig. 5. 

The slope of this curve indicates good resolu
tion of energies up to approximately 150 kVe. 
It should be noted that K can be used to 
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Fw. 5. Calibration curve of the energy index 
factor (K) as a function of photon energy. 

determine the energy of low energy photons 
even in mixed exposures involving high energy 
photons (provided G is not too high) because 
(x3 + x4) > > 2 g6• Experimental evidence to 
this effect is presented later. Several other 
energy index factors have been derived from 
the basic density equations in efforts to improve 
the energy resolution at higher energies; how
ever, these have generally resulted in curves 
which give ambiguous results (i.e. the slope 
becomes positive due to significant scattering 
contribution to the low densities which occur 
at the higher energies). Once the effective 

energy of the low energy photon radiation has 
been established there still remains the problem 
of independent determination of the dose 
contributions by each of the radiations involved 
in mixed exposures. The normally accepted 
procedure for determining the high energy 
and low energy photon contributions to an 
exposure is to assume that the density behind a 
thick filter (such as the Sn filter) is due entirely 
to high energy photons and to use that density 
(D 6) to determine the high energy photon dose. 
The high energy dose is then used to predict the 
"expected" density behind a thin filter (such 
as the Al) and the difference in the expected 
and actual densities used to determine the low 
energy photon dose. The major fallacy in 
this approach is that it depends upon the 
assumption that x6X is zero, that is, that there 
is no low energy photon contribution to the 
density behind the thick filter. There is in fact 
a significant contribution to the density behind 
the Sn filter because, even though the low energy 
spectrum is attenuated and hardened by the 
filter, the emulsion still exhibits a very signifi
cant response due to its energy dependence. 
As a result the high energy component of the 
exposure (and thus, the total photon exposure) 
will be greatly exaggerated if such a procedure is 
used. For example, the density behind Sn 
for a 200 mr exposure to 120 k V e X-rays is 
approximately 0.50 net density units. If taken 
from a 6°Co curve this density indicates an 
exposure of approximately 450 mr. If the 
normally accepted procedure is used the evalua
tion would indicate a dose of 450 mr plus what
ever low energy dose the procedure yields, and 
thus the result would be a gross over evaluation 
of the exposure. 

This problem can be circumvented by re
versing the procedure, that is, by determining 
the low energy dose first and then determining 
the high energy dose. The low energy dose 
can be determined relatively independent of 
the contribution of the other components of the 
exposure by use of a low energy dose factor, 
DL, which is derived from three of the basic 
density equations as follows: 

Consider the sum of density differences: 

(Da - D6) + (D, - D6) + (D5 - D6) 

(D3 + D, + D5) - 3D6 
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By substitution of the original density equations 
and collection of terms this becomes: 

(baB + x3X + g3G) + (b4B + x,X + g4G) + 
(bsB + x5X + g5G) - 3(b6B + XeX + g6G) 

= (h3 + b, + h5 - 3b6) B + (x3 + x4 + 
X 6 - 3x6)X + (g3 + g4 +g. - 3g6)G. 

For all practical purposes b5 ~ b6 ~ 0 and 
h3 I b4 is very small compared to the coefficients 
of the X term; thus the first term (involving B) 

-;a 
0 .... 
' 
"' 0 

+ .... 
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+ .... 
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where DL versus exposure is shown for six X-ray 
energies. A comparison of these curves with 
a set of curves (density versus exposure) pro
duced for any one of the basic density equations 
(with G = B = 0) reveals two significant dif
ferences: ( 1) the range of density values for DL 
is over three times as great as either of the basic 
density ranges and (2) the curves for the various 
energies are more widely separated with som~ 
apparent improvement in resolution of points 

215 KVE 

10000 

DOSE IN MILLIGOENTGENS 

Fm. 6. Typical calibration curves for the low energy dose factor (D L)· 

may be neglected. Also since g3 ~ g4 ~ g5 ~ g6 

the coefficient of the term involving G is ap
proximately zero and the equation reduces to: 

(D3 + D4 + D5 - 3 D 6) = (x3 + X4 + Xs - 3 
x6)X = AxX (where Ax is a constant), which 
shows that the sum of densities originally stated 
is a measure of the low energy photon dose. 
Thus we have a low energy dose factor which 
we shall designate as DL, where 

DL = (Da + D, + n. - 3 De) 

The nature of DL is more apparent in Fig. 6 

about the individual curves (probably due to 
the counter-balancing effect of multiple density 
readings on errors inherent in individual density 
readings which are attributable to non-unifor
mity of the film, scatter effects, reader errors, 
etc.). Once the energy and dose due to the low 
energy photon radiations have been determined 
the expected Sn density can be determined 
from curves similar to those shown in Fig. 6. 
The high energy photon dose, G, can be deter
mined from the (Sn - Sne) density difference. 
Finally, the beta dose, B, may be roughly 
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estimated from the difference between the OW 
or Pl (D1 or D 2) density and the sum of the 
expected densities due to the X and G exposures; 
however, the cautions presented later regarding 
such an interpretation should be noted. Evalua
tion of exposures involving only one or two of 
the three types of radiation may be summarized 
as follows: (X + G)-evaluate as previously 
described, but eliminate the B evaluation pro
cedure; (G +B)-evaluate G from the Sn 

Analysis of exposures involving thermal or fast 

neutrons: Thermal neutron exposures may be 
evaluated by use of appropriate measures of the 
responses of either the Dupont or the Kodak 
film components. Use of the Dupont film 
response is preferable because of the relative 
ease, simplicity, and reliability of the measures 
required. The Dupont film (Cd-Sn) density 
difference is a measure of the thermal neutron 
exposure and is independent of the presence of 

10.0.----------------------, 

0 

" 

DUPONT TYPE834 FILM 

DOSE IN MREM 

Fm.~7. Typical thermal neutron calibration curves for Dupont type 555 and type 834 films. 

density (D7), predict the expected OW density 
(OW.) from appropriate curves, then use the 
(OW -OWe) density difference to determine 
the B exposure; (X+ B)-evaluate the X 
energy, and the X dose, predict OW. due to 
the X dose, then evaluate B from the (OW
OW.) density difference; (X only)-same as 
(X+ G) procedure, sum the apparent expo
sures; (G only)-under normal circumstances 
evaluate G by use of the OW, (D1) or a thin 
filter density (D3 or D 4); (B only)-evaluate 
the B exposure by use of the OW density. 

I.R.P. VOL. I-D* 

other types of radiation in the exposure, that 
is: (D6 -D6 ) = kNtn, a result which follows 
from the fact that b6 and b6 are approximately 
zero and g6 = g6 by design. Although this 
measure is independent of the presence of the 
other types of radiation, the useful range of the 
measure is governed to some extent by the 
presence of other radiations. This dependence 
may be explained as follows: most thermal 
neutron calibration exposures and actual expo
sures are accompanied by a gamma exposure 
and as a result the net Cd and Sn density 
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curves compose a pattern similar to a hysteresis 
curve. For such a pattern the density difference 
in question (Cd-Sn) maximizes at a certain 
density and continues to decline as the total 
exposure to the film is increased. Therefore, 
the use of the density difference must be 
governed by the gross density under the Cd 
filter if the possibility of ambiguous results 
is to be avoided. The gross density behind the 
Cd is dependent particularly upon the presence 
of radiations other than Ntn and to some extent 
affects the useful range of the film for thermal 
neutron dosimetry. Figure 7 illustrates how 
this density maximizes for PuBe neutrons 
thermalized in paraffin. If a particular result 
has to be rejected because the gross Cd density 
is too high the data from a more insensitive 
film can be used to produce the desired result. 

Fast neutron exposures are monitored with 
the Kodak film which are evaluated by the 
track counting technique. The track count 
is determined in the Cd filter area of the film 
by means of a projection microscope. A scan
ning technique is used to examine an area 
equivalent to at least 50 fields of view 
(6.125 mm 2

). If this preliminary scan indicates 
that the film is exposed, enough individual 
fields are examined to produce a counting 
result with acceptable counting statistics ( ± 
20% at 95% confidence level). The required 
number of fields can be determined by use of the 
data gained from the first few fields counted. 
The dose is interpreted from an appropriate 
calibration curve. (It may be of passing 
interest that the average track production 
efficiency of PuBe neutrons in Kodak Type A 
ffim as determined by several observers with a 
microprojector using this technique is 6.0 X I0-4 

tracks /nf.) 

EMERGENCY MONITORING 

The badge is presently equipped with a high 
range monitoring system (Tables 2 and 3) 
for neutrons which is patterned after the system 
used in the Hanford Badge. <7 > This system 
extends the capabilities for evaluation of neutron 
exposures to cover the range which would be 
of concern should a serious radiation event 
occur. Although the present emergency system 
provides only for an extension of neutron moni
toring capabilities, provisions are now being 

made to incorporate a high range gamma 
monitoring capability. It is anticipated that this 
system will consist of as many as three separate 
monitoring units, each containing at least 20 mg 
of Li-7 enriched LiF, and having a useful 
range of from 20 mr to 10 6 R. These units are 
to be contained in the reserve space in the top 
cavity of the dosimeter holder. 

PERFORMANCE OF THE ROUTINE 

MONITORING SYSTEM 

The routine monitoring performance of the 
badge described in this report has been investi
gated for a variety of exposures to X-rays, 
gamma-rays, beta particles, thermal neutrons, 
and various mixtures of these radiations, using 
the analysis techniques described earlier. The 
results of these analyses indicate that the routine 
monitoring performance of this system easily 
exceeds the applicable National Sanitation 
Foundation Film Badge Performance Control 
Limits. <11> A detailed description of the per
formance testing is not included in this report; 
however, the data is included in a separate 
report which can be obtained upon request 
from the authors. <12> 

CONCLUSIONS 

The film badge described in this report has 
been in service for over 18 months and has 
performed very satisfactorily. Although the 
badge is possibly the most extensive design in 
existence, analyses of the monitoring capabili
ties attainable with it in conjunction with the 
techniques and appropriate discretions presented 
in this report show that these capabilities easily 
meet and significantly exceed the performance 
requirements which have been set forth for 
ffim badge services. 
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AUTOMATIC DATA PROCESSING 

FOR A NATIONAL FILM DOSIMETRY SERVICE 
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Abstract-The operation of a national film dosimetry service involves a considerable amount 
of documentation, including regular badge dispatch lists, a dosage information bulletin sent to 
each organization, and full records of individuals and organizations using the service. The 
smooth operation of the dosimetry service depends on the regular flow of this documentation. 

Automatic data processing has been introduced to handle all the documentation of the 
Soreq Dosimetry Service, which acts as a national scheme for all industrial and medical applica
tions of radiation. This results in a fully flexible system, capable of meeting increased demands 
without a corresponding increase in the personnel required for documentation. The use of an 
electronic computer results in considerable saving in manpower and a reduction in errors, and 
permits convenient storage of all the recorded dosage statistics on magnetic tape. 

AuTOMATIC data processing has been applied to 
the operation of the Soreq Dosimetry Service, to 
handle all the documentation and data storage. 
The system is fully flexible and capable of 
meeting increased demands in documentation, 
without a corresponding increase in the number 
of personnel. The use of the electronic computer 
results in a considerable saving in manpower, 
a reduction in errors, and convenient storage 
of all the recorded dosage statistics on magnetic 
tape. 

connected with the national registration num
ber). Individuals working for two or more 
different·organizations receive a different identi
fication number in each organization. 

The film service at present offers five cate
gories of film badge. Type A, usually worn on 
the chest, is for measuring the total body dose 
of beta, gamma, X-rays and thermal neutrons. 
Types B, C and D are similar to type A, but 
are worn for measuring hand, foot and head 
dosage respectively. Type N is used for fast 
neutron dosage, and is usually worn on the 

ORGANIZATION OF THE DOSIMETRY chest. Each badge wearer receives the same 
SERVICE personal identity number for all types of badges 

The Son!q Dosimetry Service is a national worn within a given organization. 
service covering all personnel working in The badges are usually changed every two 
industrial or medical applications of radiation weeks (hereafter called the "period"). How
throughout the country. Interested organiza- ever, for cases where the film wearer is not 
tions wishing to join the scheme fill in a special regularly in contact with radiation, the change 
order form giving the personal information is every six weeks. Badges for new members 
required for each worker; i.e. full name, name are delivered at the very first regular dispatch 
of father, date of birth, sex, national identity after the order form is received, an improvement 
card number, and type or types of film badge in service which has only become possible 
required. Each organization is designated by a since the introduction of the computer system. 
serial number given by the film service, and this After assembly of the film badges in the film 
number is used for all operations involving that service laboratory, they are sent to the different 
organization. In addition, each badge wearer organizations accompanied by a dispatch. list. 
is given i a personal identification number (not This list includes the personal identity number 

91 
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and full name of the badge wearer and the film 
serial number for that period. A duplicate 
list is kept as a work list in the laboratory. At 
the end of the period the badges are returned 
to the laboratory, where the films are developed 
under standard conditions and the radiation 
dose evaluated using film dosimetry techniques. 
The dose of each film is entered on the work 
list, which is then used to prepare the input 
for the computer. The computer prints period
dose reports for each organization, and keeps a 
personal dose record stored on magnetic tape 
for each badge wearer. Before the introduction 
of the computer, this documentation was done 
semi-automatically using business machines. 

PREPARATION OF INITIAL DATA FOR THE 

COMPUTER 

For preparing a new service from the start, a 
full list of organizations and badge wearers is 
drawn up, using a suitable code to represent 
the Hebrew letters. Within each organization, 
the list is ordered according to increasing 
personal number. One of the main problems in 
arranging such a list is to keep a continuous 
check on alterations which occur, even during 
the preparation of the list. Up-to-date infor
mation on changes is therefore added before 
finally using the programme. Numerical codes 
are used to describe the badge category, radia
tion type (X-ray, gamma, beta, thermal neutron 
or fast neutron), special remarks, and radiation 
dosage. This saves space in the computer 
memory. For efficient operation, the organiza
tions are divided into five different groups, 
each having a separate "run" and using a 
separate section of the storage magnetic tapes. 
To minimize errors, several checks are made on 
the input data, including a check on the correct 
ordering of personal numbers, a search for 
faulty numbers, etc. These checks would not of 
course correct any errors in the actual dosage as 
recorded by the film laboratory technician. 

USE OF THE COMPUTER FOR ROUTINE 

OPERATION 

The full list of badge wearers organizations 
and addresses, the codes, and other required 
parameters (including period dates) are 
recorded on magnetic tape and transferred 
to the computer memory, one "run" at a time. 

All changes within this run, including cancella
tions and additions of new badge wearers, are 
now brought up to date using IBM cards. 
For additions, the organization identity number 
is required. For cancellations only the personal 
number and a single digit designating cancel
lation are required. Full details of the input 
information are shown in Appendix A. It should 
be emphasized that the present system of adding 
new badge wearers is considerably simpler than 
the earlier method, which involved ordering a 
special address plate with a three weeks delivery 
time. 

Since the period dose report for a particular 
period is prepared several weeks after its corre
sponding dispatch list, and meanwhile new 
dispatch lists have to be prepared which may 
include changes, two separate magnetic tapes 
are kept, one for the dispatch and work lists, 
and one for the period dose reports. The same 
input data cards are used to introduce changes 
in both tapes, but with a delay to take into 
account the extra time needed for the latter 
tape. 

The preparation of dispatch lists and work 
lists requires input data giving any changes in 
the badge wearer list for that "run", the period 
number, the "run", and the serial number of 
the first film in the whole run. The computer 
prints this serial number for the whole print 
out. 

The input data required for the period dose 
reports are entered on IBM cards, according 
to the organization, keeping strictly to the order 
of increasing personal number. The code for 
the particular period and the organization 
number are given first, then the dose details 
of badges found to have received a measurable 
radiation dose. If a badge is not returned, or a 
special remark is required for the dose report, 
then this is added here. No entry is required 
for a badge returned in its proper period and 
showing no measurable dose; the computer 
takes the absence of a given personal number as 
meaning zero dosage. This permits considerable 
reduction in the input data. In addition, a 
special code is used for whole groups or sub
groups of badges which do not arrive in time 
for the period development, to permit rapid 
addition to the input data. The accumulated 
doses for previous periods are stored on the 
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period dose storage tape, permitting totals and 
sub-totals to be given in the dose reports. 

The personal dose records are stored for one 
year on magnetic tape. The dose record of any 
individual badge wearer can be furnished im
mediately just by giving his personal identity 
number and the required periods. Normally 
such a report is printed every 3 months and 
sent lu lhe parent organization. The doses 
received by individuals in more than one 
organization are printed on separate cards. 

The scheme has been running efficiently for 
over six months and has proved itself excellently 
over this period. At present the service is 
operating for several thousand badge wearers in 
over two hundred organizations. The use of 
the electronic computer has permitted the 
documentary staff to be reduced by 2 members 
(a cut of 50%), with a big reduction in errors. 
In addition, the very rapid documentation 
possible with the computer gives a great deal 
of flexibility to the operation of the whole badge 
service not possible with semi-automatic docu
mentation, which required many days of prepara
tion. Previously, any backlog in documentation 
caused by illness or any other reason, could 
lead to considerable disruption of the whole 
service. The monthly cost in computer time 
is only IL.450 ($150), quite insignificant com
pared with the other costs of the service. 

APPENDIX A 

I. Input Data for Dispatch and Work Lists 

This input includes an IBM card giving the 
period number, the "run" number indicating 
the organizations included and the serial num
ber of the first film. The main volume of 
input data here is information on new users, 
transfer of users from one organization to 
another, and cancellation of users from the 
serv1ce. 

(a) Addition of new badge wearers. The infor
mation on each new user occupies a single IBM 
card. The following items are included (the 
number of bits allocated to accommodate each 
item is shown in brackets): personal identity 
number (6), full name (16), national registration 
number (8), date of birth (5), badge type (1), 
organization identity number (3). 

(b) Transfer of badge wearers from one organization 
to another. The transfer of badge wearers requires 
the addition of a card of the type described in (a) 
above, including the former personal identity 
number and the new organization number. In 
addition, to permit transfer of partial radiation 
totals and cancel the position in the former 
organizations, the following information is 
required: personal identity number ( 6), badge 
type (2), transfer signal (2), radiation dose 
totals (16). The data for three individuals 
can be entered in a single IBM card. 

(c) Cancellations. A typical cancellation card 
contains the following information: personal 
identity number (6), badge type (2), and can
cellation signal (2). 

All the above data are entered in order of 
personal identity number, within each organiza
tion. 

II. Input Data for Period Dose Reports and Personal 
Dose Records 

Each card contains the following information 
for five badge wearers : badge type ( 1), personal 
identity number (5), period (2), radiation type 
(1)-dose (2) (twice), remarks (2). This permits 
dose information to be entered about two types 
of radiation. A film badge returned during the 
correct period, but not showing any measure
able dose, is not included in the input data
its absence being taken to mean zero dose. This 
considerably reduces the volume of input data. 
Where a badge has not been returned in the 
normal period, this is indicated in the "remarks" 
position and the individual is not included 
in the period dose report. For a badge returned 
late from an earlier period, a remark is added 
to this effect. In addition, a separate card is 
added for all late films, giving the serial number 
of the film and the appropriate period number. 
If a whole group or sub-group is returned late, 
it is added to the input data with indication 
of the first and last members of the group and a 
special remark. 

Owing to the extreme importance of accuracy 
in the dose input data, all the information 
is double checked against the work lists, by 
two different operators. 



THE USE AND PROCESSING OF FILM BADGE 

DOSEMETERS AND THE APPLICATION OF AUTOMATIC 

DATA PROCESSING TECHNIQUES TO ASSESSING, 

REPORTING AND RECORDING THE DATA 

W. N. SAXBY and D. M. WALLACE 

Health Physics Branch, AWRE, UKAEA, Aldermaston, Reading, Berks., U.K. 

Abstract-In an establishment or occupation where there may be exposure to ionizing radia

tions it is usually necessary to assess the exposure levels at which people are working. This can 
be done simply and cheaply by utilizing small integrating dosemeters, of which perhaps the 
most widely used is the "film badge", with thermoluminescent dosimeters being used increas

ingly in support of"film badges". 
The reasons for issuing film badges as individual personal dosemeters may vary from country 

to country, from industry to industry and indeed within a single organization or plant. Some of 

these reasons are explored in the paper. 
Where film badges, or other dosemeters, are issued there is a consequent need to identify the 

badge, its location and period of use, to process the film to establish its radiation exposure, and 
then to ensure that this radiation exposure is recorded and, where necessary, that the informa

tion in the record is assessed and used managerially. A film badge processing technique is des
cribed with particular attention being paid to improvements and to special procedures required 

to maintain a high sensitivity and processing quality. After processing the data on the film are 
assessed and recorded: in this paper a simple data processing system is described. The system is 

mainly based on ·commercially available equipment and is designed to provide an input to com
mercial accountancy type computers. It is easy to build up the system in stages, utilizing as 

little or as much of it as may be needed in the local circumstances. The procedure adopted is 

extremely flexible, and allows for the occurrence of unusual films and other operational 

problems. 
Finally when the film data have been assessed and recorded it may be necessary to transfer all 

or some of the information to individual's personal radiation records or to other records and 

reports. The need for such data keeping is discussed and a description given of an established 
system of maintaining personal radiation records by automatic data processing. 

NoTE: This paper was withdrawn prior to the Congress. 
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FILM DOSIMETRY OF X-RAYS BY MEANS OF 

RADIOACTIVE SOURCES IN A SHIELDED, TRANSPORTABLE 

CALIBRATION F AGILITY* 

VALERIJA PAIC 

Institute of Physics, University of Zagreb, Yugoslavia 

Abstract-!. Evaluation of the effoctive energy of X-rays to which a film was exposed. 
Ilford PM3 films are used. The film badge has one portion without a filter and six portions 

with filters of various thicknesses of copper (0·1 to 0· 97 mrn), on both sides. The optical density 
under the portion without a filter D(O) and under Cu filters D(t), can be used in three different 
manners for the evaluation of effective energies of X-rays, namely: 

1. By measurements of the half value photographic density layer in the case of effective 
energies ranging between 25 and 82 keV. 

2. By the ratio D ( 0) J D ( t) as a function of the thickness of copper filters in the case of effective 
energies, ranging between 25 and 135 keV. 

3. By the ratio D(O)/D(O.l mm Cu) as a function of effective energies between 25 and 
55 keV, or by the ratio D(O)JD(0.97 mm Cu) as a function of effective energies between 51 
and 156 keV. 

II. Use of a 226Ra, 137Cs or 90Sr- 90YJAI source, in a shielded, transportable calibration facility, for the 
establishment of log D(O) =f(log X), in the interval25 keV ~ Een ~ 156 keV of X-rays 

1. In one set of experiments log D(O) =f(log X) calibration curves were obtained by X-rays 
of E.rc between 25 and 156 keV. 

2. In another set, log D(O) =/(log X) calibration curves were obtained by means of radio
active sources in a shielded, transportable calib.:a.tion facility. 

Because of the great difference in photogra{,hic sensitivity in the two energy intervals 
(X-rays: 25 keV ~ Eerr ~ 156 keV; gamma rays: 662 keV to 1·25 MeV mean), it is 
necessary to give the PM3 films, in the cat,or"tion facility with radioactive sources, 6- to 
10-fold higher exposures than to the films exposed to X-rays. 

3. Using the two sets of measurements, calibration factors were determined. 

INTRODUCTION 

The energy' dependence of the sensitivity of 
photographic film to X- or gamma-rays 
especially in the range of approximately 0.02 
MeV to 0.3 MeV, is a well-known difficulty in 
film dosimetry. The knowledge of the effective 
energy, 'or energies, to which the film was 
exposed, as well as the corresponding calibration 
curves are therefore needed. <1

• 
2 > 

If the calibration curves for different energies 
are given for a certain quality of photographic 
film, only one more calibration curve, with a 

* Research supported by the International Atomic 
Energy Agency, Vienna. 
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known X-ray effective energy, is then necessary 
for each set of exposure measurements. (s-12) 

We considered it worthwhile to replace this 
single calibration with X-rays by a calibration 
using a radioactive source. This is placed in a 
calibration facility which is transportable, pro
tected against radiation hazards, easily operated, 
having a well-defined and reproducible geo
metry and radiation. Our experiments were 
made with Ilford PM3 films for personnel 
monitoring. We report here the results which 
make possible the evaluation of the effective 
energy of X-rays to which such a film was 
exposed; the photographic density versus expo
sure curves for different effective energies of 
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X-rays; the calibration curves obtained with 
different radioactive sources in our calibration 
facility, and the corresponding factors enabling 
the construction of other calibration curves. 
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exposure was measured with a Victoreen 
ionization chamber. 

The X-ray source was a Coolidge type, tung
sten anode, oil cooled, glass X-ray tube. The 

c 

0.8 0 0.2 1.0 

Fm. 1. Determination of effective energies of X-rays by measurements of half value density 
layers (HVDL) of copper. The results are independent of exposures in the interval from 
0·05 to 1·5 R. Three examples for effective energies of (a) 25 keV, .(b) 45 keV and (c) 82 keV 

obtained by measurements of HVL with ion chamb€rs are given. 

MATERIAL AND METHODS 

A film badge <13 > containing an Ilford PM3 
film, having an unfiltered, portion and six 
portions filtered back and front by pure copper 
filters (0.1, 0.24, 0.32, 0.5, 0.77 and 0.97 mm 
thick, 10 mm long and wide), was exposed to a 
given narrow energy band of X-rays. The 

applied voltage was stabilized and had an in
significant ripple. The tube was operated at 
voltages from 34 to 183 kV and at a constant 
current of 5 rnA. The X-ray beam was filtered 
through pure copper of 0.047-mm to 15.5 mm 
thickness. The corresponding effective energies, 
determined by the half value layer (HVL) of 
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copper, as described by Johns, <14> using a 
Victoreen ionization chamber, were in the range 
of 25 to 156 keV. 

The exposed films were developed in Ilford 
Phen-X developer for 5 min at 20 ± 0.2°0. 
The photographic densities were measured with 
a Baldwin densitometer. 

EVALUATION OF THE EFFECTIVE 

ENERGY TO WHICH A FILM WAS 

EXPOSED 

The nett photographic density D(t), as 
function of the thickness t of copper filters, and 
the exposure X is shown (Fig. 1) for three 
different energies. Two facts merit attention. 

1. For a given exposure, log D is a linear 
function of t. At first sight this is not to be 
expected when the intensity is measured by 
means of photographic films. There is no 
proportionality between the nett photographic 
density and the exposure. 

2. All the effective energies, determined by 
the half value photographic density layer 
(HVDL), are fairly independent of the exposure, 
but are systematically about 11% higher than 
determined by HVL measured with an ioniza~ 
tion chamber. 

There is evidently a difference in the two 
kinds of measurements. The ionization cham
ber measures only the radiation leaving the 
filter, whereas the film detects also the radiation 
backscattered from the back filter. <16> The 
absorption coefficient therefore appears to be 
smaller and the effective energy correspondingly 
greater than in the former case. 

The results of the measurements can be 
presented in two other useful forms: 

l. As a family of curves, representing log 
D(O)fD(t) as function of the thickness t of 
copper filters for a given effective energy 
Eerr (Fig. 2). 

These curves established once for all, enable 
one to evaluate the unknown energy to which a 
film was exposed. 

2. As curves, representing D(O)/D(t) for a 
given thickness of copper filters as functions of 
the effective energy (Fig. 3.) 

In fact two such curves, namely for D(O)f 
D(O.l mm Cu) andD(O)/D(0.97 mm Cu) cover 
the entire range of energies taken into considera
tion. Knowing the convenient ratio D(O) fD(t) 

50 

.~ 

07 0.8 09 1.0 1.1 

t(mm)Cu 

Fw. 2. Ratio of the densities of the unfiltered and 
filtered portions of the film, D(O)jD(t), as func
tions of the thickness t of copper filters for vari
ous effective X-ray energies. D(O) and D(t) 
are mean values of densities corresponding to 

exposures between 0 · 6 and 1 · 5 R. 

and t, the curves, established once for all, make 
it possible to find the effective energy to which 
the film was exposed. 

DENSITY-EXPOSURE CURVES FOR 

X-RAYS OF VARIOUS EFFECTIVE 

ENERGIES 

The experimental data, partially represented 
in Fig. 1, include the corresponding set of 
values D(O), X and Eerr. This makes it possible 
to find the relation between D(O) and X for a 
given Eerr. 

Ehrlich, <16 > Brodsky <17 > and Kathreen and 
Brodsky <18> have shown, for different types of 
duPont and Kodak Films, exposed to betatron 
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Fro. 3. Curve I: Ratio of densities of unfiltered 
portions and portions filtered by 0 · I mm Cu 
D(O)JD(O ·1 mm Cu) as a function of effective 
X-ray energies between 25 and 55 keV. 

Curve II: Ratio D(O)JD(0·97 mm Cu) as a 
function of effective X-ray energies between 51 
and 156keV. D(O),D(O·! mmCu) andD(0·97 
mm Cu) are mean values of densities correspond-

ing to exposures between 0 · 6 and I · 5 R 

X-rays, 8°Co- or 226Ra-gamma rays, that den
sity-exposure curves can be fitted to a straight 
line on a log-log plot. 

Our results for D(O) and X in this represen~ 
tation fitted to a least square line are given in 
Figs. 4 and 5. Most of the log D(O) = f(log X) 
relations can be represented by a straight line 
(Fig. 4), whose corresponding equations are 
given on the figure. 

For some energies a reasonable fit is obtained 
only if the experimental results are represented 
by two straight lines, one from 50 mR to about 
200 mR, the other from about 200 mR to 
1500 mR (Fig. 5). 

From Figs. 4 and 5 it is seen that, irrespective 
of exposure, the maximum sensitivity of the 
film is about Eerr = 45 keV. 

DENSITY EXPOSURE CURVES OBTAINED 

BY MEANS OF RADIOACTIVE SOURCES 

IN THE SIUELDED, TRANSPORTABLE 

CALIBRATION FACILITY 

1. The calibration facility constructed for 
226Ra (4.52 mg, 0.5 mm Pt) and 137Cs (15 mCi, 
0.5 mm Pt) (Fig. 6), a modification ofaprevious 
device, <•. 10 > consists essentially of two units: 

(a) A lead block LB, containing a radioactive 
source RS in a source holder SH, as well as a 
cylindrical lead shutter and collimator SC, 
which can slide in the hole H of the lead block 
LB. By axial translation of SC, the source can 
be shielded or permitted to radiate through the 
collimator and the window W. 

(b) A film holder FH, with its base BH, made 
of aluminium alloy, makes it easy to place the 
films in exactly known positions relatively to 
the source. 

The assembled facility is shown in Fig. 7. 
Taken to pieces it can be packed into a small 
volume; it weighs 12.7 kg. 

2. For the 90Sr-90Y/Al bremsstrahlung source 
(620 mCi) a much simpler lead source holder 
SH was used, as shown in Fig. 8. 

The assembled facility is shown in Fig. 9; it 
weighs 10.2 kg. 

If for a set of measurements on personnel 
monitoring films, the density--exposure curves 
(Figs. 4 and 5) have to be corrected by com
parison with a corresponding curve, obtained 
by means of a radioactive source, it is necessary 
that the nett photographic densities of these 
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curves be in the interval 0 L D(O) L 5.4 
approximately. 

Because of the relatively high energies of the 
radiation spectra of the radioactive sources we 
have used, and the diminished sensitivity of 
the PM3 films for these radiations, it is necessary 
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give linear relations; the corresponding equa
tions are indicated in Fig. 10. 

END POINTS FACTORS 

Table l gives numerical factors by means of 
which the log D(O) = f(log X) curves, in the 

1000 1500 10000 

EXPOSURE X ( mR) 

FIG. 4. Density-exposure calibration curves for X-rays of E.rr: 33.7; 53; 27.5; 25; 95 ;113; 130; 
1'38 and 156 keV. Ilford PM3 films were exposed in the range from 50 to 1500 mR. The 

densities are those of the unfiltered portions. 

to give the films much greater exposures than 
when irradiated with X-rays in the energy 
interval we investigated. 

We found that the log D(O) = f(log X) 
curves fall in the interesting region if we plot 
log D(O) vs. log (X/6) for the bremsstrahlung 
source and vs. log (X/10) for the 226Ra or 187Cs 
sources. The results fitted to a least square line 

interval 25 keV < Eerr < 156 keV of X-rays 
can be obtained. If the above relation is a 
single straight line for a given energy, only 
two factors F 1 and F: are given. If two straight 
lines are necessary, four factors are indicated. 
In comparison with the corresponding curves 
of Fig. 5 it is easy to see which part of each line 
should be used. 
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FIG. 5. Density-exposure calibration curves for X-rays of Eerr: 45; 51; 66; 73 and 82 keV. 
Ilford PM3 films were exposed in the range from 50 to 1500 mR. The densities are those of the 

unfiltered portions. 

FIG. 6. The shielded, transportable calibration facility constructed for 226Ra (4.52 mg, 0.5 mm 
Pt) and 137Cs (15 mCi, 0.5 mm Pt). Shutter and collimator, SC. Source holder, SH. Hole, 

H. Lead Block, LB. Window, W. Radioactive source, RS. Film holder, FH. Base, B. 



FIG. 7. The assembled facility for 226Ra 
and 137Cs. 

Fw. 8. The shielded, transportable calibration facility for the 
•osr-00Y/Al bremsstrahlung source :620 mCi). 



FIG. 9. The assembled facility for the brems

strahlung source. 
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FIG. 10. Density-exposure curves obtained by means of radioactive 
sources in the shielded, transportable calibration facility. 

Three sources were used: 620 mCi 90Sr-90Y/Al bremsstrahlung 
source, 4.52 mg u•Ra, screened by 0.5 mm Pt, 15 mCi 137Cs, 
screened by 0.5 mm Pt. The exposures X (mR) indicated correspond 
to XJ6 for the bremsstrahlung source and to X/10 for the 226Ra 
or 137Cs sources. The densities are those of the unfiltered portions. 
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Table 1. Factors for the Determination of End Points of log D = f (log X) Relations. 

Eeff keV F1 F.' 
1 F2 F.' 

2 

25 0.96 0.98 1.91 0.94 

27,5 1.20 1.20 2.39 1.15 

33.7 1.48 1.33 2.94 1.27 

1.55 1.96 3.08 1.88 
45 

205 1.40 4.08 1.35 

1.51 1.85 3.00 1.78 
51 

1.96 1.37 3.88 1.31 

53 1.53 1.28 3.05 1.23 

1.05 1.23 2.10 1.18 
66 

1.25 1.03 2.50 0.99 

1.00 1.16 1.99 1.11 
73 

1.18 0.95 236 0.91 

0.77 1.05 1.53 1.01 
82 

1.15 0.79 2.28 0.76 

95 OJ.~ 0.51 0.98 0.49 

113 0.27 0.28 0.54 0.27 

130 0.17 0.23 0.33 0.22 

138 0.16 0.17 0.32 O.t7 

156 0.13 0.16 0.26 0.15 

CONCLUSIONS 

l. Using the Ilford PM3 film in a badge 
provided with six copper filters (0.1 to 0.97 nun 
thick), it is possible to find the effective energy 
ofX-rays in the interval of25 to 156 keV. 

2. The determination of only one log 
D(O) = j(log X) line, by means of the des
cribed shielded, transportable calibration faci
lity and a 226Ra, 1370s or 90Sr-90Y/Al source, 
enables one to trace other calibration lines, 
using the given factors for the calculation of 
the end-points of these lines. Thus the deter
mination of unknown exposures of X-rays, 
in the above mentioned energy range, is 
possible. 

F3 F' 
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DOSIMETRIE PHOTOGRAPHIQUE: 

CALIBRAGE BETA-GAMMA 

M.P. OLIVARES et S. PEREZ MODREGO 

Division de Radiophysique, Hopital de Sanjuan de Dios, Madrid 

Abstract-Photographic radiation dosimetey may be defined as the measurement of the dose 
of a particular electromagnetic or corpuscular radiation by means of establishing a one-to-one 
correspondence between dose and photographic effect. It is therefore of importance to delineate 
the terms dose and photographic effect clearly and to understand the difficulties inherent in the 
measurement of these quantities. The International Commission on Radiation Units recom
mended that dose be expressed in terms of the quantity of energy absorbed per unit mass of 
irradiated material at the place of interest. Measurements of the photographic effect are made 
in terms of diffuse transmission density, representing the logarithm to base 10 of the opacity of a 
processed photographic film sample. The difficulty in relating dose to photographic density 
lies in the fact that while the roentgen is a measure of radiation absorbed in air, the photo
graphic action of X- or y-radiation is essentially the result of ionization in the silver-halide 
crystals of the photographic emulsion and in the materials surrounding it. 

In this paper the fundamentals of photographic dosimetry are set forth, making next a study 
of the characteristic curve in different types of films exposed to the radiations emitted by radium 
and cobalt sources of different exposure intensity. Then a study is made on the variation of the 
characteristic curve with the conditions of processing, the film emulsion, the irradiation rhythm, 
the energy spectrum of the radioactive source employed, and the different types of films, in
dicating the most convenient conditions to carry out a good calibration. Similarly, the possi
bilities of the films studied in individual radiological controls are discussed. 

1. INTRODUCTION convenables, les dosimetres photographiques 
sont le moyen prefere de surveillance dans la 
plupart des laboratoires bien que la methode 
exige une certaine quantite d'appareils pour 
le calibrage, le traitement et la densitometrie 
des films. 

Une des premieres methodes connues pour 
detecter les radiations consiste en une pellicule 
photographique qui s'impressionne en recevant 
un faisceau de radiation electromagnetique. 
Ce procede a ete !'objet d'un grand interet 
ces dernieres annees etant donne les avantages 
qu'il offre sous certains aspects si nous le 2. CALIBRAGE B~TA-GAMMA 

comparons avec les autres methodes utilisees. Pour utiliser la pellicule photographique 
La pellicule photographique est relativement comme dosimetre, on a besoin d'etablir une 

economique et resistante. Par l'effet des radia- relation quantitative entre l'effet photograph
tions, les cristaux d'halogenure d'argent subis- ique et !'irradiation. Pour cela il faut calibrer 
sent des modifications, permanentes jusqu'a le film. 
uncertain point; avec un calibrage approprie, la La pellicule photographique n'a pas les con
densite optique d'une pellicule developpee et ditions ideales pour mesurer quantitativement 
fixee, peut servir d'indice d'exposition aux une dose d'irradiation, en surveillance radio
radiations. La densite optique ne change pas logique individuelle. Entre les pellicules et les 
meme si la lecture est faite plusieurs fois ou si tissus vivants existe une difference considerable 
le temps de magasinage est prolonge, a condi- en ce qui concerne la composition chimique. 
tion que celui-ci soit realise dans des conditions C'est pour cela que la reponse de la pellicule 
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photographique a !'irradiation est differente de 
celle des tissus. On peut obtenir une reponse 
comparable quand l'energie des radiations est 
telle que l'epaisseur de la pellicule reste petit 
en comparaison avec le parcours de la radiation 
corpusculaire primaire ou secondaire creee par 
l'effet photographique, car dans ce cas les 
conditions tissulaires peuvent etre simulee en 
entourant la pellicule d'un materiel equivalent 
au tissus pour obtenir l'equilibre electronique. 
De cette maniere nous pouvons etablir une 

conditions necessaires; pour cela il nous suffit 
de verifier dans la piece la loi de variation avec 
!'inverse du Carre de la distance. Si le resultat 
est affirmatif, il n'y a pas de dispersion et le 
calibrage peut etre realise. 

Nous avons mesure des expositions a differen
tes distances connues avec un condiometre 
L-124 de capacite 10 R, nous avons realise les 
lectures dans un appareil de mesure L-64 et 
nous avons obtenu les resultats donnes dans le 
tableau 1 

Tableau 1. Dispersion dans la Salle de Calibrage 

Distance (d em) Exposition (X Rfh) X1/Xi difdl 

40 ± 0,1 11,000 ± 0,500 
80 ± 0,1 2,750 ± 0,050 

120 ± 0,1 1,210 ± 0,020 
200 ± 0,1 0,680 ± 0,006 

relation entre la distribution des densites op
tiques dans une pellicule photographique noircie 
par !'action d'une irradiation et la distribution 
de dose aux points anterieurement occupes par 
le film dans le milieu irradie. Pour etudier 
cette distribution du point de vue quantitatif 
nous avons a construire prealablement les 
courbes de calibrage correspondant a ce type 
de pellicule et de radiation, en irradiant une 
serie de films avec des expositions connues. 

3. CONDITIONS DE DISPERSION DANS 

LA SALLE DE CALIBRAGE 

Afin que les mesures de dose obtenues avec 
un film soient exactes; il faut que les expositions 
des pellicules soient parfaitement determinees. 
Nous pouvons conna!tre a chaque instant !'ex
position en un point en la mesurant avec une 
chambre d'ionisation, mais les expositions 
re<;ues par une pellicule placee au meme point 
peuvent etre differentes de !'exposition mesuree 
si dans la salle ou se realise !'irradiation existe 
une reflexion des particules sur les murs car il 
peut arriver qu'une des particules en changeant 
sa direction ou son sens tombe sur la pellicule 
introduisant ainsi un motif d'erreur. Pour cette 
raison, si nous desirons realiser un calibrage, 
il est indispensable que nous verifions prealable
ment si la piece chosie a cet effect remplit les 

4,007 ± 0,001 4 
9,01 ± 0,01 9 

16,01 ±O,Ql 16 

Les valeurs obtenues verifient la loi de vari
ation avec !'inverse du carre de la distance 
et par consequent il n'y a pas de dispersion 
dans la salle de calibrage. 

4. COURBES CARACTERISTIQUES 

POUR DIFFERENTS TYPES DE 

FILM 

Nous avons construit les courbes caracteris
tiques des types de films suivants: DuPont 
556-44; DuPont 556-39; Kodak, Ilford, Mafe 
en utilisant: 

1. Une source de Co-60 d'intensite d'exposi
tion 12 R/h a une distance de 40 em. 

Pelficule DuPont 

Emulsion 556-44 

1 z 3 " e. e. 7 e 9 101 

I I I I I 1f 
4 5 f,i 7 8 9102 

FIG. 1A. Variation de la densite optique a Ia 
fenetre et sous plomb en fonction de I' exposition 

pour un film DuPont 556--39. 



DOSIMETRIE PHOTOGRAPH! QUE: CALIBRAGE BP.TA-GAMMA 109 

Pellicule Mo fe 

• Fenetre 

o Plomb 

FIG. lB. Variation de la densite optique a la 
fenetre et sous plomb en fonction de !'exposition 

pour un film Mafe. 

PeUicule DuPont 

Emulsion 556-39 

3 4 5 o 1 e 9
10

s 

FIG. lc. Variation de la densite optique a la 
fenetre et sous plomb en fonction de !'exposition 

pour un film DuPont 556--44. 

2. Une source de Ra-226 d'intensite d'exposi
tion 50,42 mRfh a une distance de 40 em. 

Les films ont ete prealablernent marques pour 
perrnettre de les indentifier apres. Les pellicules 
ont ete irradiees enferrnees dans un cadre de 
metal, avec un filtre de plomb de 1 mm 
d'epaisseur et dote d'une fenetre qui perrnet 
aux particules beta d'atteindre le film. 

Toutes les pellicules ont ete developpees 
sirnultanernent dans des dispositifs dessines spe
cialement a cette fin (Fig. 2) evitant de cette 
maniere des erreurs dues a des variations de 
temps de developpement, de fixation ou de la 
temperature des solutions. Le revelateur em
ploye repond a la formule suivante: 

Eau tiede: 750 cm 3• 

Metal: 5 gr. 
Sulfite de sodium anhydre: 60 gr. 
Hidroquinone: 7,5 gr. 
Carbonate de sodium anhydre: 50 gr. 
Bromure de potassium: 4,5 gr. 
Les conditions de developpement ont ete les 

suivantes: 
Temperature: 20° C. 
Temps de developpement: 3 mm. 
Temps de fixation: 10 rn. 

Conclusions 

En observant le graphique 1 nous avons les 
conclusions suivantes: 

1. La forme de la courbe caracteristique ne 
change pas de l'un a l'autre type de film, con
servant son caractere exponentiel. 

FIG. 2. Dispositif dessine pour le developpement des films. 
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2. Tous ces types de films peuvent s'em
ployer en contr6le radiologique individuel etant 
donne qu'avec ces types peuvent se mesurer 
des expositions allant jusqu'a 5 R (quelques 
types de films sont capables de mesurer des 
expositions plus grandes) et que c'est la dose 
la plus grande qui peut etre permise pour etre 
ahsorbee par un homme dans une annee. 

3. Les pellicules de sensibilite plus petite 
sont les DuPont suivies des pellicules Kodak, 
Ilford, Mafe. 

4. La pellicule Mafe est celle qui reunit 
les meilleures conditions pour le controle radio
logique individuel etant donne que sa sensi
bilite est tres grande, changeant considerable
ment de densite optique par petits intervalles 
d'exposition. 

5. La pellicule lente (sensibilite plus petite) 
DuPont commence a se noircir a partir d'une 
exposition de 5000 mR, pour cette raison, ce 
type de film couvre un ample intervalle d'ex

positions. 

5. VARIATION DE LA COURBE 

CARACTERISTIQUE AVEC LE 

SPECTRE DU FAISCEAU D'IRRADIATION 

En comparant les graphiques 1 et 2 corres
pondant a des courbes caracteristiques obtenues 
avec des sources differentes d'irradiation nous 
arrivons aux conclusions suivantes: 

ci 
0 

d 

• DuPon\:556-39 
o DuPont:556- 44 

Doses (mr), ~ 102 

I I 1 1 r r / 
• 5 

GRAPHIQUE l. Variation de la courbe caracte
ristique pour plusieurs films. Nous avons utilise 

une source de Cobalt. 

l. Le graphique 2 nous permet de ratifier 
les conclusions l, 2 et 3 du paragraphe 4. 

2. L'effet photographique ne depend pas du 
spectre energetique du faisceau, mais de l'ener
gie cedee (a condition que les energies soient 
superieures a 0,5 MeV). 

ci. 
0 

c::i 

ci. 
0 

ci 

4 • DuPont: 556-39 

o DuPont: 556-44 

x Ilford 

o Kodak 

0
1 3 4 5 6 1 e 9 10 r 3 4 5 6 1 a <a~ 1 o2 

Doses (mr), x 102 

GRAPHIQUE 2. Variation de la courbe carac
teristique pour plusieurs films. Nous avons 

utilise une source de Radium. 

Pellicule: II ford 

o Cobalt 

• Radium 

o~,----~~.~.~,~.~7w6u9~10-,~~~~.~.~,-L.~7'~ •• ~1~0, 

Doses (mr), xi0 2 

GRAPHIQUE 3. Variation de la courbe caracte
ristique avec le rythme d'irradiation. Nous 
avons utilise des sources de Cobalt (12 R/h) 

et de Radium (50,42 Rfh). Film: Ilford. 
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6. VARIATION DE LA COURBE 

CARACTERISTIQUE AVEC LE 

RYTHME D'IRRADIATION 

Par comparaison des graphiques 3-7 nous 
obtenons les conclusions suivantes: 

c. 
0 

ci 

I. l'effet photographique est independant de 

Pellicule Kodak 

o Cobalt 

• Radium 

3 4 5 s 1 e 9 102 

Doses (mr), x 102 

GRAPHIQUE 4. Variation de la courbe carac
teristique- avec le rythme d'irradiation. Nous 
avons utilise des sources de Cobalt (12 R/h) et 

de Radium (50,42 R/h). Film: Kodak. 

o Radium 

• Cobalt 

3 4 5 6 7 8 910 

X 102 

GRAPHIQUE 5. Variation de la courbe carac
teristique avec le rythme d'irradiation. Nous 
avons utilise des sources de Cobalt (12 R/h) et 
de Radium (50,42 R/h). Film: DuPont 556-44. 

I.R.P. VOL, l~E 

l'intensite d'exposition, dependant seulement de 
!'exposition totale rec;:ue. 

2. Un de ces films employe comme dosi
metre, nous donnera une reponse selon la dose 
totale absorbee et independante du rythme 
d'irradiation. 

c. 
0 

c:i 

o Radium 

• Cobalt 

GRAPHIQUE 6. Variation de la courbe carac
teristique avec le rythme d'irradiation a 
la fen~tre. Nous avons utilise des sources de 
Cobalt (12 R/h) et de Radium (50,42 R/h). 

Film: DuPont 556-39. 

Pellicule: Ilford 

o Cobalt 

• Radium 

Doses (mr), x 102 

GRAPIDQUE 7. Variation de Ia courbe carac
teristique avec le rythme d'irradiation a la 
fen~tre. Nous avons utilise des sources de Cobalt 
(12 R/h) et de Radium (50,42 R/h). Film: 

Ilford. 
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7. VARIATION DE LA COURBE 

CARACTEruSTIQUE AVEC LE 
TEMPS DE DEVELOPPEMENT 

Nous avons irradie des films de type DuPont, 
avec les caracteristiques indiquees dans le 4iemc 
paragraphe. Les temps de developpement ont 
ete de 4 et 5 minutes respectivement et les 
resultats obtenus, sont representes dans le 
graphique 8. 

Conclusions 

I. La densite optique augmente avec le 
temps de developpement. 

2. La courbe caracteristique conserve la 
memeforme. 

• Temps de revelation: 5 min. 

0 id. id. : 4 id. 

.J. 
~~& 

1111111 -~ 
~oo &OO soo /OJ 103 3 4 s 6 7 e s 10z 

x.I02 

GRAPHIQUE 8. Variation de la courbe carac
teristique avec le temps de developpement. 

Film: DuPont 556-44. 

8. VARIATION DE LA COURBE 
CARACTEruSTIQUE AVEC L'EMULSION 

Nous avons irradie des films de deux emul
sions differentes correspondantes au type DuPont 
avec des sources de radium et cobalt. 

Les resultats sont exposes dans les graphiques 
9 et 10. Bien que dans ce cas la reponse du 
film a }'irradiation ne change pas avec !'emul
sion, nous ne devons pas en faire une regle 
generale etant donne que frequement la varia
tion de la courbe caracteristique avec le type 
d'emulsion employe est considerable. 

0. 
0 

c::i 

a. 
0 

c:i 

Source radium 

• DuPont 556- 39 

o DuPont556-44 

~# 
li'i"" 

...&~~~ .... 

,/ 
o( 

.,.e 
'0 

/~ 

~./ 
~ 

·----·--0' I r 1 1 1 1 1 1 I 1 1 1 1 1 ! 
I 2 3 4 56789!0! 56?$9IQZ 

Doses (mr), x 102 

GRAPHIQUE 9. Variation de la courbe carac
teristique avec !'emulsion. Source: Radium. 

Source Cobol! 

• DuPont 556-39 
o DuPont 556-44 

GRAPHIQUE lO. Variation de la courbe carac
teristique avec l'emulsion: Source: Cobalt. 

9. VARIATION DE LA COURBE 

CARACTERISTIQUE AVEC LE TEMPS DE 
MAGASINAGE 

Tous les films utilises dans les calibrages 
anterieurs sont reste emmagasines pendant trois 
ans sans aucune precaution, concernant la 
temperature, l'humidite etc,, et soumis a toutes 
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les variations atmospheriques. A la fin de ce 
temps nous avons realise une nouvelle densito
metric (graphiques 11-14) donant la conclusion 

suivante: 

a. 
0 

ci 

Dupont 556-44 

• 1963 

0 1966 

GRAPHIQ.UE 11. Variation de 1a courbe carac
teristique avec le temps de magasinage. Film: 

DuPont 556-44. 

Dupont 556-39 

• 1963 

0 1966 

I I II~~ 
.5 6 7 8 91d 

Doses (mr), xJ02 

II I "I 
5 s1e9

10
z 

GRAPHIQ.UE 12. Variation de 1a courbe carac
teristique avec le temps de magasinage. Film: 

DuPont 556-39. 

1. La courbe caracteristique ne change pas 
avec le temps de magasinage. 

2. Un film convenablement developpe de
vient un document d'exposition aux radiations 
avec une excellente qualite d'archives. 

ci. 
0 

ci 

ci. 
0 

ci 

Ilford 

• 1963 

0 1966 

Doses (mr), 

GRAPHIQ.UE 13. Variation de la courbe carac
teristique avec le temps de magasinage. Film: 

Kodak 

• 1963 

0 1966 

Ilford. 

oL, L---~~-L~~-W~-J~~~~-L~~~ 
3 4 ~6789101 3 4 56799102 

Doses (mr), x 10 2 

GRAPHIQ.UE 14. Variation de la courbe carac
teristique avec le temps de magasinage. Film: 

Kodak. 
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EXPERIENCE DE COMPARAISON DES FILMS 

DOSIMETRIQUES UTILISES DANS LES 6 PAYS D'EURATOM 

(PREMIERS RESULTATS) 

P. RECHT et M. COLLET 

Communaute Europeenne de l'Energie Atomique, Direction de la Protection Sanitaire 

Resum.e-En 1965, la Commission de l'Euratom-Direction de la Protection Sanitaire-a 
decide de proceder, en collaboration avec les Autorites competentes des Pays membres, a une 
comparaison des films-dosimetres utilises dans les divers centres de la Communaute, quant aux 
informations qu'ils donnent sur les doses re<;ues. 

Cette experience s'est deroulee de la maniere suivante: 

(1) !'experience a porte sur les films dosimetriques X et gamma; 
(2) trois gammes d'irradiations ont etC choisies entre les limites suivantes: 0-5 R, 4-30 Ret 

25-400 R; 
( 3) chaque gamme d'irradiation a ete confiee a un seul centre, auquelles etablissements de la 

Communaute ont envoye leurs films; 
(4) les films ont ete renvoyes aux centres expediteurs qui ont procede aux lectures, sans avoir 

ete precedemment informes des irradiations appliquees; 
(5) les resultats des irradiations et des lectures ont ete compares par les soins de la Direction 

de la Protection Sanitaire; 
(6) les experiences d'irradiations ont ete repetees a quatre reprises pour chaque gamme au 

cours d'une annee. 
Les resultats sont presentes et commentes et permettent d'apprecier le taux de la fidelite des 

informations fournies pour chaque dose effectivement re<;ue par les films-dosimetres. 

UNE vaste experience d'etalonnage des films 
individuels a ete entreprise au cours des deux 
dernieres annees; elle repondait a un desir 
exprime conjointement par la Commission de 
l'Euratom, les responsables des services de dosi
metrie individuelle et les Autorites competentes 
des Pays membres de la Communaute euro
peenne de l'Energie atomique. 

II s'agissait en fait de proceder aux etalonnages 
aussi precis que possible des films photographi
ques dans quelques laboratoires specialement 
equipes et travaillant au profit des services 
dosimetriques de la Communaute interesses par 
ce type d'experience. 

Toutefois, pour donner une valeur pratique 
et reelle aux etalonnages en fonction de !'utili
sation des nombreux films utilises, il a etc decide 
de faire porter 1' experience: 

-sur une assez longue duree, 
-sur un nombre important de films, 

-sur une gamme d'irradiations aussi etendue 
que possible. 

Pour tenir compte de ces imperatifs et par
venir a de bons resultats, la Commission de· 
!'Euratom a mis au point le processus suivant: 

Trois centres ont ete retenus pour effectuer 
les irradiations: 
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-le premier centre, situe dans le cadre du 
Physikalisch-Technische Bundesanstalt a 
Braunschweig, a effectue les irradiations 
de 0 a 8 R, 

-le deuxieme centre, le Commissariat a 
l'Energie Atomique franc,:ais a ete charge 
d'effectuer les irradiations dans la gamme 
de 4 a 90 R, 

-le troisieme centre (Rotterdams Radio
therapeutisch Instituut, Rotterdam et Rijks
instituut voor de Volksgezondheid, 
Utrecht) effectue les irradiations comprises 
entre 25 et 400 R. 
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Au total 1. 738 films ont ete irradies, develop
pes, Ius et etudies. Ils ont ete adresses par 10 
services specialises situes sur le territoire des 
Etats membres. 

La plus grande partie de ces films a ete 
soumise a des irradiations gamma, une moins 
grande partie a etc soumise a des rayonnements 
X. 10% environ des films n'ont pas ete irradies, 
afin de verifier si les films, dans leur ensemble, 
avaient pu subir un noircissement sous l'effet 
du rayonnement ambiant ou pendant le trans
port. 

Les films etaient tous numerates et la dose 
exactement mesuree n'etait connue que du seul 
centre d'irradiation. 

L'experience s'est deroulee en trois phases: 
-Ia premiere (gamme de 0, l rem a 8 R) 

au cours de l'annee 1964 et debut 1965, 
-la deuxieme (gamme de 5 a 30 R) au cours 

de l'annee 1965 et debut 1966, 
-la troisieme (gamme de 25 a 400 R) se 

termine actuellement. 
Chacune des phases comportait quatre series 

espacees d'environ 3 mois, 1aissant ainsi une 
periode suffisante pour proceder aux develop
pements, lectures, expeditions et mises au point 
necessaires. 

CONDITIONS D'IRRADIATIONS 

Les sources d'irradiations etaient bien definies 
et etalonnees au moyen de chambres absolues. 
La distance source-dosimetre etait de plus de 
50 em, les dosimetres etaient eloignes a plus de 
1,50 m des parois de la chambre d'irradiation. 

L'energie des rayons X utilises etait superieure 
a 20 KeV. 

Les sources radioactives n'etaient blindees ni 
par du plomb, ni par des materiaux 1ourds. 

La duree de !'irradiation etait connue ainsi 
que Jes conditions de temperature et d'humidite. 

Le controle des sources a etc effectue par une 
chambre secondaire directement reliee a une 
chambre primaire. 

La repartition des gammes d'irradiations 
entre trois centres, telle qu'elle a ete etudiee 
a permis de tester 1es films sur une tres large 
gamme, le chevauchement des doses gamma 
delivrees ne laissant apparaitre aucune dis
continuite. 

Dans une premiere periode, s'etendant du 
printemps 1964 au debut de l'annee 1965, ant 

ete etudies 751 films en provenance de 7 services 
de controle dosimetrique. Les doses d'irradia
tions etaient comprises entre 0 et 8 R. Chacun 
des services devait faire parvenir au Physika
lisch-Technische Bundesanstalt 25 films par 
trimestre; environ 10% de ces films echappaient 
a toute irradiation. 

La premiere serie d'experimentations s'est 
deroulee en mars 1964 et a permis !'etude de 
173 films, 

la deuxieme en janvier 1964 et a porte sur 
198 films, 
la troisieme en septembre 1964 et a porte sur 
167 films, 
la quatrieme en janvier 1965 et a porte sur 
213 films. 
Les qualites d'irradiations utilisees ont ete 

comprises de 50 a 300 kV pour ce qui concerne 
les rayons X et de 0,67 a 1,25 MeV pour ce 
qui concerne les irradiations gamma. 

Les films, apres irradiation, ont ete retournes 
sur les centres expediteurs qui en ont assure, 
a la fois le developpement et la lecture dans 
les conditions habituelles. 

La communication des doses lues a permis 
aux centres d'irradiations de comparer les doses 
effectivement delivrees aux films. On a pu 
ainsi etablir, pour chaque centre, les courbes 
absolues des lectures et determiner de cette 
fa<;on les erreurs absolues et relatives par rapport 
aux irradiations. Les resultats ont ete com
muniques trimestriellement aux centres et, si 
possible, avant la mise en oeuvre de !'experience 
suivante, ce qui a permis au cours de quatre 
mises au point successives correspondant aux 
quatre experiences trimestrielles, d'ameliorer les 
conditions de developpement, voire meme comme 
certains centres, de modifier les ecrans pour tenir 
compte de diverses anomalies constatees et tirer 
au plus vite des conclusions constructives. 

En procedant de cette fa<;on, il a ete possible 
de verifier, a la fois la fidelite des informations 
et leur reproductibilite. 

Dans des conditions analogues, les deux autres 
periodes d'irradiations ont eu lieu respec
tivement au Commissariat a l'Energie Atomique 
a Fontenay-aux-Roses (France), au Rotterdams 
Radiotherapeutisch Instituut a Rotterdam et 
au Rijksinstituut voor de Volksgezondheid a 
Utrecht (Pays-Bas). · 

Elles ont ete egalement subdivisees chacune 
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Exemple partiel du tableau recapitulatif 

Qua1ites de l'irradiation 

No 
Erreur Erreur 

du Rayons X Couche Preparation Dose Dose abso1ue relative 
film Tension 

d'accelera-
demi- radioactive exacte lue 

tion 
d'absorpt. de 1a source distribuee 

R 01 100 0,83 -
-

-
-

R04 - - Co 60 

-
-

R 14 - - -

en 4 series trimestrielles avec la repartition 
suivante: 

Fontenay-aux-Roses: 643 films etudies dans la 
gamme de 4 a 30 R 

1 ere serie: 108 films 
2eme serie: 204 , 
3eme serie : 190 
4eme serie: 141 

, 

" 
Rotterdam et Utrecht: 344 films etudies dans 

la gamme de 25 a 400 R 
1 ere serie : 8 7 films 

2eme serie: 98 " 
3eme serie: 73 " 
4eme serie: 86 

" 
EXPLOITATION DES REsULTATS 

Apres developpement et lectures, un releve 
general a ete effectue indiquant individuellement 
pour chacun des 751 films, la qualite de !'ir
radiation subie, la dose delivree, la dose lue et 
donnant egalement apres confrontation de ces 
deux donnees, l'erreur absolue et l'erreur rela-

Jere sene < 1 R 

2,81 4,55 1,74 +62% 

0,22 0,26 0,04 +20% 

0 0 - -

tive par exces ou par defaut par rapport a la 
dose d'irradiation delivree. 

Les resultats ont ete completement exploites, 
pour la premiere partie de 1' experience generale, 
c'est-a-dire dans la gamme de 0 a 5 R. Ils 
sont en cours d'exploitation pour la deuxieme 
partie et le seront tres prochainement pour la 
troisieme partie qui se termine actuellement. 

En ce qui concerne la premiere partie, les 
resultats ont permis de constater une approxi
mation satisfaisante pour le controle des rayons 
X avec des marges d'erreur relative ne depassant 
pas 30% par exces ou par defaut. 

En ce qui concerne le controle du rayonne
ment gamma, les erreurs relatives ont ete 
un peu plus elevees mais les }e<fOnS tirees au 
cours des premieres series d'irradiations ont 
permis d'ameliorer considerablement la qualite 
des informations surtout dans les doses inferieures 
a 1 R. C'est ainsi que pour prendre l'exemple 
le plus caracteristique, un centre a eu au 
cours des experimentations, la repartition 
suivante: 

4eme sene <1R 

> 100% d'erreur par exces 1 film 
70 a 100% d'erreur par exces 3 films 
so a 70% d'erreur par exd:s 5 films 

<50% d'erreur par exces 5 films 

> 100% d'erreur: 0 film 
70 a 100% d'erreur: 0 film 
50 a 70% d'erreur: 0 film 

<50% d'erreur: 12 films 
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Au dela de 1 R et jusqu'a 4 R, ce centre 
a egalement fait baisser ses erreurs relatives 
de 40 a 20%. 

La prise en consideration de !'ensemble des 
resultats du quatrieme trimestre de la premiere 
partie permet de constater que pour la mesure 
des rayons X, les erreurs relatives ont ete de 
l'ordre de 10 a 20% jusqu'a 6 R et pour la 
mesure des rayonnements gamma, les erreurs 
relatives ont ete inferieures a 30% jusqu'a I R 
et inferieures a 20% de 1 a 6 R. 

CONCLUSIONS 

Une experience, comme celle qui vient d'etre 
organisee dans les Etats membres de la Com
munaute europeenne de l'Energie atomique 
sous l'egide d'Euratom, s'est revelee tres pro
fitable a plusieurs points de vue. 

Elle a permis de faire le point general et a 

un meme moment des principaux types de 
dosimetres photographiques utilises dans les Pays 
de la Communaute. 

Elle a libere les services responsables d'un 
travail d'etalonnage difficile, fastidieux et long, 
tout en leur permettant d'effectuer un controle 
general non subjectif. 

Elle a favorise des echanges de vues, des 
contacts et des mises au point techniques com
munautaires au cours des reunions de travail qui 
ont souvent reunis au cours des deux dernieres 
annees, les responsables de l'Euratom, des ser
vices dosimetriques et des centres d'irradiations 
participant a ]'ensemble des travaux d'etalon
nages. 

Elle a enfin permis a certains laboratoires de 
modifier les materiels utilises pour parvenir a 
des informations plus fideles et cela en tenant 
immediatement compte des resultats obtenus. 



PERSONNEL FILM MONITORING IN POLAND 

ORGANIZATION, METHOD, RESULTS 

TADEUSZ MUSIALOWICZ 

Central Laboratory for Radiological Protection, Warsaw, Poland 

Abstract-Since 1959 the Central Laboratory for Radiological Protection (CLOR) has been 
carrying out a centralized personnel monitoring service for radio-isotope laboratories and nuclear 
installations in Poland. 

X-ray laboratories are centrally monitored by the Institute of Labour Medicine. 
Films used by CLOR for gamma, beta, thermal-neutron and X-ray radiation measurements 

are those made by the Polish photochemical factory "Foton". The measurement range for 
gamma rays of 6°Co is between 60 mR and 1300 R. 

Kodak PNM films type A have been used for fast neutron dosimetry. 
To evaluate the statistics of occupational exposure the results of yearly check-ups are grouped 

according to: 

(i) Dose values: 
upto 0·5 remjyr; 0·5- 1·5 remjyr; 1·5- 5 remjyr; 
5- 12 rem/yr; 12- 25 remjyr; above 25 rem/yr. 

(ii) Age groups: 
18-30 yr; 31-40 yr; 41- 50 yr; over 50 yr of age. 

(iii) Type of establishment: 
research; industry; medicine; other. 

The number of persons monitored by the CLOR ranged from 800 in 1959 to 4500 in 1965. 
On the average about 80% of the monitored persons received doses below 0 · 5 remfyr and 
about 0·2% received doses over 12 rem/yr. 

INTRODUCTION 

In Poland a personnel film monitoring service 
on a large scale was started by the Central 
Laboratory for Radiological Protection (CLOR) 
in Warsaw in 1959. According to principles 
previously established <1 > the monitoring ser
vice covered all workers directly engaged in 
radiation work, including those employed in 
radio-isotope laboratories and nuclear installa
tions. The number of people monitored in 1959 
was 800, and in 1965 it was as high as 4500. 

Personnel employed at the X-ray departments 
have only recently been covered by a centralized 
monitoring service provided by the Institute of 
Labour Medicine in L6dz. No data as yet have 
been published from their work and this paper 
is concerned only with the results of the moni
toring service by CLOR. 

ORGANIZATION 

Film holders, films and other materials for 
individual dose determinations are dispatched 
by CLOR to the employer. Depending on 
the likelihood of being exposed to radiation 
the monitoring period of one or three months is 
chosen. Film badges are worn on the outside 
of the upper pocket of a laboratory coat, or in 
some cases additionally on the wrist of the right 
hand. 

In each laboratory a special radiological 
health and safety officer is entrusted with 
individual dose control according to CLOR 
instructions. Data concerning personal and 
working conditions of controlled persons are 
posted to CLOR at tile beginning of each year, 
changes being transmitted currently during 
the year. 

119 
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After the monitoring period is finished, the 
exposed films together with the control form 
giving names and film numbers are posted to 
CLOR. The results of dose estimations are 
entered on the copy of the form and sent back 
to the employer. 

Each monitored worker has a personal card 
in his working establishment and in CLOR'S 
files. If the exposure exceeds the maximum 
permissible dose according to the values recom
mended by ICRP <2

• 
3 > CLOR asks the employer 

to explain the conditions under which the over
exposure has taken place. Depending on the 
explanation received the dose is either entered 
on the personal record card or is not taken into 
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by the Polish Photochemical Factory "Foton", 
their measurement range for gamma-rays of 
6°Co being between 60 mR and 1300 R. <4 > 

A new film holder developed according to 
Dresel, <6 > Wachsmann, <6 > Heard and Jones <7> 

and our own experience <8 - 10> is shown in Fig. I. 
The windows and filters in the holder are 

designed for the following purposes: 

The Window 
-to measure beta and low-energy photon 

radiation, to assist estimation of skin dose, 
-to provide data to analyze the photon 

radiation energy, 
-to carry the film number. 

6 57 4 2 3 8 

- 1 

I 
I 
I 

I 
I 

Bock port 

1-

"]a " .Jl.- 0 
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FIG. 1. New CLOR film holder. Filter Types: 1. Window. 2. 50 mg/cm2 plastics. 3. 300 
mgfcm 2 plastics. 4. 0.05 mm Cu. 5. 0.5 mm Cu. 6. 1.5 mm Cu or 0.5 mm Cd + 0.3 mm 

Pb. 7. 0.6 mm Sn + 0.3 mm P6. 8. 1 mm Pb. · 

account, in the latter case the mean value of 
the last three monitoring periods is entered on 
the worker's card. 

The doses from the record cards are summed 
every 3 months. When the individual dose 
exceeds 12 rem or the value determined by 
the formula D = 5 (N-18), where N is the age 
in years of the worker, to limit the subsequent 
exposure CLOR recommends the employer 
to withdraw the individual in question partly 
or even totally from radiation work. 

METHOD 

Films and Film Holders 

Double-emulsion films are used for the 
measurement of X-rays, gamma, beta and 
thermal neutron radiation. They are produced 

Plastic (50 mgfcm 2
) 

-to supplement the beta radiation measure
ments, 

Plastic (300 mgjcm 2
) 

-to supplement the beta radiation measure
ments to assist estimation of eye-lens dose, 

Copper (0.05 mm; 0.5 mm; 1.5 mm) 
-to provide data to analyze 'the photon 

radiation energy, 

Tin/Lead (0.6 mm Sn + 0.3 mm Pb) 
-to measure the photon radiation at energies 

above 75 keV, 
-to supplement the thermal neutron mea

surements, 
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Cadmiumflead* (0.5 mm Cd + 0.3 mm Pb) 
-to measure thermal neutrons, 

Lead (1 mm) 
-to provide a distinction between beta radia

tion and the low-energy photon radiation. 
For fast neutron measurements Kodak PNM 

films type A have been used. They are worn in 
sealed plastic foil bags. To reduce fading, the 

Fm. 2. Yearly doses in percentages of number 
of persons monitored in 1959--65. 

films together with the bags are dried before 
sealing at 20°C and 20% relative humidity. 
To separate the possible effect of thermal neu
trons, the film in use is half-covered on both 
side by a Cd filter. 

Calibration. 
The films are calibrated using the following 

sources: 

Beta radiation 
-metallic uranium sheet 80 mm diameter 

and 3.1 mm · thick. The film badge is 

* This type filter is only used in holders worn in 
laboratories where there is a possible hazard from 
thermal neutrons. 

placed in immediate contact with the sur
face. 

Gamma radiation 
-

226Ra 28.64 ± 1.5% mCi, filtration 0.5 mm 
Pt. Exposure is controlled by "Vakutro
nik" VA-J-15 Dose Rate Meter which has 
a maximum instrument inaccuracy in en
ergy range 20 keV-1.2 MeV of less than 

± 10%. 

X-rays* 
-"Siemens-Stabilipan 250" X-ray unit, 

50-220 kV filtered to produce "normal 
radiation". <11> Exposure is controlled by a 
graphite ionization chamber with m
accuracy less than ± 4%. 

Thermal neutrons 
-the thermal column of the WWR-S 2 MeV 

reactor, 

Fast neutrons 
-a Pu-Be source giving 2.17 .X 106 nfsec. 

Photochemical Processing 

The standard calibration films are always 
developed along with monitoring films. The 
"Foton" X-ray developer and Kodak D-19 
developer are used for "Foton" and Kodak 
PNM films correspondingly. The developing 
time is 6 min at 20°C for "Foton" and 5 min at 
20°C for Kodak films. 

The acid stop-bath is used between developing 
and fixing baths. After fixing the films are care
fully washed in running water and are dried 
at temperatures up to 30°C. 

RESULTS 

The results of measurements are summed for 
each calendar year and are published in CLOR 
Reports. To facilitate the estimation of occu
pational radiation hazards in this country, the 
results are grouped according to: 

The dose values 
-below 0.5 remfyr; 0.5-1.5 remjyr; l.5-

5 remfyr; 5-12 remfyr; 12-25 remfyr; 
above 25 rem/yr. 

* This calibration is performed by the Polish 
Bureau of Standards (CUJM). 
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Type of establishment 
-research; industrial; medical; other. 
The doses above 5 remfyr are additionally 

grouped according to sex and age: 
18-30 yr; 31-40 yr; 41-50 yr: above 50 yr. 
The percentage of the total number ofpersons 

monitored in each dose group between 1959 
and 1965 <12

• 
13> is shown in Fig. 2. 

The percentage of workers who received doses 
below 0.5 rem/yr increased from 72% in 1959 
to 88% in 1965, while the percentage of the 
individuals who received doses above 12 remfyr 
dropped from 0.3% to 0.06%. The only dis
concerting fact is that most doses above 5 remfyr 
are found in the age group between 18 and 30 yr. 
Since 1961 all doses exceeding 3 rem/3 months 
have been recorded and filed, their number 
having decreased from 33 in 1961 to 15 in 1965. 

As a rule the cases of overexposure were found 
in the same places, i.e. in hospitals where radium 
applicators were used, and in industrial estab
lishments where radioactive paints containing 
226Ra were used. Overexposures were not, how
ever, found in all people doing the same kind of 
work. For Ra applicators the chance of over
exposure depended largely on the number of 
procedures in a given period of time, whereas 
among workers using radioactive paint it de
pended mainly on the use of proper safety 
precautions. Among the latter group cases of 
false overexposure were reported, usually due 
to the accidental contact of the film badge with 
a radiation source. A few cases of wilfully 
misleading film exposure by the workers them
selves were observed. 
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Zusa.uunenfassung-Ffu einen Modellthorax aus Standardgewebe mit den Abmessungen 
80 em X 40 em X 20 em wurden die Energiedosen und Dosisaquivalente pro Einheitsfluenz 
thermischer Neutronen und ihr Verlauf entlang verschiedener Achsen mit einer elektronischen 
Reehenmaschine bestimmt. Die Anteile der (n, y)-Reaktionen in Wasserstoffund der (n, p)
Reaktionen in Stickstoff wurden besondert berechnet. Die Rechnungen sowie Messungen an 
Reaktoren, Beschleunigern und thermisehen Saulen ergeben, dass im praktisehen Strahlen
schutz beim Tragen eines y-Personendosimeters auf ein spezielles Personendosimeter fiir 
thermische Neutronen verzichtet werden kann. 

1. EINLEITUNG 

Bei der Dosimetric thermischer Neutronen 
treten u.a. folgende Grossen auf: 

l. Flussdichte 4> thermischer Neutronen, 
angegeben in cm· 2s·1

• 

2. Fluenz </> thermischer Neutronen, angege
ben in cm- 2 • 

3. Maximale Energiedosis D(max) bei Be
strahlung des menschlichen Korpers, ange

geben in rad. 
4. Maximales Dosisaquivalent De(max), an

gegeben in rem. 
5. Die entsprechenden Werte fiir die Ober

flache von Modellgeometrien (unend
licher Halbraum, Scheiben, Quader, me
uschlicher Thorax) D(Ob) bzw. D.(Ob). 

6. Die entsprechenden Dosisleistungswerte 

I) und n., angegeben in radfh bzw. 
remfh. 

7. Die entsprechenden Dosis-Fluenz-Ver
haltnisse, d.h. die jeweiligen Dosen pro 

D De 
Einheitsfluenz 8 = 'f bzw. Oe =--:[' 

angegeben in radfcm· 2 und remfcm· 2
• 

Bei Dosisberechnungen geht man davon aus, 
dass der bestrahlte Mensch durch einen "Stan
dardmenschen" reprasentiert werden kann, der 
im wesentlichen aus folgenden vier Elementen 
besteht <1 > (Tabelle l). 

Bei manchen Berechnungen wird auch wei
ches Gewebe folgender Zusammensetzung zu
grundegelegt<2> (Tabelle 2). 

Tabelle l. Zusammensetzung von Standardgewebe 

Element Gewicht in g Gewicht in Atome pro g Atome in 
Prozenten Prozenten 

0 45 500 65 2,45·10 22 25,7 

c 12 600 18 0,903·10 2 2 9,49 

H 7 000 10 5,98·10 22 62,8 

N 2 !00 3 0,129·10 2 2 1,36 
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Tabelte 2. Zusammensetzung van weichem Gewebe 

Element 

0 
c 
H 
N 

Gewicht in Prozenten 

73,64 
12,14 
10,11 
4,02 

2. ZUSAMMENSETZUNG DER DOSIS 

THERMISCHER NEUTRONEN IN 

K6RPERGEWEBE 

Eine Energieabsorption in Korpergewebe 
durch Einwirkung thermischer Neutronen er~ 
folgt iiber 2 Reaktionen: 

1. 1H(n, y) 2H, 

2. 14N(n,p)14C. 

Bei der (n, y)-Reaktion entsteht das stabile 
schwere Wasserstoffisotop. Der erzeugte Deu
teriumkern strahlt seinen Enetgieuberschuss in 
Form von y-Quanten der Energie 2,2 MeV ab. 
Wenn thermische Neutronen auf das gesamte 
Korpervolumen einwirken, strahlt jedes Volum
enelement y-Quanten aus, die in jedem 
anderen Volumenelement des Korpers zur 
Dosis beitragen konnen. Die Energieabsorption 
in Korpergewebe erfolgt tiber Photo- und 
Comptoneffekte. 

Bei der (n,p)-Reaktion werden Protonen mit 
der Energie von 0,62 MeV emittiert. Die 
Energieabgabe an das Korpergewebe erfolgt 
tiber die Protonen, die an die uc-Kern uber
tragenen Ruckstossenergien brauchen nicht 

. berucksichtigt zu werden. Wegen der kurzen 
Reichweite der Protonen in Gewebe wird die 
Protonenenergie lokal absorbiert. Der Anteil 
der fi'-Strahlung des 14C ist vernachHissigbar. 

Auch die Reaktion HN(n, y) 15N mit einer 
Quantenenergie von 0, 73 MeV sowie durch 
Strahlungseinfang entstehende fi'-Strahlung von 
24Na, 32P und 42K tragen nur unbedeutend 
zur Dosis bei. 

Die makroskopischen Wirkungsquerschnitte 
fiir die heiden zu berucksichtigenden Reak
tionen sind (3) 

3. ABSCHATZUNG DES ANTEILS DER (n,y)

REAKTIONEN ZUR DOSIS THERMISCHER 

NEUTRONEN 

Da die Einfangquanten jedes Volumenele
mentes des bestrahlten Volumens in jedem 
anderen Volumenelement zur Dosis beitragen 
konnen, ist der (n, y)-Anteil von der Geometric 
des bestrahlten Korpers abhangig. 

Es liegen Berechnungen fur verschiedene 
Geometrien vor: 

I. Homogener Halbraum aus Standardge
webe: <3 > 

or(Qb) = 2,72 · 10-10 radfcm-2 (3) 

2. 30 em dicke, seitlich unendlich ausge
dehnte Scheibe a us Standardgewebe: <1. 2 > 

oY(Qb) = 2,60 · 10-10 radfcm- 2 (4) 

3. Kreisscheibe von 30 em Durchmesser und 
20 em Tiefe a us Standardgewebe: <4 > 

or(Qb) = 1,85 · 10-10 radjem- 2 (5) 

Fur die Thoraxoberftaehe eines Standardmen
sehen erhalt man dureh Interpolation etwa 

oY(Qb) = 2,10 · 10-10 radfem- 2 (6) 

In allen Fallen wird angenommen, class die 
thermischen Neutronen in parallelem Bunde! 
senkreeht auf die Oberftaehe fallen. 

4. BERECHNUNG DES ANTEILS DER (n,y)

REAKTIONEN ZUR DOSIS THERMISCHER 

NEUTRONEN 

Mit Hilfe einer elektronisehen Rechenma
~ehine haben wir die Dosis und die Dosisvertei
lung an der Korperoberfliiche sowie im Korper
innern bereehnet. Der mensehliche Thorax 
wurde dazu durch eine reehteekige Saule aus 
Standardgewebe mit 80 em Hohe, 40 em Breite 
und 20 em Tiefe approximiert. Wiederum 
wurde angenommen, dass ein paralleles Btindel 
thermiseher Neutronen senkreeht auf die Ober
flaehe trifft. Die in den Korper eindringende 
Fluenz ¢> der thermisehen Neutronen nimmt 
mit der K6rpertiefe x entspreehend einer von 
Snyder bereehneten Beziehung ab: 

<f>--</>o·f(x) 

mit j(x) = 13,1 ·ro,4Do.x_s,I. -6,17.x (7) 

~H = 2,11 · I0- 2 em ·1, 

~N = 2,18 • IQ-s em ·1. 

f(x) gibt die Zahl der St6sse an, die ein Neutron 
(I) in der Tiefe x pro em W eglange (parallel zur 
2) Strahlrichtung) erleidet. Von diesen Stassen 
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fiihrt der Bruehteil l:.n/l:.t (l:.n = makrosko
piseher Einfangquersehnitt fiir Wasserstoff, 
l:.t = totaler makroskopiseher Wirkungsquer
sehnitt) zu einer H(n, y)D-Reaktion. Dadureh 
entstehen injedem Volumenelement d V = dx · dy · 
d.::; Photonen der Energie E

1
• Diese Photonen 

werden in der Entfernung r vom Entstehungsort 
entspreehend dem Abstandsgesetz e-"'/47rr2 
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e-llr 

dD 7 J</>0 = 3,12 ·10- 6.f(x).- .dxdyd.::; 
r2 

(MeVjem). (9) 
U mgereehnet in rad erhalt man: 

dD 1J</>o = 
-llr 

5,0·10-13.f(x). ~. dxdyd.::;(radfem-2) (10) 
p 

woagerecht g&legte 
Modellgeometrie mit 
Kennzeichnung der Achsen. 

10~2 ~----~----._----~----~----~ 
0 10 20 30 40 50 

l<i:irperlonge in em -

Fw. I. y-Dosis pro Einheitsfluenz thermischer Neutronen fur verschiedene Langsachsen des 
Thoraxmodells. 

und dem linearen Schwaehungskoeffizienten I" 

fiir y-Strahlung absorbiert und verursaehen die 
y-Dosis dD 7 • Durch Kombination dieser Vor
gange ergibt sieh die Beziehung: 

l:.n e -ltr 
dDY = cpo. -- .f(x).E

1 
·I". - dxdydz (8) 

l:.t 47rr 2 

Als Zahlenwerte sind einzusetzen: I" = 2,5 ·10 - 2 

em - 1 ; l:.n = 2,11·10 - 2 em - 1 ; l:.t = 2,95 em - 1 ; 

E 1 = 2,2 MeV. 

Gleiehung ( 10) ahne1t einervon Sehalnow C3 > an
gegebenen Formel, jedoeh wird· hier die ge
nauere von Snyder bereehnete Neutronenver
teilung f(x) anstelle der von Sehalnow ver
wendeten einfacheren Verteilung e-o, 4x benutzt. 

Dr 
Der Verlaufvon I)Y =Tin radfem - 2 fiir das 

Korperinnere ergibt sieh dureh Integration der 
Gleichung (10) iiber aile Volumenelemente. 
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Er i1:1t in Fig. fur verschiedene Korperachsen 
parallel zur Liingsachse dargestellt. Die Ge
nauigkeit der Integration ist besser als 5%. 

Der Dosisverlauf auf der vorderen Korper
seite (Kurven 1 und 2) ist tiber einen grossen 
Bereich nahezu konstant. Erst in einer Entfer
nung von weniger als lO em von den Aussen
kanten beginnt cin starker Abfall bis auf etwa 
die Hiilfte der in der Mitte herrsehenden Dosis. 
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Durch Integration tiber das ganze Korper
volumen erha1t man die mittlere Ganzkorper
dosis pro Einheitsfluenz. Sie betragt 

S1 (Ganzk.) =0,74·l0-10 rad/cm- 2 (12) 

Die mittlere Dosis pro Einheitsfluenz auf der 
kurzen Mittelachse, d.h. in den mittleren 
Korperregionen, erhalt man dureh Integration 
tiber die Kurve l der Fig. 2. 
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FIG. 2. Energiedosen pro Einheitsfluenz thermischer Neutronen entlang der kurzen Mittelachse 

senkrecht zur Vorderseite des Thoraxmodells. 

Zwischen den Achsen 1 und 9 ergibt sich eine 
Differenz urn den Faktor 10. 

Fig. 2 zeigt den Verlauf von 81 entlang der 
kurzen Mittelachse senkreeht zur Vorderseite 
(Kurve I). Bei etwa 1,5 em 1iegt ein Maximum. 
Danach nimmt 81 angenahert exponentiell bis 
zur Thoraxriickseite ab. Fur 1l 1 (0b) erhielten 
wir den Wert 

1l'(0b) = 2,09·10-10 radfem- 2 (11) 

Das ist in ausgezeichneter Ubereinstimmung mit 
dem abgeschatzten Wert in Gl. (6). 

Sie betragt 

SY (Mittelachse) = l,07·10-10 rad/cm- 2 (13) 

5. BERECHNUNG DES ANTEILES DER (n,p)

REAKTIONEN ZUR DOSIS THERMISCHER 

NEUTRONEN 

Im Gegensatz zu der y-Komponente kann 
die Neutronenfluenz und die damit verbundene 
Protonendosis in den Ebenen parallel zur 
vorderen Korperoberflache nahezu tiber die 
ganze Flaehe als konstant angesehen werden. 
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Die Abhangigkeit der Protonendosis von der 
Eindringtiefe hat daher im ganzen Korper 

bis nahe an die Seitenkanten angenahert den 

von Snyder C'J fur einen unendlichen Halbraum 

angegebenen Verlauf. 

Es ergibt sich 

i)P = 0,0733 ·]0- 10 

(13,1 e-o,Hx-5,1 r 5 •
17x)radjcm- 2 (14) 

Der Verlauf dieser Funktion auf der kurzen 

Mittelachse ist in Fig. 2 als Kurve 2 dargestellt. 

Fur die Oberftache ergibt sich 

i)P(Ob) = 5,9·I0-11 radjcm 2 (15) 

Zur Abschatzung der mittleren Ganzkorper

dosis genugt in diesem Falle der Mittelwert auf 

der kurzen Mittelachse. Durch Integration 

der Gleichung ( 14) ergibt sich: 

[)P (Mittelachse) = 

[)lj (Ganzk.) = 1,03 ·10- 11 radjcm - 2 (16) 

Die Addition der mittleren y- und Protonen

Dosiskomponenten ergibt: 

[)Hr(Ganzk.) =0,84·10 10 radjcm- 2 (17) 

6 1'+P(Mittelachse) = 1,17·10-10 radfcm- 2 (18) 

Kurve 3 in Fig. 2 zeigt den Verlaufder Gesamt

dosis entlang der Mittelachse. 

6. BERECHNUNG DER DOSISAQUIVALENTE 

Aus den berechneten Dosen erhalt man durch 

Multiplikation mit dem Qualitatsfaktor Q die 

entsprechenden Dosisaquivalente. Fur die Pho

tonen ist Q = 1. Bei der Protonenstrahlung 
"-ird im allgemeinen vereinfachend der Pau

schalwert Q = 10 benutzt. Tabelle 3 enthalt 
die sich daraus ergebenden Dosisaquivalente 

pro Einheitsftuenz thermischer Neutronen. J\llit 

Q = 10 fur Protonenstrahlung soli die biolo
gische \1\Tirkung des ganzen Komplexes aller 

moglichen Protonenenergien in Ieicht zu hand

habender Form erfasst werden. Uberdies ist 

dieser \Vert zur sicheren Seite hin aufgerundet. 

Im Faile der hier vorliegenden Protonenstrah-
1ung handelt es sich aber urn eine definierte 

Strahlung mit bekannter Energie. Es kann 

daher statt des Pauschalwertes 10 der Q-"'ert 
ftir 0,62 MeV Protonenstrahlung benutzt \\-er

den. Nach C3 J ergibt sich 

Q (0,62 MeV) = 5 (19) 

Die daraus resultierenden Dosisaquivalente sind 

ebenfalls in Tabelle 3 enthalten. Man sieht, 

dass mit einem auf der Brust getragenen 

y-Dosimeter bei der Wahl von Q = I 0 fur 

Protonen 26,0% des Oberftachendosisaquiva

lentes, 100~ 0 des mittleren Dosisaquivalentes 
entlang der Mittelachse und 118% des mittleren 

Dosisaquivalentes fur den Ganzkorper gemessen 

werden. Bei der Wahl von Q = 5 fiir Protonen 

erhohen sich diese \Verte auf 41%, 132% und 

167°~. 

Fig. 3 enthalt den Dosisaquivalentverlauf 
fur die einzelnen Strahlungskomponenten und 

fiir das gesamte Dosisaquivalent entlang der 

Mittelachse fur die Faile 

Q = 5 und Q = 10 fur Protonenstrahlung. 

7. DOSISAQUIVALENTE FUR KRITISCHE 

ORGANE 

\Vir betrachten \Nieder die beiden Faile 

der Annahme von Q = 10 bzw. Q = 5 fiir die 

Protonens trahl ung. 

Tabelle 3. Energiedosen und Dosisaquivalente pro Einheitsfiuenz thermischer Neutronen 

Energiedosen Dosisaquivalente 

y-Komponente p-Komponente y +P y + p y -1- p 
radjcm· 2 radjcm- 2 radjcm 2 Q = 10 fur Q = 5 fur 

Proton en Proton en 

rem/cm- 2 remjcm -- 2 

~-------------- --~------ ------- -~-- ------

Oberftache 2,09· 10-!0 0,59·10 10 2,68·10-lO 7,99·10 10 5,09· 10- 10 

Mittel wert, Mittelachse 1,07·10- 10 0,10·10- 10 1,17•10- 10 2,10·10-lO 1,58· 10-10 

Mittel wert, Ganzkorper 0, 74· 10- 10 0,10·10- 10 

I 
0,84· 10 JO 1,77·10- 10 1,25·10-lO 

\ 
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Q = 10: 
Nach Fig. 3 betragt das gesamte Dosis

aquivalent pro Einheitsfluenz in 2 em Tiefe auf 
der Mittelachse das Dreifaehe des y-Dosisaqui
valentes pro Einheitsfluenz an der Oberfliiehe. 
In 6 em Tiefe sind beide Werte gleieh gross. 
Fur die Ermittlung des Dosisaquivalentes fur 

~ 
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aquivalentes pro Einheitsfluenz an der Ober
flache. In 5 em Tiefe sind beide W erte gleich 
gross. 

Fur die Ermittlung des Dosisiiquivalentes in 
kritisehen Organen im Bereich tiefer als 2 em 
bei reinen thermisehen Neutronenfelderngenugt 
also die Messung des y-Dosisiiquivalentes an 
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Fw. 3. Dosisaquivalente pro Einheitsfluenz thermischer Neutronen entlang der kurzen 
Mittelachse senkrecht zur Vorderseite des Thoraxmodells. 

kritische Organe bei reinen thermischen Neu
tronenfeldern im Bereich von 2 his 6 em 
unterhalb der Korperoberfliiehe genugt es also, 
die y-Dosis an der Oberflache zu messen und 
mit dem Korrekturfaktor 2 zu multiplizieren. 

Q =5: 

Nach Fig. 3 betriigt das gesamte Dosisaqui
valent pro Einheitsfluenz in 2 em Tiefe auf 
der Mittelachse das Doppelte des y-Dosis-

der Ober:..ache mit hinreichender Genauigkeit 
(Korrt::kturfaktor l). 

Diese Absehiitzungen gelten nattirlich nicht 
ftir die nahe der Oberfliiche liegenden Augen
linsen. Jedoch befinden sich diese ausserhalb 
unserer zugrundegelegten Modellgeometrie. Sie 
sind daher geringerer y-Einstrahlung aus der 
Naehbarschaft ausgesetzt. Sie sind ausserdem 
in relativ viel Knoehenmasse eingebettet, in 
der H(n,p)D-Reaktionen eine weit geringere 
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Rolle spielen. Ausserdem wird die im Schadel

innern entstehende y-Strahlung starker absor

biert als an anderen Korperstellen. Das gesamte 

Dosisaquivalent pro Einheitsfluenz an den 

Augen ist daher geringer als an der Thoraxober
flache. Der relative Unterschied zwischen dem 

y-Dosisaquivalent an der Thoraxoberflache und 

dem gesamten Dosisaquivalent an den Augen 

verringert sich deshalb. Im Faile Q = 10 fur 

die Protonenstrahlung und reiner thermischer 

Neutronenfelder genugt auch bier die Multi

plikation der gemessenen y-Dosis mit dem 

Korrekturfaktor 2. Im Faile Q = 5 fur Pro

tonenstrahlung genugt der Korrekturfaktor 1. 

Die mannlichen Gonaden sind durch Klei

dung und Gewebe bedeckt. Ihre mittlere Tiefe 

betragt etwa 2 em. In dieser Tiefe ist das gesamte 

Dosisaquivalent etwa dreimal (bei Q = 10) 
bzw. doppelt (bei Q = 5) >o gross wie das 
y-Dosisaquivalent an der Oberflache. Ahnlich 

wie die Augen sind auch sie nicht in dem gleichen 

Masse wie andere Korperorgane von einer 

ausgedehnten kompakten Gewebemasse umge

ben. Die y-Einstrahlung aus benachbarten 

Gewebeteilchen ist deshalb ebenfalls geringer. 

Fur die mannlichen Gonaden gel ten deshalb die 

gleichen Korrekturfaktoren wie fiir die Augen. 

8. RICHTUNGSABHANGIGKEIT 

Die bisherigen Betrachtungen basierten auf 

der Voraussetzung, class ein paralleles Bundel 

thermischer Neutronen senkrecht auf die Ober

flache trifft. Dies ist jedoch nur ein Extremfall. 

Der entgegengesetzte Extremfall liegt bei Be

strahlung von hinten vor. Normalerweise wird 

die Strahlung von den verschiedensten Seiten 
einfallen. 

Wie aus den bisherigen Oberlegungen her

vorgeht, misst ein auf der Brust getragenes 

y-Dosimeter an der Oberflache bei Bestrahlung 

von vorn etwa 24-42% (je nach Qualitatsfak

tor fur Protonenstrahlung) des gesamten Dosis

aquivalentes an der Oberflache. Bei Bestrah

lung von ruckwarts hingegen wurde es nach 

Fig. 2 100% des gesamten Dosisaquivalentes 

messen, da in diesem Falle die Dosis an der 

Oberflache ausschliesslich von der y-Kom

ponente herruhrt. Die wirklich gemessenen 

Werte werden also zwischen 30 und 100% des 

gesamten Dosisaquivalentes liegen. 

Bezieht man nicht auf das Dosisaquivalent 

an der Oberflache, sondern auf das mittlere 

Dosisaquivalent des Ganzkorpers, so wird bei 

Bestrahlung von vorn durch ein y-Dosimeter 

mehr als das mittlere Dosisaquivalent des 

Ganzkorpers erfasst (Tabelle 3), bei Bestrahlung 

von hinten etwa 20% (vgl. Fig. 2). Bei einem 

Bezug auf das mittlere Dosisaquivalent des 

Ganzkorpers liegen die V er hal tnisse also etwa 

umgekehrt wie bei einem Bezug auf das Dosis

aquivalent an der Oberftache. Auch hierbei 

werden die wirklich gemessenen W erte zwischen 

diesen beiden Extremen liegen. 

9. ANTEILE THERMISCHER NEUTRONEN 

AM TOTALEN 

DOSISLEISTUNGSAQUIV ALENT 

Aus diesen Rechnungen und Oberlegungen 

geht hervor, class bei einer reinen thermischen 

Neutronenstrahlung mit einem y-Dosimeter in 

der Mitte der Korperoberflache zwischen 20 
und 100% der gesamten von der Neutronen

strahlung verursachten Dosis erfasst werden, 

wobei der Prozentsatz davon abhangt, ob man 

auf die Oberflachen oder auf die mittlere 

Ganzkorperdosis Wert legt und ob Q = 10 
oder Q = 5 fur die Protonenstrahlung angesetzt 

wird. 
Erfahrungsgemass ist jedoch der Anteil 

thermischer N eutronen am total en Dosisa

quivalent in der Umgebung von Reaktoren und 

Teilchenbeschleunigern kleiner als 10%. <5
"

9
) 

Auf ein spezielles Personendosimeter fiir ther

mische Neutronen kann also normalerweise 

verzichtet werden, da der Anteil des Dosisaqui

valentes der thermischen Neutronen unterhalb 

der Fehlergrenzen der Dosismessung liegt, ja 

in den meisten Fallen wegen des erhohten 

y-Untergrundes iiberhaupt nicht erkennbar ist. 
Nur an thermischen Saulen von Reaktoren 

kann der Anteil thermissher Neutronen grosser 

Sein. 

An der thermischen Saule des FRJ 1 haben 

vvir des y/n-Verhaltnis der Dosisaquivalente 
gemessen. Die Reaktorleistung war 1 MW. 

Ein Teil der Abschirmung der thermischen 

Saule wurde entfernt, so class in 50 em Abstand 

von der ausseren Abschirmungswand ein l\iess

feld von 60 em X 60 em Grosse entstand, in 

dcm die thermische Neutronenflussdichte sich 

ortlich urn weniger als 5% anderte. Das 
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Dosisleistungsiiquivalent (mit Q = 10 fiir Pro
tonen) war in dieser Flache 9, l mremjh, die 
y-Dosisleistung betrug 16,8 mRjh, so class das 
y/n-Verhaltnis 1,8 war. Die Abschirmung der 
y-Strahlung mit 5 em Blei ergab das Verhiiltnis 
0,8. Bei giinzlich hochgefahrener Stahl-Beton
abschirmung erhielten wir in I m Entfernung 
den Wert 10. Am Reaktor Gleep in Harwell 
wurde in 2 em Entfernung von der Graphitaus
senwand der Wert 0,37, in 2m Entfernung 
jedoch ein Wert > l gemessen <1o>. 

Auch wir fanden mit zunehmender Entfer
nung von der thermischen Saule stets eine 
Zunahme des yfn-Verhaltnisses. Reine ther
mische Neutronenfelder ohne y-Untergrund 
sind offenbar schwer zu realisieren, da stets 
Materialien, in denen (n,y)-Einfange stattfinden 
ki:innen, in der Nahe sein werden. J e grosser 
aber der y-Anteil im Strahlungsfeld der 
thermischen Saule, desto geringer ist die Rolle, 
die der von einem y-Dosimeter nicht gemessene 
Anteil des Dosisaquivalentes thermischer Neu
tronen spielt. 

10. SCHLUSSFOLGERUNGEN FUR DEN 

PRAKTISCHEN STRAHLENSCHUTZ 

Bei der Personendosimetrie in der Umgebung 
von Reaktoren und Teilchenbeschleunigern 
kann auf ein spezielles Dosimeter fUr thermische 
Neutronen verzichtet werden. Selbst im spe
ziellen Fall des Strahlungsfeldes an thermischen 

Saulen gentigt ein auf der Brust getragenes 
Dosimeter fUr y-Strahlung, da der in diesem 
Falle nicht registrierte Anteil des totalen Dosis
iiquivalentes an der Ki:irperoberfiache in der 
Praxis gewi:ihnlich kleiner als 50%, oft kleiner 
als 20% sein wird. 

Legt man als Dosisbelastung einer bestrahlten 
Person nicht die Oberfiachendosis, sondern die 
mittlere Ganzki:irperdosis zugrunde, so ergibt 
sich auch an thermischen Saulen mit einem 
y-Dosimeter bereits eine Uberbestimmung des 
therrnischen N eutronendosisaq uivalentes. 
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EIN PHOSPHATGLASDOSIMETER FUR 

STRAHLENSCHUTZANWENDUNGEN 

W. BUTTLER*, R. MAUSHARTt und E. PffiSCHt 

Zusanunenfassung-Es wird ein neues Dosimeter beschrieben, das aufgrund von Versuchen 
und Testergebnissen eines kiirzlich entwickelten Katastrophendosimetersystems speziell fiir 
Strahlenschutzanwendungen geeignet erscheint. 

Es enthalt ein zylindrisches Phosphatglas von 8 mm Durchmesser, das fest mit einem Teil 
der Kapselung verbunden ist, welche gleichzeitig die Identifizierungszeichen tragt. 

Es gestattet die Bestimmungvon y-Dosen von 50 mR his zu 1000 R. Das Dosimeter ist luftdicht, 
feuchtigkeitssicher und zur Erzielung einer geringen Energieund Richtungsabhangigkeit filter
kompensiert. Die Ausfiihrung der Filterkapsel ermoglicht eine schnelle und leichte Auswertung, 
verhindert a her jedes unbefugte Offnen. 

FOR die Verwendung von Metaphosphatglasern 
als Personendosimeter im Strahlenschutz sind 
bereits Dosimeterkapselungen entwickelt wor
den, die eine befriedigende Energie-und 
Richtungsunabhangigkeit der Dosisanzeige 
ermoglichen. <1 • 2 > 

Ihre Brauchbarkeit fiir die routinemal3ige 
Personenuberwachung wurde u.a. durch Ver
gleichsbestrahlungen erwiesen, bei denen meh
rere solcher Glasdosimeter zusammen mit einem 
Fullhalterdosimeter jeweils von der gleichen 
Person getragen wurden. <8 > 

Was jedoch die Eignung der bisherigen 
Dosimeterkapselung zu einem routinema13igen 
GroBeinstaz noch einschrankt, ist die technische 
Manipulierbarkeit bei der Auswertung einer 
grol3en Serie solcher Dosimeter. Es war bisher 
notwendig, das Glas aus dem Dosimeter heraus
zunehmen und einzeln in das Auswertegerat 
einzuftihren. Mit Sicherheit wiirde eine Ein
fi.ihrung und eine Benutzung der Glasdosimeter 
als Routine-Personendosimeter wesentlich be
schleunigt und erleichtert, wenn man zu einer 
halb- oder ganz-automatischen Auswertung 
kommen konnte. Es ist daher in Zusammenar
beit mit einer Firma, welche bereits die in 

* W. Buttler, Fa. Total KG, 6802 Ladenburg, 
B.R.D. 

t R. :1\.iaushart, Kernforschungszentrum Karls
ruhe, Strahlenmei3dienst 75 Karlsruhe, B.R.D. 

t E. Piesch, Kernforschungszentrum Karlsruhe, 
Strahlenme13dienst, 75 Karlsruhe, B.R.D. 

Deutschland fi.ir den Zivilschutz entwickelten 
Glasdosimeterkapselungen<«, 6> mit gekoppelter 

Erkennungsmarke herstellt, eine neue Dosi
meterkapselung konstruiert worden. Diese 
Kapselung soll im wesentlichen die Eigenschaf-

131 

~ Stahl 

~ Zinn 

~ Aluminium 

0 ' Glas 

0 8 mm 

ABB. 1. Schnitt durch die neue Dosimeter
kapselung mit zylindrischem Phosphatglas der 

Abmessung 8 x 9 mm2 • 
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ten der Kugelkapselung, namlich Energie- und 
Richtungsunabhangigkeit der Dosimeteran
zeige, beibehalten, sich aber durch einige 
entscheidende technische Vorziige auszeichnen. 
Der entscheidenste davon ist, dal3 das Glas mit 
einem Teil der Kapsel stiindig, auch bei der 
Auswertung, verbunden bleibt, so dal3 die 
Schwierigkeit der Glaskennzeichnung nicht 
mehr auftritt. 

verschmutzung stattfinden kann und der W asch
vorgang innerhalb einer routinemal3igen Aus
wertung normalerweise entfallt. Die Kapsel 
besitzt einen Vakuum-Magnetverschlul3, so dal3 
ein unbeabsichtigtes oder unberechtigtes dffnen 
so gut wie ausgeschlossen ist. 

U m dies erreichen zu konnen, wurde von 
der strengen Kugelform abgegangen und ein 
zylinderformiges Glas mit 8 mm Durchmesser 
und 9 mm Hohe verwendet. Zur Energie
kompensation ist ein perforiertes Metallfilter 

Des weiteren ist die Kapsel vollig licht- und 
luftdicht abgeschlossen, so dal3 keine Glas-

Tabelle I. Verwendete Strahlenqualitiiten 

Rohrenspannung Zusatzfilterung angenom. eff. 
kV mm Quantenergie 

keV 

300 2 Al + 5 Cu + 3,5 Ph 240 
250 2 Al + 5 Cu + 2 Pb 200 
220 2 Al + 5 Cu + 1,2 Pb 170 
200 2 AI + 5 Cu + 0,9 Pb I 50 
180 2 AI + ll Cu 135 
150 2 Al + 7 Cu 110 
120 2 AI+ 3,5 Cu 87 
100 2 AI+ 2 Cu 7I 
80 2Al +0,7Cu 55 
70 2 AI+ 0,4 Cu 46 
60 2 AI+ 0,2 Cu 38 

~ .. 
.>< ., . .c 
.!:! 
'15 80 
.E 

60 a. 
E llJ .. 
"' ·;;; 20 ...--~-~ l t 20 .,. 
0 
0 

100 I Gi 
a::: 80 

60 ;· 
40 

20 

0 
10 100 KeV 1000 

Quantenenergie 

ABB. 2. Die relative Dosimeteranzeige der neuen Dosimeterkapselung mit einem zylindrischen 
CEC-Phosphatglas (Fa. Carbonisation Entreprise et Ceramique, Montrouge, Frankreich) in 
Abhiingigkeit von der Quantenenergie. x-x-x-x Strahlungseinfallliings der Dosimeterachse. 

o-o-o-o Strahiungseinfall senkrecht zur Dosimeterachse. 
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erforderlich, welches hier aus rotationssym
metrischen, konischen und teilweise mit Zinn 
ausgeflillten Ausnehmungen in der Seitenwand 
und den Stirnboden der zylinderformigen 

Kapselung besteht. 
Die spezielle Konstruktion der Kapselung 

(Abb. 1) flihrt in etwa zu den gleichen Eigen
schaften, die mit der Kugelkapselung erreicht 
werden. Die Energieabhangigkeit der Dosi
meteranzeige wurde mit hart gefilterter Ront
genbremsstrahlung bestimmt (Tabelle I). 

Die Werte flir die Energieabhangigkeit der 
Kapselung sind in Abb. 2 fUr zwei Strahlenein
fallsrichtungen dargestellt. Man findet im 
Energiebereich 50 ke V his I, 2 MeV Energie
unabhangigkeit innerhalb ± 20%. 

Die bisher erzielte energie- und richtungsun
abhangige Dosimeteranzeige kann, vor allem 
was die Dosimeteranzeige bei Strahlungseinfall 
in Dosimeterachse betrifft, moglicherweise noch 
verbessert werden. 

Fur dieses Dosimeter ist ein halbauto
matisches Auswertegeriit in Konstruktion. Die 
Automatik sieht vor, auch die Dosimeternummer 
vom Gerat abzufragen und zusammen mit der 
Dosis auszudrucken, so daB Verwechselungen, 
wie sie bei der Einzelauswertung entstehen 
konnen, vollig ausgeschlossen sind. 

Mit dieser Entwicklung diirfte ein weiterer 
Schritt zu einer allgemeinen Anwendung von 
Phosphatglasdosimetern in der Personendosi
metrie getan sein. 
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RANGE AND DEPTH DOSE DISTRIBUTION OF LOW 

ENERGY CHARGED PARTICLES IN DOSIMETER GLASSES 

K.BECKER 

Health Physics Div., Oak Ridge National Laboratory, Oak Ridge. Tenn.* 

Abstract-A new method for the direct determination of particle ranges and depth dose dis
tributions in silver-activated phosphate glasses is based on the successive removal of extremely 
thin surface layers from the exposed glass by chemical etching ("peeling") and measurement of 
the residual radiophotoluminescence between successive etchings. Glass composition, etching 
chemicals and etching speed can be varied within wide limits. The experimental technique, 
using Yokota-type dosimeter glasses and 28% NaOH at 60ac (etching speed 0·12 ,./min) is 
briefly described. As an example of the practical application of the method, measurements 
using several types of radiation sources (aqueous solutions of 3H, 68Ni and 85S, solutions and 
thin and thick solid sources of 289Pu, 237Np and 235U, monoenergetic protons, deuterons and 
He+ ions in a wide energy range) have been made. 

Accuracy, possibilities and limitations of the method are briefly discussed. Possible sources of 
error are: discoloration of the glass because of very high surface doses; uncertainties in the 
determination of the etching speed; etching speed along charged particle tracks higher than the 
bulk etch rate for ions of very high LET. 

1. INTRODUCTION 

The calculation of the range of low energy 
electrons and ions in solids is difficult, mainly 
because charge exchange effects become im
portant and elastic scattering causes an effective 
range which is smaller than the sum of the total 
distances measured along the path of the par
ticle. Different theoretical approaches to con
vert the path length calculated by the Bohr-Niel
son equation <1 • 2> into the experimentally mea
sured projected range <•. 4 > may lead to different 
results, and the agreement with experimental 
values has to be proved. <6 J 

During recent years, several more or less 
indirect methods for the measurement of average 
and maximum ranges have been used, for 
instance by determination of changes in the 
refraction index of quartz surface layers caused 
by ion bombardment; <6 l by elastic proton 
scattering at the embedded heavy ions in low Z 
target materials; <7 l by determination of the 
line-shape of the emitted a particles; (BJ and by 

* Work performed during a stay as Scientist-in
Residence at the U.S. Naval Radiological Defense 
Laboratory, San Francisco/Calif. 

luminescence excitation <9> or deterioration <10J 

measurements in thin fluorescent layers. 
More direct methods have also been applied, 

such as the use of stacks of thin metal foils, <11 > 

and the chemical determination of ranges of 
radioactive ions in some metals (Al, W) by 
chemical removal of uniform thin surface layers 
and measurement of the residual radioactivity 
of the target material. <12 - 16 > In a similar study, 

the range of 134Cs ions in germanium was 
determined by etching of the Ge cry;tal. <17 l It 
was found, however, that approximately 25% 
of the 134Cs could not be removed by prolonged 
etching because of either an abnormal range of 
the ions or non-uniform etching of the crystal. 

It would, however, be desirable to apply this 
relatively simple, fast and direct "peeling" 
method for range studies without the drawbacks 
of the earlier methods, in particular: 

(a) Without restriction to range measure
ments of radioactive ions. This is, for 
instance, possible by using irreversible 
changes in the physical properties of the 
target material, which are proportional 
to the energy transferred, localized to 

135 
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the point of energy transfer and can 
easily be measured. 

(b) By the use of a target material whose 
composition can be varied within wide 
limits. 

(c) Whose homogenous structure guarantees 
a uniform etching process. 

All these specifications can be met within certain 
limitations by the use of silver-activated phos
phate glasses as target material. Ionizing radia
tion causes the formation of quasi-permanent 
luminescence centers (radiophotoluminescence, 
RPL) in these glasses, which can be detected 
by simple fluorimetry. It is known that phos

phate glasses are etched very ~nifor.mly and t~e 
glass composition can be vaned w1thm cer~am 
limits. Glasses containing Ag concentratiOns 
between approx. 0.1 and 10% and phosphates of 
Li, K, Na, Ba, Mg, Al, BeO, B20 3 , etc., have 
been described. <18> 

2. EXPERIMENTAL PROCEDURE 

In general, a range determination by this 
method consists of the following procedure: 

I. The clean dosimeter glass with known 
background (predose) luminescence is first 

exposed to the ionizing radiatio.n: I? case of 
monodirectional electrons or po31t1ve 10ns from 
accelerators, or a or f3 particles from radioactive 
planes, glass plates or blocks with. a plane 
surface are most suitable. If the glass IS exposed 
by submersion in a uniform medium? such. as 
an a or {3 active solution, other shapes, mcludmg 

glass rods or spheres, rna~ also be .used. . 
II. By waiting a prescnbed penod of tlme or 

by heat treating the glass (in most dosimeter 
glasses about 15 min at 150°C), the optimal stable 
RPL is obtained, (18 > which is measured in a 
proper glass dosimeter reader (365 mp. excitation, 
RPL maximum around 620 mp.). The predose 
effect is subtracted from the reading. The RPL 
should be intense enough to allow measurements 
down to at least about 1% of the initial radia
tion effect. On the other hand, it should not 
be too intense. Local doses higher than several 
thousand rads produce a non-linear response 
because of glass discoloration (for details on 
this effect, see ref. 19). Discoloration does not 
affect the results of range measurements, but 
can cause errors in depth dose determinations. 

III. The glass is etched for a known time in a 
solution of known composition and temperature. 
Etching conditions depend strongly on the 
expected range and the glass compositi?n. The 
thickness of the removed surface layer 1s deter
mined from earlier calibration data and will 
depend on the expected range of the ionizing 
particle and the glass composition. 

IV. After rinsing and drying, the RPL mea
surement is repeated and the predose subtracted. 
This cycle of etching and reading is repeated 
until prolonged etching causes no further reduc
tion in the RPL reading. 

V. The logarithm of the residual RPL in 
percent of the original RPL is plotted as a 
function of the thickness or weight of glass 
removed by the etching process. The resulting 
graph then corresponds to the well-known 
intensity over absorber thickness plots for a, ~' 

and X radiation. In other cases, other graph1c 
representations may have advantages. By dif
ferentiation information on the depth dose 
distribution can be obtained. 

There are several methods by which the etch
ing speed can be determined, such as: 

(a) Measuring the weight reduction of a 
dosimeter glass block after prolonged 
etching. 

(b) Direct measurement of the change in 
glass thickness by the use of a thickness 
gauge after prolonged etching. 

(c) Micr03copic methods, either directly, 
or by measurement of the diameter of 
etch pits which result after bombardment 
of the glass with particles of very high 
LET such as fission fragments, followed 
by prolonged etching. If an etch pit is 
large enough, half of the diameter increase 
per unit of time corresponds within a few 
percent to the bulk etch speed of the 
glass surface. If the etching solution is 
sufficiently agitated, the thickness of the 
removed gla11s layer will be proportional 
to the etch time. Etching during ultra
sonic agitation guarantees fast replace
ment of the exhausted etching agent at 
the glass surface by a new etching agent. 

All chemicals that attack the glass surface at a 
sufficient speed can be used. In cases of the 
usual dosimeter glasses this may be inorganic 
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acids such as HF, bases such as NaOH, or 
organic complex formers. The etching speed 
depends mainly on 

(a) the glass composition, 
(b) the etching agent, 
(c) the concentration of the etching chemi

cals, and 
(d) the etching temperature. 

The etching kinetics of some dosimeter glasses 
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compared with glasses kept at room temperature 
have been found. 

3, RESULTS 

As an example for the effect of monoenergetic 
charged particles, the residual RPL in a glass 
containing 53.5% 0, 33.3% P, 4.6% Al, 
4.2% Ag, 3.6% Li and 0.8% B (Toshiba, 
Tokyo) has been measured as a function of the 

JL-L-L-L-~~~~_.-~_J_J_J_J_J~~~_L_J 

0 1 2 4 

THICKNESS OF REMOVED SURFACE LAVER ( ll) 

Fm. 1. Residual RPL of a dosimeter glass irradiated with He+ ions of different energies as a 
function of the thickness of the removed surface layer, normalized for reading of the unetched 

glass = 100. 

have been described in detail in another pub
lication. <20 > Using the Yokota-type dosimeter
glass <21 > and 28% NaOH at 60°C, for instance, 
an etching speed of about 0.12t-L/min has been 
obtained. Even extended etching of unexposed 
glasses or glasses irradiated with penetrating 
radiation does not affect the RPL reading. In 
order to investigate the possible effect of RPL 
center diffusion in the glass on the measured 
ranges, glasses have been kept at 200°C for 
several hours. No differences in the results 

thickness of the removed surface layer for 
He+ ions of 152 keV, 0.4 MeV and 1 MeV. 
The same glass type has been used in all experi
ments, the fl.uorimetric evaluation has been 
done in a Toshiba FGD-3B reader. Similar 
results have been obtained with protons and 
deuterons in the 0.15 to 1.8 MeV range. The 
obtained ranges were slightly higher than the 
reported ranges for these particles in aluminium 
above 1 MeV. The exposures have been made 
by placing the glass inside the accelerator tube 
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in the target area of Van de Graaff and Cock
raft-Walton type accelerators. Even at very 
small beam currents, exposure times ofless than 
a second were sufficient. At higher beam currents 
or exposure times, a yellowish discoloration of 
the glass surface was visible to the naked eye. 
In this case the usual slope of the curves (Fig. 1) 

was changed. Because of the superimposed 
effects of ultraviolet light absorption in the 
uppermost discolored layer (absorption maxi
mum around 320 mfl) and the total RPL 
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bremsstrahlung. Mter exposure to 90Sr/90Y, as it 
was expected, no decrease in the RPL intensity 
has been observed by the removal of more than 
20,u. 

In glasses exposed to mixed a, fi and y emit
ters the background may be quite high. But 
also in such cases an a range determination is 
pos~ible (Fig. 3). The differences obtained for 
glasses exposed to a 235U foil of 30J.l thickness 
and a 231Np layer of 0.34JL thickness electro
deposited on steel is caused in part by the 
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Fw. 2. Residual RPL of a dosimeter glass exposed to solutions of different~ emitters as a 
function of the thickness of the removed surface layer, normalized for reading of the unetched 

glass= 100. 

decrease during etching, the measured RPL 
decrease was at first slower--in some cases 
even an increase was observed-and then, 
close to the maximum range, faster than given 
in Fig. 1. 

In another experiment, glass blocks have 
been immersed in aqueous solutions of soft fJ 
emitters. In Fig. 2, the results for 3H (maximum 
(3 energy 18 keV), 63Ni (67 keV) and 35S (167 
keV) containing solutions before and after 
subtraction of the background is given. It can 
be seen that even in the case of 3H the range 
can easily be measured. The background may 
be caused by y-emitting contaminations and 

difference in a energies, the 237Np a. energies 
being somewhat higher, in part by the different 
energy distributions because of different source 
thickness. 

The effect of source geometry can also be 
seen in Fig. 4, where glasses have been exposed 
to 239Pu in aqueous solution, in a thin and in a 
thick solid source. The background effect is 
higher in the glasses exposed to the solution 
and the thick source because of the higher 
contribution of penetrating y radiation to the 
glass surface dose. After subtracting the back
ground effect, however, the data for the thin 
source and the solution agree. 
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4. DISCUSSION 

Also numerous other measurements using the 
described technique have been made in order 
to establish the usability of the method. The 
minimum and maximum ranges measured and 
the accuracy obtained in the experiments des
cribed do not represent its limitations. More 
accurate determination of the etching speed and 
more constant etching conditions should, for 
instance, result in an accuracy and reproduci

bility of better than ± 5%. 
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40 

The lower limit for range measurements is 
not given by the etching technique because the 
thickness of the removed layers can be made 
extremely small by reduction of etching time 
andfor concentration and temperature of the 
etching solution. It will be limited by the fact 
that the average volume dose of the glass block 
or plate will become smaller with decreasing 
range of the particles and discoloration may al
ready occur in a thin surface layer while the 
total RPL of the glass is still too low for accurate 
measurements. If stack arrangements of ex
posed glass plates are used, the limit may be 

extended because of the increased percentage 
of the exposed glass volume. For the same rea
son, glass powders could be submersed in radio
active solutions. There is no upper limit, but at 
ranges exceeding several tens or hundreds of 
microns, other even simpler direct methods may 
be superior. 
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Fw. 4. Residual RPL of a dosimeter glass ex
posed to a solution, a thin (evaporated solution) 
and a thick source (metal sheet) of 2 39Pu as a 
function of the thickness of the removed surface 
layer, normalized for reading of the unetched 

glass= 100. 

When the ionization density (LET) along the 
track of the particle exceeds a critical value, 
there will be radiation damage produced in the 
glass. Preferential etching will take place along 
the particle track. In this case an etch pit is 
formed which can be seen in an optical micro
scope and the surface removal method can no 
longer be applied. The LET limit depends on 
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glass composition and etching conditions and 
is not known for the glasses under study, but 
fission fragments are certainly above and a 

particles below this limit. 
If the decrease in RPL intensity between suc

cessive steps of etching is used for depth dose 
distribution measurements, the LET depen
dence of the RPL has to be taken into account. 
It has been demonstrated <22 > that the dose 
response of RPL glasses begins to decrease at 
about 1 keVffL, corresponding to a proton 
energy of 100 MeV, and is at 100 ke V f fL ( ,._,200 

keV protons) less than 20% of the low LET 
sensitivity. It is, however, possible to deduct 
at least approximate depth dose distributions 
from the experimental data. 
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A NEUTRON DOSEMETER WITH SPHERICAL MODERATOR 

CONTAINING ABSORBERS AND A BF3 COUNTER 

E. ROTONDI* and K. W. GEIGER 

Division of Applied Physics, National Research Council, Ottawa, Canada 

Abstract-The Bonner moderating sphere, 25-30 em in diameter, is widely used because of its 
isotropic and dose equivalent response for neutrons over an energy range from near thermal to 
about 10 MeV. However, two properties of the instrument limit its convenience: (1) the Lii 
scintillation counter in its center tends to make it difficult to use the instrument in high y-fiuxes, 
also response changes of the scintillation counter make frequent recalibrations necessary. (2) 
The moderating sphere is rather large and heavy for a portable instrument. The use of a BF3 

thermal neutron counter of 5 em sensitive length and 2.5 em diameter eliminated all difficulties 
mentioned under (I). Insertion of cadmium discs at appropriate locations in the polyethylene 
sphere near the counter ends made the response isotropic for all neutron energies. To improve 
on (2), neutron absorption studies were made in a slab geometry containing cadmium and 
polyethylene sheets, so as to obtain the best rem dose response for neutrons from an Am-Be 
source (Eav = 4.4 MeV) and from a Sb-Be source (Eav = 40 keV). On this basis, a compact 
neutron dosemeter 20 em in diameter containing an inner cadmium shell of 10 em diameter 

was constructed and tested. 

INTRODUCTION 

To obtain the dose equivalent (DE) at some 
location of a neutron radiation field, knowledge 
of the fluence and the neutron energy spectrum 
is normally required. The measurements are 
laborious and during the last years use is being 
made of neutron monitors the response ofwhich 
is essentially proportional to the DE. Such 
instruments can then be calibrated in "rem" 
units. The response, as recommended by the 
National Committee on Radiation Protection 
and Measurements <1 > is shown in Fig. 1. An 
approximation to a DE response can for instance 
be achieved by surrounding a thermal neutron 
detector with a moderator of appropriate 
thickness. 

Two approaches have been used: the first, 
consisting of a BF3 counter surrounded by a 
cylindrical moderator, was originally realized 
by De Pangher. <2 > The second is a Bonner 

* N.R.C. Postdoctorate Fellow from Settore 
Radiazioni del C.N.E.N., Frascati, Italy. 

sphere <3 > with a small Lil scintillation detector 
in the center. Many variations of these basic 
systems have been reported in the literature. 
<4

-
8 > Both systems have certain limitations: a 

cylindrical geometry will not ensure a true 
isotropic response at all energies and will not 
respond as a point detector. On the other 
hand, for the spherical geometry, they-rejection 
rate of a Lii scintillation detector is much less 
than that of a BF 3 counter which tends to make 
it difficult to use the spherical dosemeter in 
high y-fluxes. Also the smallness of the Lii 
detector results in reduced neutron sensitivity. 
For both geometries the moderator has to be 
rather large and heavy for a truly portable 
instrument. 

It seemed therefore desirable to try to design 
an instrument which combines the advantages 
of the two basic systems, by using spherical 
geometry and a BF3 counter as detector. To 
reduce the size of the instrument, neutron ab
sorbing material can be incorporated into the 
moderator as shown by Andersson and Braun <6 > 

for cylindrical geometry. 
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FIG. 1. Closed circles: response of the 30 em sphere with BF3 counter in center. Open 

circles: response of compact dosemeter. 
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NEUTRON SOURCES 

To test the response of the instruments, 
neutronsfrom theD + D (2.9MeV) andD + T 
( 14.7 MeV) reaction were used, as well as from 
124Sb-Be(y,n) and 241Am-Be(a,n) sources. An 
Sb-Be source emits two neutron groups, one 
centred around 24 keV, the other around 
380 keV with an intensity ratio of 1: 0.046 
respectively, <7 > resulting in an average energy of 
40 keV. For the Am-Be source a mean energy 
of 4.4 MeV has been assumed, as derived by 
Geiger and Hargrove <8 > from the measurement 
of the neutron spectrum. 

1 o• 45• so• 135• 4' 

Neutron emission rates have been determined 
absolutely with a precision long counter <9 > 

taking into account the change of the effective 
center with neutron energy. The calibration of 
the counter was carried out with an Am-Be 
source, the neutron emission rate of which was 
measured absolutely in a manganese sulphate 
bath. <10

> The ratio for the emission rate of the 
Sb-Be source to the emission rate of the Am-Be 
source as determined with the long counter 
agreed with the ratio measured in a manganese 
sulphate bath to within 3%. FIG. 2. Angular response of 30 em dosemeter. 
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POLYETHYLENE SPHERE DOSEMETER, 

30 CM DIAMETER 

A regular size Bonner sphere, 30 em in 
diameter, <3 > was equipped with a BF3 counter 
of 2.5 em diameter with its sensitive volume of 
5 em length in the center of the sphere.* The 
energy response to neutrons conformed to the 
DE curve of Fig. 1 only when irradiated from 
a direction at right angles to the BF3 counter; 
i.e. the angular response was not uniform. 
Insertion of a cadmium sleeve at the connector 
end of the counter and of a cadmium disc at 
the other end, as indicated on the top of Fig. 2, 

BF3 COUNTER 

CADMI 

meter containing the BF3 counter, but the one 
containing the Lil detector showed its sensi
tivity reduced by a factor 5.2. Because the high 
y-field of the Sb-Be source caused pulse pile-up 
in the scintillation detector, an Am-Be source, 
embedded into a 20 em polyethylene sphere, 
was used to check the low energy neutron 
response. 

COMPACT NEUTRON DOSEMETER 

The 30 em spherical dosemeter is rather 
large and heavy for a portable monitor. An 
attempt was therefore made to reduce its size 

Fm. 3. Compact neutron dosemeter. 

made the response isotropic for the neutron 
energies available. The lower part of Fig. 2 
shows that the deviations from the mean are 
less than 2%. The counting efficiency versus 
energy is shown in Fig. I by the closed circles 
and follows well the dose equivalent curve. 

The response of this instrument has also been 
compared to that of a regular 30 em polyethy
lene sphere dosemeter with a 4 X 4 mm 6Lii 
(Eu) scintillation detector in its center. Within 
the error of the measurement ( ± 2%) the 
response agreed with that of the sphere dose-

* BF3 counter supplied by Reuter Stokes Inc., 
Skokie, Ill., filling pressure 70 em Hg of 10BF3 , 

Model No. RSN-40A-M2. 

l.J{.P. VOL. I-F 

and still retain approximate DE response by 
incorporating a cadmium absorber within the 
moderator. Neutron absorption studies in 
slab geometry using polyethylene and cadmium 
sheets were carried out; these measurements led 
to the design of a 20 em diameter sphere, con
taining an inner 0.5 mm cadmium shell, I 0 em 
in diameter, as shown in Fig. 3. When a 
cadmium sleeve was added around the connec
tor of the BF3 counter, an optimized angular 
response as shown in Fig. 4 was found. The 
deviations from the mean now reach 6% at low 
energies which is still acceptable for neutron 
monitoring. The energy response is shown in 
Fig. I by the open circles. The new design 
has changed the sensitivity •very little but 
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FIG. 4. Angular response of compact neutron 
dosemeter. 

deviations from the dose equivalent curve are 
somewhat larger. 

CONCLUSIONS 

The use of a BF3 counter with appropriately 
located cadmium absorbers instead of a small 
Lil detector in spherical dosemeters results in a 
simple to operate and more sensitive instrument 
with the stable operation inherent to BF3 coun
ters. By embedding further cadmium into the 
moderator a truly portable instrument evolved 
where the weight is reduced from 13.4 kg for the 
30 em sphere to 4.1 kg for the compact dose
meter. The shape of the dose equivalent curve 
from 0.040 to 5 MeV is still followed to within 
± 30% which can be considered adequate for a 
radiation protection monitor. Even at higher 
energies its response follows more closely the 
DE curve than that of a regular 25 em diameter 
polyethylene sphere with a Lil detector, <4 > an 

c.p.m. 

3000 

2000 

1000 

l/r2 

Fm. 5. Counting rate versus inverse square of 
distance between Am-Be source and center of 

dosemeter. 

instrument frequently used at present where 
weight is a disadvantage. All dosemeters inves
tigated show the properties of a point detector. 
This is borne out by Fig. 5 showing the depen
dence of the counting rate on the inverse 
square of the distance between the center of 
the sphere and the Am-Be source, resulting in 
straight lines. The same behaviour is found for 
the other neutron energies. Room scattered 
neutrons add a background which is essentially 
independent of distance. This background is 
given in Fig. 5 by the intersection of the 
straight line with the counting rate axis. 

The high sensitivity of the instruments con
taining a BF3 counter is particularly advan
tageous for the investigation of radiation shield
ing effects and protection measurements around 
accelerator installations. For the 30 em sphere 
dosemeter or the compact dosemeter both 
containing the BF3 counter of 5 em sensitive 
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length, the sensitivity is approximately 20,000 
counts per millirem. 
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A PRACTICAL METHOD FOR EVALUATING NEUTRON 

DOSE EQUIVALENT RATE 

Y. YOSIDDA, H. TATSUTA, H. RYUFUKU, K. KITANO and S, FUKUDA 

Division of Health Physics and Safety, Japan Atomic Energy Research Institute, Tokai-mura, 
Ibaraki-ken, Japan 

Abstract-Measurement of the dose equivalent rate for neutrons is very difficult, when the 
spectrum is unknown and the energies range from intermediate to fast, such as those leaking 
from nuclear reactors. A practical method applied to the field monitoring using survey instru
ments is presented for evaluating the dose equivalent rate for neutrons, the spectrum of which is 
unknown. The detectors employed include a BF3 proportional counter, with paraffin modera
tors 6.5 and 1.0-cm thick sheathed in 0.5-mm thick cadmium, and a scintillation (ZnS + 
plastic) counter. 

The dose equivalent rate DB (mremfhr) for neutrons below about 2 MeV is determined 
as follows. The neutron flux <!>(E) (n/cm 2 ·sec) is measured by the BF3 proportional counter 
covered with a 6.5 em-thick moderator, uniformly sensitive to neutrons below 2 MeV, and the 
effective energy Eerr (MeV) is determined from the ratio of the counting rate by the BF 3 propor
tional counter covered with a 1.0 em-thick moderator, to that covered with a 6.5 em-thick mod
erator. Then DB is determined by means of the equation DB = h(Eerr)<!>(Eerr), where h(E) 

(mremfhrfn/cm2 ·sec) is the conversion factor from the flux density to the dose equivalent rate. 
The dose equivalent rate Ds(mremfhr) for neutrons above about 2 MeV is measured with the 

scintillation counter, the sensitivity of which is nearly proportional to the dose equivalent rate 
for neutrons above 2 MeV, calibrated by the proper source in mremfhr. 

Since the neutron energies range in general from epithermal to fast, the total dose equivalent 
rate D(mremfhr) is obtained from the equation D = DB + Ds. 

The error in evaluating the total dose equivalent rate by the present method was calculated 
to be a maximum of60 per cent for typical neutron spectra, in the energy range of epithermal 

to lO MeV. 
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VAN-DE-GRAAFF MESSUNGEN DER REM-EMPFINDLICHKEIT 

BINES PROTONENRUCKSTOSSZAHLROHRS 

K. HENNING und U. JANSSEN 

Gesellschaft fUr Kernenergieverwertung in Schiffbau und Schiffahrt m.b.H., 
Geesthacht-Tesperhude (B.R.D.) 

Zusanunenfassung-Am Van-de-Graaff-Generator der Universitat Hamburg wurde die 
REM-Empfindlichkeit eines ProtonenRUckstossziihlrohrs fUr Neutronen in dem Energie
bereich von 0,1 his 6,3 MeVals Funktion der Diskriminatorspannung gemessen. Die tiber die 
Neutronen-Energien gemittelte REM-Empfindlichkeit der Ziihlrohre (vom Typ FN2) nimmt 
mit wachsender Diskriminatorspannung ab. Es wurde festgestellt, dass bei den verschiedenen 
Neutronen-Energien die Abweichung von der mittleren REM-Empfindlichkeit bei den 
gewiihlten Diskriminatorspannungen zwischen ± 20 und ±50 Prozentliegt. Da der Einfluss 
der Diskriminatorspannung auf den mittleren Fehler bei der Ermittlung der REM-Dosis also 
relativ klein ist, kann fUr die praktische Neutronen-Dosimetrie im Strahlenschutz auf die vom 
Hersteller vorgeschriebene genaue Einstellung der Diskriminatorspannung verzichtet werden. 
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LA DOSIMETRIE PRATIQUE DES RAYONNEMENTS 

ELECTROMAGNETIQUES ET DES NEUTRONS 

RAPIDES PAR DES CHAMRRES D'TONISATION 

A REMPLISSAGES LIQUIDES 

D. BLANC, P. CAMINADE, J. MATHIEU et j. P. PATAU 

Centre de Physique Nucleaire, Faculte des Sciences, Toulouse; et H. FRANQOIS et G. SouDAIN, 
Service Technique d'Etudes de Protection, CEA, Centre d'Etudes Nucleaires, 

Fontenay-aux-Roses (France) 

Reswne-Les chambres d'ionisation decrites presentent une geometric cylindrique; le 
procede de remplissage assure une etancheite et une stabilite parfaites en fonction du temps. 
L'etude de Ia sensibilite en fonction du diametre des electrodes permet de determiner les 
dimensions optimales du detecteur. 

Pour Ia dosimetric des rayons X et rayons y, le remplissage choisi est un melange d'hexane 
normal et de tetrachlorure de carbone, en proportions telles que le rapport du coefficient 
d'absorption massique en energie dans ce liquide a celui dans les tissus biologiques molls reste 
constant de 30 keV jusqu'a 5 MeV. Pour une tension appliquee de 5,000 volts, la sensibilite est 
de 5 x lQ-7 rad sec-1 et la reponse est lineaire en fonction du debit de dose, jusqu'a 1 rad sec-1• 

Pour la dosimetric des neutrons rapides, on utilise de !'hexane pur, ou un melange d'hexane 
et de benzene presentant la meme concentration en hydrogene que le tissu mou. La sensibilite 
est egalement de 5 x 10-7 rad sec-1• 

Dans un flux constant de particules, un tel dosimetre permet d'evaluer le facteur de qualite 
du rayonnement incident. 
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LA DOSIMETRIE DES NEUTRONS AU MOYEN DE 

COMPTEURS DE GEIGER-MULLER A 
CATHODES ACTIVABLES 

P. BAYLE, D. BLANC et H. RAKOTONDRAFARA 

Centre de Physique Nucleaire, Faculte des Sciences, Toulouse; et M. LEVY etA. VALLEE, 
Laboratoire Central de l'Armement, Fort de Montrouge, Arcueil (France) 

Resun1e-Dans la dosimetrie par activation, le comptage des particules emises par l'echantil
lon pose des problemes delicats, lies ala retrodiffusion des particules, a !'angle de detection, etc. 
Un procede simple permettant d'eviter de telles difficultes, consiste a construire un compteur 
de Geiger-Miiller dont la cathode soit activable: l'angle solide de detection est alors voisin de 

2?T. 
Nous avons etudie la reponse a des flux integres des neutrons de 14 MeV de diverses cathodes, 

selectionnees en fonction de leur travail d'extraction, de leur section efficace d'activation, de la 
periode du radioelement produit. Peuvent convenir !'aluminium, le cuivre, le laiton, !'argent 
et l'acier inoxydable. 

Les compteurs a cathodes d'aluminium, de cuivre ou de laiton permettent de mesurer des 
doses totales allant de 8 rads a 700 rads, selon le flux des neutrons traversant le detecteur. 

Les compteurs a cathodes d'argent ou d'acier inoxydable permettent de mesurer des doses 
allant de 20 rads a 1900 rads environ. 

Le calcul montre que, dans le cas de "flashes" de neutrons d'une duree totale de 0,1 sec on 
obtiendrait une sensibilite de 108 n cm- 2 sec-1 dans le cas de !'aluminium, du cuivre ou de 
!'argent, et une sensibilite de 1010 n cm-2 sec-1 dans celui de l'acier inoxydable. 

Par spectroscopies infrarouges, nous avons egalement etudie les modifications du remplissage 
gaseux produites par !'irradiation neutronique. 
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ABSORBED DOSE DETERMINATION FOR MEGAVOLTAGE 

X-RAYS AND ELECTRONS 

H. MATSUZAWA 

National Institute of Radiological Sciences, Chibas, Japan 

Abstract-Local absorbed dose in the human body irradiated with megavoltage X-rays or 
electrons may be determined from ionization measurements at the place of interest by means 
of the cavity ionization relationship. An air-filled small ionization chamber having a 0.5 mm 
lucite wall, 0.68 cm3 volume and 6 mm diameter has been developed to measure the cavity 

ionization. 
Methods for detecting the collected charge through a resistor or a capacitor have been com

pared with the Townsend balance method. Then, the stem leakage of the chamber has been 
examined for 6°Co "(-rays, 10-29 MeV electrons and 10-29 MV X-rays. The results show that 
the stem leakage is less than 0.2 per cent of the cavity ionization, and hence the leakage may be 
neglected in the practical use of the chamber. Subsequently, cavity ionizations in water 
phantom have been measured by this chamber covered with different thicknesses oflucite caps, 
and the true cavity ionization without lucite wall has been given by means of extrapolation. It 
was found that the effect of the wall is negligible for mega voltage radiations, provided the wall 
is less than 150 mgfcm 2• Absorbed dose in soft tissue relative to the cavity ionization has been 
estimated on the assumption that water is equivalent to tissue. For example, the values are 
0.88-0.82 rads per esu/cm 3 for 10-29 MeV electrons, and 0.98-0.95 rads per esufcm3 for 

10-29 MV X-rays. 
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STOPPING POWER AND DOSE EQUIVALENT OF 

a-PARTICLES IN TISSUE EQUIVALENT GAS 

E, ROTONDI 

Division of Applied Physics, National Research Council, Ottawa, Canada 

Abstract-Biological damage produced by charged particles in tissue depends on the dose 
delivered and on the linear energy transfer. It appears therefore of fundamental interest to 
investigate stopping power data for dosimetric purposes. A method has been developed to 
measure rapidly the range-energy relation and stopping power of a-particles in gases. The 
apparatus, reported in previous work, consists of a gas absorption cell in which a-particles from 
210Po lose their energy, and of a semiconductor detector which measures the residual a-energy. 
Stopping powers for a-particles have thus been obtained for C~, GOa, 0 2 and N 2 over an 
energy range from 0.1 to 5.3 MeV. Assuming that the stopping power is independent of the 
state of condensation of the medium and that it follows Bragg's additivity law, stopping powers 
in tissue (H: 10.1%, C: 12.1%, N: 4.0%, 0: 73.6% by weight) have been calculated. The 
results are higher by as much as 50 per cent at 1 MeV than those given by Neufeld and Snyder. 
Consequently the dose equivalent for a-particles has, for instance, to be increased by 15 per cent 
at 1 MeV. Agreement between the present stopping powers and those given in a review by 
Whaling for Ea > 2 MeV has been found. 
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DISCUSSION 

w. N. SAXBY (U.K.): 

In her excellent seminar of eight papers on widely 

diverse topics, Dr. Ehrlich made two points which 

deserve further discussion. 
First: She said that in personal dosimetry and record 

keeping there is perhaps a tendency to be getting 
insignificant returns for the efforts expended. I 

believe that this may well be true, and before more 
effort is used, and certainly before new dosemeter 

materials are brought into use, operational Health 
Physicists should critically examine the reasons for 

carrying out personal dosimetry. Dr. Ehrlich quoted 

data showing how very few people exceed 1/lOth of 
the annual dose limit, this is also true in England, and 
of all these it can probably be truly said that they "are 

most unlikely to exceed 3/IOths of the annual dose 
limit" and as suggested by ICRP (ICRP Publication 

No.9, Pergamon Press, Oxford, 1966) need not there
fore be subject to special Health Physics and Medical 

Surveillance and do not need to have formal personal 
dose records kept for them. This is not however 

necessarily . to be taken to mean that some form of 

personal dosemeter will not be issued to this group of 
people, since in areas handling large and varied re

search and development programmes, dosemeters 
worn on the person may well be the only practicable 

and· economic way of checking that the protective 
measures adopted are keeping the working radiation 

environment at satisfactory exposure levels. However, 
any such dosemeters are monitoring the working 

environment, not the person, and the interpretation 
and record keeping need not be so complicated or so 

formal as for personal dosemeter data. If we carry out 
this review carefully and see personal monitoring 
objectives clearly there is scope for a considerable 

saving in time, effort and records. 
Second: Dr. Ehrlich indicated that there is a strong 

feeling that the old well established extremely in
formative, but difficult, film badge should be dis

placed by some other dosemeter. Such sentiments are 
too sweeping; at the present time there is no one 

entirely satisfactory dosemeter and there may never 
be such a paragon of virtues.:'·The 'dosemeter of choice 
must depend on local circumstan~es: ort the range of radia
tions, and types of operations, on·l'J.ational statutory 

requirements, and on other factors. Thus in a large 
U.K. nuclear research and iadioactive materials 

devplopment establishment there is a need for a dose-

meter which will respond in a known way to all types 
and energies of radiations, including all gamma 

energies from say 1 7 ke V to several MeV and will 
enable processing staff to determine if it has been 

contaminated and what sorts of energies have been 

involved, to name just two diagnostic requirements; 
also the dosemeter should ideally be capable of ex

posure on the body or on the first finger joints. At the 
present time the film badge is nearest to doing all of 

this, helped by LiF thermoluminescent dosemeters; 
glass cylinders or rods are a long way from meeting 

these requirements; LiF is expensive, labor consuming 
and is not yet in a position to be used entirely alone, 

but current research might make it useable and 
economical. I hope to hear further discussion on these 
points during the next few days. 

D. NACHTIGALL (Euratom): 

In ihrem Rapport iiber unsere Arbeit hat Frau 
Ehrlich gesagt, dass wir bei unserer Abschiitzung 

iiber die Augendosis .die Empfehlungen der ICRP 
iiber die Anwendung modifizierender Faktoren nicht 

beriicksichtigt hiitten und class, wenn wir das getan 

hiitten, unsere Abschiitzungen ungiinstiger ausgefallen 
wiiren. Das ist natiirlich richtig. Ich miichte aber 
hier auf die praktischen Konsequenzen hinweisen, die 

daraus resultieren wiirden. Ich miichte zuniichst 

den betreffenden Abschnitt aus den ICRP-Empfeh
lungen, veriiffentlicht in der Publication 9, Seite 4, 
Pergamon Press, 1966, zitieren: "When the lens of the 

eye is irradiated, an additional modifying factor may 

need to be used as well as the QF. The value of the 
modifying factor should be 3 when the QF is 10 or 
greater, but should be I when the QF is I. The value 

of an appropriate modifying factor to be used with 

values of QF between I and 10 may be obtained by 
interpolation between 1 and 3". Im praktischen 
Neutronenstrahlenschutz hat man es im allgemeinen 

mit Streufeldern zu tun. Dabei ist immer mit einer 
Augenbestrahlung zu rechnen. Der modifizierende 
Faktor muss also mit in Rechnung. gestellt werden. 

Die Anwendung der genannten ICRP-Empfehlung 

wiirde bei schnellen N etronen von 1 MeV zu einem 
effektiven QF von 30 fiihren, bei thermischen Neu

tronen erhielte man den effektiven QF von nahezu 6. 

Das wiirde zu einer neuen Dosisiiquivalentkurve 
fiihren, und man miisste in Zukunft unterscheiden 

zwischen dem bisher gebriiuchlichen Begriff des 
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Neutronendosisaquivalentes und dem "Augen-Dosis
aquivalent" der Neutronen. Ausserdem muss erwahnt 
werden, dass es im Augenblick kein Survey-Mess
gerat gibt, dass das "Augen-Dosisaquivalent" misst. 
Als vortibergehende Kompromisslosung bietet sich 
an, die mit dem gebrauchlichen rem-counter gemes
senen Werte einfach mit dem Faktor 3 zu multi

plizieren. 

M. EHRLICH: 

Well, I agree with Mr. Nachtigall that it is going to 
be difficult to realize this and I understand that some 
countries will not go along with ICRP 9. But on the 
other hand, these recommendations are not made by 
what is easy to realize but by what is a biological 

necessity. 

K. BECKER ( Gennany) : 

Offensichtlich ist die Zahl der Filter in Filmdosi
metern immer noch im Ansteigen begriffen. Damit 
wird zwar die Genauigkeit der Energie--und damit 
der Dosisbestimmung fUr Photonen unter Labor
bedingungen etwas verbessert, gleichzeitig aber die 
Auswertung kompliziert, Randfehler werden wahr
scheinlicher usw. Allgemein bekommt man den Ein
druck, dass hier der Aufwand zur Verminderung einer 
Fehlerquelle dazu fiihren kann, die Aufmerksamkeit 
von zahlreichen anderen Fehlerquellen, die nicht 
weniger bedeutsam sind (Richtungsabhangigkeit, 
Latenzbildschwund, Verschleierung, Entwicklungs
und Auswertungsfehler, etc.) abzulenken. 

Zu vollig falschen Vorstellungen tiber die mit Film
dosimetern erreichbare Genauigkeit fiihren Vergleichs
messungen, welche unter idealisierten, d.h. starker 
auf die Moglichkeiten der Filmdosimetrie als auf die 
tatsiichlichen Erfordernisse abgestimmten Labor
bedingungen (frontale Freiluftbestrahlung mit Quan
tenstrahlung in einem relative engen Dosis- und 
Energiebereich unter rtickstreuarmen Bedingungen, 
relativ kurzfristige Lagerung von Kontroll- und 
Testfilmen unter identischen Bedingungen, ausge
sucht sorgfaltige Auswertung) immer wieder durch
geftihrt werden. Wenn die Testbedingungen besser 
an die tatsachlichen Verhaltnisse der Praxis wie z. 
B. Lagerung fi.ir sehr verschiedene Zeiten unter 
unterschiedlichen Klimabedingungen und verschie
dene Einfallrichtungen und Orientierungen zum 
Phantom angeglichen werden, sind die Ergebnisse 
ungleich schlechter. Nur in Aussnahmefiillen wird 
dann eine hinreichende Obereinstimmung zwischen 
Dosimeteranzeige und Ganz- oder Teilkorper
(Organ-) Dosis gefunden. 

K. KoREN (Norway): 

There is one imp'ortant aspect of personnel dosi-

metry that must be considered here, namely the cost of 
distribution from a central institution to users in a 
whole country. I can not see how solid state dosi
meters can make P.M. films obsolete at this stage, 
because the postage expenses would still be too high 
for glass and other solid devices. Otherwise I do 
agree with the remark that one should not over
estimate the accuracy of film dosimetry even when a 
series of filters has been introduced into the film
holder. 

G. CowPER (Canada): 

It has been noted in the discussion that it is difficult 
to design a film dosimeter whose sensitivity will ex
tend over a very wide range of energies. However, it 
must be stressed that the objectives of a design should 
not generally require a great energy dependence 
characteristic. Only rarely will the primary purpose 
of a film dosimeter for gamma radiation be to deter
mine the dose to the skin. Most frequently, the 
principal objective is to assess the dose to the bone 
marrow, the gonads, or, in an emergency situation, to 
the GI tract. For such purposes, a dosimeter is 
required whose sensitivity diminishes below an energy 
of 100 keV. This is not a particularly difficult task. 
Multiplicity of filters is only required if spectrometric 
data of the incident radiation are required. An 
advantage of a simple system, e.g. an open window, a 
beta filter and a gamma filter is that it allows a greater 
area of fihns for assessment of the dose. 

W. N. SAXBY (U.K.) (Remarks): 

The last gentleman intervening after Dr. Ehrlich 
suggested that in my comments I had implied a "uni
form response from 1 7 ke V to several MeV" : this was 
not so. I said "a known response"; I agree with him 
that what may well be needed in particular circum
stances is a dose equivalent in some specific organ or 
at some point in or on the body, or over a whole organ 
or body mass-but it is still necessary to have a known 
starting exposure measured by some specified and 
defined means. 

D. NAcHTIGALL (Euratom): 

Ich mochte folgende Frage fur diese Diskussion 
stellen: nach den ICRP Recommendations und 
Veroffentlichungen, zum Beispiel NBS Handbook 80, 
ist das Dosisaquivalent gegeben aus dem Produkt 
Absorbed Dose, also Energiedosis, multipliziert mit 
dem QF, multipliziert mit dem Distribution Factor 
oder mit anderen modifizierten Faktoren. Nun haben 
wir in dem Vortrag des Dr. Rotondi gehort, dass 
das kugelformige Dosimeter das Dosisiiquivalent 
entsprechend den ICRP Recommendations misst. 
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Die Recommendation in der Publication N. 9 emp
fiehlt, class der modifying factor 3 fi.ir Strahlung, der 
QF 10 zugeschrieben werden muss, benutzt werden 
soil; class heisst als Konsequenz, class es jetzt nach 
den ICRP Recommendations 2 verschiedenen Typen 
von Dosisaquivalenten gibt: ein Typ umfasst nicht 
den Faktor 3 ftir schnelle Neutronen und 2 fiir 
thermische Neutronen, umfasst also nicht die Bestrah
lung der Augenlinsen mit und die andere Defini
tion umfasst diese Bestrahlung mit. Und ich miichte 
vorschlagen, class in Zukunft immer dazu gesagt 
werden soil urn welches Dosisaquivalent es sich in 
diesem Faile handelt: das Dosisaquivalent einschliess
lich Augen oder Dosisaquivalent ausschliesslich 
Augen. Das kompliziert die ganze Sache sehr. 

A. Rrnm (Gem) : 

Vorrei conoscere quel'e la risposta della vostra 
camera a dielettrico liquido in funzione del Q.F. per 
differenti radiazioni (n, gamma di varie energie, 
campi misti). 

D. BLANC: 

Les facteurs de qualite des rayonnements sont 
deduits des points de concours du prolongement des 
"paliers" sur I' axe des abscisses. Ces points s'echelon
nent, dans 1a partie negative de l'axe, des va1eurs du 
champ electrique moyen de (-10 kV/cm) pour les 
particu1es a; a (-18 kV/cm) pour les rayons X ou y. 

Ces points s'alignent dans l'ordre des facteurs de 
qualite. 



DOSE TO TRABECULAR BONE FROM INTERNAL 

BETA-EMITTERS 

F. W. SPIERS 

Medical Research Council, Environmental Radiation Research Unit, Department of Medical 
Physics, The University of Leeds, Leeds, England 

Abstract-Consideration is first given to the general structure of trabecular bone and to the 
location of tissues within it that are relevant to possible radiation damage, namely ( 1) active 
bone marrow, as the blood-forming tissue, and (2) endosteal tissues close to trabecular 
surfaces. 

For dosimetric purposes, data are required on the dimensions of the trabecular cavities and 
of the over-all dimensions of the trabecular parts and of the cortical thickness in different bones. 
Investigations are described by which these physical characteristics have been obtained. 

Methods of calculation of the mean marrow dose and the mean dose to endosteal surfaces are 
discussed and results given for individual bones, and for the whole skeleton, for the radioisotopes 
14C, 45Ca and 90Sr. The implications of~-particle dosimetry in trabecular bone for the setting 
of maximum permissible levels of ~-emitters in bone are briefly discussed. 

1. INTRODUCTION 

Bone has for long been recognized as one of 
the most important organs at risk from the 
internally-deposited radioisotope, and has been 
taken as the critical organ for about one
quarter of all isotopes listed in ICRP Publica
tion 2.'1> It is only recently, however, that 
detailed consideration has been given to the 
microscopic structure of bone in relation to the 
dose delivered to particular tissues within it. 
This is perhaps not surprising in view of the 
complex nature of bone and the lack of precise 
information on the relative radiosensitivity of 
the tissues involved. It is becoming increasingly 
possible, however, to extend the concept of 
dose to bone beyond· that of the average 
energy deposited in 7000 g of skeleton, regarded 
simply as a more-or-less uniform substance, 
having a greater density and higher atomic 
number than soft tissue. Work on some aspects 
of thi;; approach to bone dosimetry will be 
described in this paper. 

relevant to the physical aspects of radiation 
action. The hard bone of the cortex has a 
thickness of 5 mm or more in the bone shaft 
but thins out towards the end of the shaft and is 
very thin at the head of the femur. The bone 
shaft is filled mainly with connective tissues, 
yellow marrow and blood vessels, but towards 
and at the ends of the bone, the bone consists 
of a network of interlacing thin lamellae of 
hard bone, forming a system of small cavities 
which contain the red, blood-forming marrow. 
This trabecular or spongy bone can be seen in 
Fig. I (b) to comprise almost the whole of a 
vertebral body which furthermore has only a 
very thin cortex. Trabecular bone is also 
present in the flat bones of the body such as 
the hip bone, the scapulae and the ribs (Fig. 
1 (c)). The cavities in trabecular bone vary con
siderably in size and shape in any one bone, 
and different bones, and different parts of the 
same bone, vary in the range and distribution 
of cavity sizes. Compare, for example, the large 
cavities in the femur and the vertebra with the 

2. STRUCTURE OF BONE AND LOCATION much smaller cavities in the iliac crest. 
OF RELEVANT TISSUES The thin bone lamellae or trabeculae vary 

The section cut through a long bone, the in thickness from place to place but are of the 
femur, in Fig. l(a) shows the features which are order of 100 !L thick; they contain mature bone 
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cells, the osteocytes, which receive their nutri
ents via canaliculi from the plasma of the bone 
marrow. The photomicrograph in Fig. 2 shows 
a few such cells in a bone trabecula and shows 
also other cells, osteoblasts, which lay down the 
bone matrix, and osteoclasts, which resorb bone, 
lying close to the trabecular surfaces. The more 
primitive ancestral cells, or "osteoprogenitor" 
cells lie somewhat farther away from the trabe
cular surface. Apart from these layers of endo
steal cells, the cavities are filled with cells of 
the active marrow. 

If, as in radiation protection we are con
cerned with damage to the blood-forming tissues 
and the avoidance of radiation-induced anaemia, 
or of leukaemia of the myeloid type, clearly the 
relevant tissue is the red marrow in the trabe
cular cavities for there are normally too few 
active marrow cells in the yellow marrow of the 
bone shafts to make their consideration signifi
cant. If, on the other hand, the risk of radiation
induced bone tumour is to be considered, there 
is good evidence accumulating, reviewed by 
Vaughan, <2 > that osteogenic tumours in irra
diated animals arise in endosteal tissues
presumably in the osteoprogenitor cells from 
which the osteoblasts develop. This directs 
attention to the dose to the tissues which lie 
close to all endosteal bone surfaces but parti
cularly to those in trabecular bone where the 
extent of these surfaces is so very great. Although 
it is difficult to define the exact location of the 

osteoprogenitor cells with respect to the trabe
cular surface, a zone between 5 J.l. and 10 J.l. from 
the bone surface is thought to be a realistic 
site for purposes of dose calculation. 

FIG. I. Sections of human bone: (a) shaft and 
upper end of femur, (b) lumbar vertebra, (c) 
part of hip bone sectioned through the iliac 

crest. 

1--------l 
IOOJ-L 

FIG. 2. Photomicrograph of a section through a trabecula showing the associated cells. 
(By permission of Academic Press, New York.) 
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3. MENSURATION OF TRABECULAR BONE 

Calculations of the endosteal tissue dose and 
the mean marrow dose require, in the first 
place, a knowledge of the dimensions of the 
trabecular cavities. For long range particles, 
however, the over-all size of the bone may be 
insufficient to give conditions of particle equilib
rium, and in some bones ,8-particles from iso
topes deposited in the cortex can contribute 
significantly to the trabecular dose. It is 
necessary, therefore, to specify additionally 
both the over-all bone dimensions and the 
thickness of the cortex. 

A start on the measurement of cavity dimen
sions in trabecular bone was made some years 
ago <3 > and mensuration of a limited number of 
bones in the adult and child has been used as 
a basis for determining the dose to trabecular 
bone from 90Sr + 90Y. <4 > In this work very sim
plified bone shapes were assumed; flat bones 
were regarded as made up of a slab of trabecular 
bone of given average width between two plane 
sheets of cortical bone; the ends of shafts con
taining trabecular bone were taken to be cylin-
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LUMBAR VERTEBRA 3 

ADULT (33 yrs.) 

MEAN CAVITY SIZE IN 

Fm. 3. Distribution of.marrow cavity sizes in 
trabecular bone of the third lumbar vertebra of 
an adult and a child aged 5 years. (By per-

mission of Academic Press, New York.) 

CIRCLE OF EQUIVALENT AREA 

FIG. 4. Equivalent-circle method of determin
ing the mean size of a cavity in trabecular bone. 

ders with walls of uniform thickness. Repre
sentative average thicknesses and other dimen
sions were obtained by simple measurement of 
sections of the bones concerned. The sizes of 
the cavities in the trabecular parts of the bone 
were measured on an optical enlargement of a 
photograph of a section through the trabecula
tion. The cavity size was taken to be the average 
linear dimension of the cavity as seen in the 
section. Such a simple measure of cavity size, 
however, can be only a rough approximation 
and it can only be used in a dose calculation 
by further assuming the cavity to have some 
simple geometrical shape. With these limita
tions in mind Fig. 3 depicts the distributions of 
cavity sizes in the sections of the third lumbar 
vertebra of an adult and a child; despite the 
crudity of this approach to the problem there is 
clearly a very significant difference between the 
adult and the young bone, a difference which 
will affect the ,8-particle dose to the bone 
marrow. 

A convenient and better method of making 
the measurement of average cavity dimension 
is illustrated in Fig. 4. A projection microscope 
is used to view the trabecular bone section and 
a set of circles on the viewing screen enables 
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any given cavity to be designated by a circle 
of "best fit" or equivalent area. 

An entirely different method and a new 
approach to describing the relevant physical 
dimensions in trabecular bone is shown in 
Fig. 5. If for the moment we regard the ionizing 
particles as travelling in straight lines, any given 
particle will cross one or more cavities with 
varying path lengths in bone marrow, depending 
on the cavity size, shape and point of entry. If 
we had a complete distribution of all possible 
path lengths (in three dimensions) in a given 
portion of trabecular bone, we should have a 
basis on which to calculate the fraction of the 
particle's energy deposited in the marrow. Al
though we have only developed this idea so 
far in relation to what we shall call "single
cavity" calculations, and although we have used 
only hand-operated, "un-automated" tech
niques, we have compared the new and the old 
methods on the same section of an adult lumbar 
vertebra. The path length distribution has been 
obtained with the aid of a rectangular grid on 
the screen of the projection microscope, as shown 
in Fig. 5, and we have investigated the distri
butions of path lengths so far in only two mutu
ally perpendicular directions. The results of 

PATH LENGTHS IN MARROW 

FIG. 5. Method of measuring the distribution of 
path lengths in marrow cavities in trabecular 

bone. 
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FIG. 6. Equivalent-circle distribution and path
length distribution measured in the same section 
of a lumbar vertebra. Circles give path-lengths 
measured in the x-direction and triangles in 

they-direction. 

the measurements in the two directions are 
seen to be in reasonable agreement in Fig. 6, 
where they are also compared with the "equiva
lent-circle" distributions for the same bone. The 
important feature of the new method is that 
it provides a physical description of the cavity 
dimensions (and, when required, of the dimen
sions of the trabeculae) which can be used for 
dosimetry without the necessity for assumptions 
about the cavity shapes. 

4. METHODS OF DOSE CALCULATION AND 

SOME RESULTS 

A number of methods, <6
-

9 > developed in 
recent years, can be applied to the calculation 
of dose in trabecular bone; they give the dose 
inside cylindrical and spherical cavities or in 
slabs of tissue between plane sheets of bone. 
If the energy of the ,8-particle is sufficiently low, 
its range in bone may be of the same order as 
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the thickness of the trabeculae and the irradia
tion of the tissues within a cavity will then 
arise only from ~-particles emitted by its own 
boundary walls. This is the case for the 140 
ft-particles (Ep = 0.155 MeV) and practically 
so for 45Ca (Ep = 0.25 MeV), where about 10% 
of the ~-particles have rang~s which are greater 
than the average trabecular thickness, but still 
insufficient for any significant dose contribution 
to come from trabeculae other than those 
immediately around the marrow cavity. Single
cavity calculations of the endosteal surface dose 
and the mean marrow dose can then be made by 
assuming spherical cavities and integrating the 
data of Charlton and Cormack <7 > over the 140 
and 46Ca {3-spectra. The variation of the surface 
dose ratio Ds/Do, the mean marrow dose ratio 
15;,/Do and the ratio Ds{Dm with cavity size 
for these two isotopes is shown in Figs. 7 and 8. 
The ratio of surface dose to mean marrow dose 
rises steeply with cavity size and, for a large 
cavity of 1500 JL diameter, rises to a value of 
6 for 46Ca and 13 for 140. By weighting the 
values of Ds/Do or Dm/Do for each cavity size 
by the relative cavity size distribution (see, 
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for example, Figs. 3 or 6), average values for a 
given bone section can be obtained. 

Similar data for 90Sr + 90Y are shown in 
Fig. 9; they are taken from the calculations of 
Engstrom et al. <9 > for a sandwich model of 
trabecular bone, comprising an array of plane 
lamellae of bone, 70 f.L thick, separated by layers 
of marrow of variable width. These data have 
been used to obtain dose values for various 
bones, using measured cavity size distributions 
and adding an increment of 25% as an esti
mated allowance for changing from plane to 
spherical geometry. <4 > 

Available data on the ratio of the average 
endosteal dose to the average marrow dose for 
a number of different bones are listed in Table 1 
for the three isotopes so far studied. Estimated 
values for the whole skeleton are also included. 
Before considering the implications of the data 
in Table 1 in relation to the setting of permis
sible levels of bone-seeking f3-emitters, some 
preliminary results should be given on the 
application of linear path-length distributions 
to dosimetry in trabecular bone. 

Calculations have been made of the mean 
dose to bone marrow on the basis of the distri
butions of cavity dimensions shown in Fig. 6, 
and for irradiation by mono-energetic X-rays 
in the energy range 20 to 170 keV. Calculations 
for X-radiation were made because the mean 
marrow dose could then be investigated experi
mentally, using a thermo-luminescence tech
nique in which very fine grain LiF powder is 
introduced into the actual section of vertebra 

used for the cavity size measurements. <10 > The 
equivalent-sphere distribution in Fig. 6 was 
combined with data based on Charlton and 
Cormack's calculations for the X-ray dose in 
spherical cavities <7 > to give the variation in 
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dx 
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BONE MARROW BONE 

FIG. 10. Diagrams illustrating the method of 
calculating the energy deposited along a path
length L in marrow by f3-particles of range R in 

tissue and range Rfp in bone. 

Table I. 

Ratio D 8 /Dm 
Bones 

Ep(MeV) DDSr 45Ca ac 
1.1 0.086 0.054 

Hip fine 1.5 2.7 5.4 
coarse 1.7 

Cranium 1.2 
Rib 1.3 3.4 6.6 
Femur head 1.8 

upper shaft 1.6 
Vertebra L.V.3 2.1 4.2 8.4 
Whole skeleton 2.0 3.5 7.0 
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dose with photon energy. The linear path
length distribution was combined with a simple 
energy-deposition calculation, the principles of 
which are illustrated in Fig. 10. The formulae 
for the mean marrow dose can readily be de
duced as: 

m R 
Dm/Do = l + m L for R < L 

andDm/Do = l: m~ [1- (1-~) .7+
1

] 

for R > L 
where m is the exponent in the range-energy 
formula R = AEm and is taken to be 1. 75 for 
energies up to a few hundred keV, as in the 
work of Charlton and Cormack <7 > and the later 
evaluations of Howarth. <8 > 

It can be seen from the results shown in Fig. 
11 that the linear path calculations lead to the 

higher values of Dm/Do; the equivalent-sphere 
calculations are lower partly because there is 
almost certainly an over-weighting of the low 
values by the large marrow mass attributed to 
the larger cavity dimensions as they appear in 
the section. The experimental results are as 

yet only very preliminary, but they lie on or 
above the linear-path curve in Fig. 11. Similar 
comparisons of calculated and measured mean 
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Fw. 11. Calculated values of the dose to marrow 

in trabecular bone compared with that to soft 
tissues remote from bone; the right-hand scale 
gives the percentage extra dose to bone marrow 

from the photoelectrons released in bone. 

marrow dose are being made, in collaboration 
with Dr. M. Goldman of the University of 
California, on samples of beagle bone containing 
9"Sr + 90Y. One immediately apparent feature 
of the dog bone, which must greatly affect the 
level of the mean marrow dose, is the fineness 
of the trabecular structure compared with the 
corresponding human bone. 

Table 2. 

~ 
., 

gosr 45Ca 14Q U~its y 

1. Ep 1.1 0.086 0.054 MeV 
2. Do'' 2.7 0.21 0.13 remjyr 
3. Dm{Do 0.21 0.16 0.075 
4. D./Do 0.42 0.56 0.53 
5. Dm 0.55 0.034 0.010 remfyr 
6. n. 1.10 0.118 0.069 remjyr 
7. Skeletal burden 

for 5 remsjyr to 

bone marrow 9 150 500 1-'Ci 
8. Skeletal burden 

for 15 remsfyr to 
endosteal tissue 13.5 125 220t 1-'Ci 

*Do is dose-rate to bone, taken as 7000 g wet bone without marrow, containing 

uniform deposit of 1 1-'Ci. 
t Dose to body-fat is still the limiting factor in setting mpbb for 14C. 
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5. PERMISSIBLE LEVELS FOR ,8-EMITTING 

BONE-SEEKING ISOTOPES 

Although it would be premature, on the basis 
of this limited data, to put forward new solutions 
to the difficult problem of setting maximum 
permissible levels of ,8-emitters in bone, the dose 
ratios given in Table 1 suggest that a dosimetric 
approach is worthy of consideration. Two 
tissues in bone have been identified as relevant, 
bone marrow and the endosteal tissues in 
trabecular bone, and the mean doses to them 
can be determined at least for some isotopes. 
In terms of the present maximum permissible 
annual doses (a) 5 rem to bone marrow and (b) 
15 rem to any single internal organ, e.g. to 
trabecular endosteum, the marrow dose would 
clearly be the limiting factor in the case of 90Sr. 
For 45Ca, and for any ~-emitter oflower energy, 
the endosteal dose would set the limit. Some 
values of the dose-rates produced by a uniform 
skeletal burden of l,uCi are given in Table 2 
to illustrate the order of maximum permissible 
levels implied by these arguments. Other {3-
emitters which are deposited in the bone matrix 
would fall into one or other category according 
to the ratio of endosteal to mean marrow dose. 
Provided sufficiently good information is avail
able about their location, even ,8-emitters which 
are deposited on bone surfaces, rather than in 
the matrix, may well be amenable to the type 
of calculation considered here. If these methods 
become sufficiently well founded, some of the 
serious difficulties inherent in the present com
parison of low LET ~-emitters with the high 
LET a-radiation of 226Ra may be avoided. 
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MECHANISMS OF PULMONARY CLEARANCE OF INHALED 

PLUTONIUM DIOXIDE 

AN AUTORADIOGRAPHIC STUDY AND PARTICLE 

SIZE ANALYSIS* 

L. J. CASARETTt and P. E. MORROW 

Dept. of Radiation Biology and Biophysics, University of Rochester Medical Center, 
Rochester, New York 14620 

Abstract-An autoradiographic technique is described for measuring particle size distributions 
of inhaled 239Pu02 in alveoli of dogs and rats at various periods of time after exposure. Addi
tional data are presented for the tracheo-bronchial tree of rats and lymphoid tissue of dogs. In 
rat alveoli, an early (6 hr) decrease in MMD is followed by a rise (2 days) and a second de
crease (7 to 32 days). A similar cyclic change in CMD in dog alveoli is found with a different 
time sequence (1 to 406 days). The implications of these and other observations are dis

cussed. 

INTRODUCTION 

The pharmacokinetics and toxicology of plu
tonium compounds have generated an increasing 
interest for over twenty years. Of particular 
interest has been the behavior of insoluble 
plutonium compounds after inhalation. Earlier 
studies by Langham, Abrams and others <1 -

6 l 

have been extended with a view to relating 
potential human hazard with the properties of 
the material inhaleq, with values for pulmonary 
deposition and retention and to the pathways 
and mechanisms of clearance. 

In more recent studies in the rat<6 -8 l and 
dog, <9- 13 l one aspect of particular interest has 
been the relation of particle size to deposition 
and clearance of alveolar regions. The present 
report has utilized experimental material from 
rats in a collaborative study with Boecker <7 l 

and from dogs in a study by Morrow and co
workers. <9 - 13 l Although some pertinent aspects 
of the autoradiographic findings are included 
incidentally here, detailed reports of each study 
will appear separately. This paper deals pri-

* This work was performed under A.E.C. Contract 
W-7401-ENG-49. 

t Present address: Dept. of Pharmacology, Univ
ersity of Hawaii, Honolulu, Hawaii 96816. 

marily with the relation of particle size to 
pulmonary clearance. 

Morrow and Casarett <9 l reported that in dogs 
two total respiratory tract deposition patterns 
were observed, 56% deposition in one group 
exposed to aerosols with an average CMD of 
0.24 p., ag, 1.81 and the second group with an 
88% mass deposition following exposure to 
aerosols with mean characteristics of CMD of 
0. 7p., ag, 1. 77. Studies by Bair et al. <10 • 

12 l 

for three different count median diameters 
(0.60, 0.43 and 0.86p.) and presumably com
parable particle distributions, further extended 
the relation of alveolar deposition and clearance 
to inhaled particle size. 

To assess possible particle size dependency of 
rate and route of pulmonary clearance, Morrow 
and Casarett <9 l utilized an autoradiographic 
estimation of particle size in tissue structures 
in a preliminary series of four dogs sacrificed 
from 16 to 125 days after exposure. Among 
other findings, they reported a more tenacious 
retention of small particles (0.04-0.12 fL dia
meter) in alveolar regions and, consequently a 
relative increase in the percentage of particles 
of this size found with increasing time after 
exposure. In an extensive study using nearly 
the same technique, Bair et al. <12 l reported 
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data which, although differing in some details 
and subject to differences in interpretation, 
were not markedly unlike that reported pre
viously for equivalent inhaled particle sizes and 
approximately equivalent times after exposure. 

Although the techniques used were reported 
to be the same in both studies, there were sig
uiflcant differences and both executions were 
subject to more imprecision than necessary. 
Neither report included attempts at characteri
zing the distribution as a continuous function 
and both used different particle intervals. The 
study by Bair and co-workers has the advantage 
of short time intervals after inhalation and, 
while not strictly comparable to the dog work 

A B 

SOLID= surface tracks 

A correction for geometry was made in pre
vious studies; Bair et al<12 > apparently used 
the same correction of 40% efficiency for all 
track counts irrespective of the density of 
radial tracks arising from the particle. Morrow 
and Casarett <9 > used a preliminary sliding scale 
based on a 30-40% efficiency. The present 
study employed a refined correction. Figure 1 
illustrates the variable ease of detection of 
tracks. As the density of tracks increases there 
is a decreasing likelihood of viewing tracks. For 
example, with small numbers of tracks (A, B), 
it is relatively easy to detect tracks entering 
the emulsion at an angle to the horizontal. 
However, as the number of tracks increases 

c D 

t?.eU~P..: angular tracks 

FIG. 1. Schematic representation of alpha track detectability. Relation of sunburst density to 
detection geometry. 

reported herein and previously, is of considerable 
value in itself and of particular pertinence in 
this report in allowing a comparison with rat 
data for equivalent time periods after inhalation. 

METHODS 

Animals were exposed, handled and sacrificed 
as previously described. <7 

• 
9

• 
13 > Tissues for auto

radiography were fixed in 10% neutral buffered 
formalin, sectioned in paraffin at about 6 11-

thickness and sections were floated on NT A* 
nuclear track plates (20 11- thickness) or covered 
with NTA nuclear track bulk emulsion (at 
least 20 f-L thickness). Autoradiograms were 
stored for exposures of l day to l year and were 
processed under conditions specified by the 
manufacturer. Sections were routinely stained 
in hematoxylin and eosin. 

*Eastman Koda'"k Company, Rochester, New York. 

(B, C), fewer of the angular tracks are detect
able; thus a smaller fraction of the emissions 
is counted the larger the number of tracks 
associated with the autoradiographic mani
festation of the particle. 

A curve for geometry correction was construc
ted. It will be noted in Fig. 2 that a measure of 
efficiency of detection can be taken as the 
detectability of tracks with the greatest angle 
of entrance into the emulsion and therefore 
the shortest apparent laterallengtl). wQ.en viewed 
microscopically. Over 2000 sunbursts ranging 
from l 0 to 285 readily observable tracks were 
examined for the track with the shortest ap
parent lateral traversal. As indicated in Fig. 2, 
the angle (} was calculated frbrp. the known 
length of track ("real") either by ~irect mea
surement or by calculation from the Pu energy 
and the stopping power of the emulsion. The 
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solid angle of the sphere which is, in fact, all 
that is really counted, can then be calculated 
and translated to an efficiency correction. 

From autoradiograms of lung from each 

animal, random fields were viewed micro
scopically, a minimum of 500 particles was 

EFF = 3 2 6~ XlOO SOURCE 

I I 

:Y:Vn' EMULSION 

REAL APPARENT 

FIG. 2. Diagram illustrating calculation of track 
count efficiency. Geometry of particle track 

count. 

counted for alveolar regions and the number 
of tracks for each was registered. Particles 
viewed in small, medium and large bronchiolar 
structures and in lymphoid tissue were also 
recorded. The total number of particles was 
about evenly divided among three autoradio-

graphic exposures (short, intermediate and 
long). Each event recorded was corrected for 
geometry and exposure time and corrected to 
disintegrations per day. These values in turn 
were converted to particle size assuming a spheri
cal shape, a density of 11.5 and a specific 
activity of 5.44 X 10- 2 Cifg Pu02• 

The particle size distribution thus obtained 
was divided into 15 intervals, interval 1 rep
resenting particles less than 0.0584 micron 
diameter and interval 15 containing all particles 
greater than 0.298 micron diameter. Data 
were placed in a program described by 0. 
Raabe, <14 > for calculation of the distribution 

parameters. 

RESULTS 

The calibration of efficiency of track count is 
shown in Fig. 3. It is clear that at low track 
density there is only a slight variation in 
efficiency, but as the track number density 
exceeds 100, there is a rapidly declining effici
ency of detection (increased correction factor). 
It will be noted that assumption of a 5 fL depth 
of field in high density sunbursts, a not unrea
sonable figure, results in a theoretical efficiency 
which falls close to the empirically determined 
curve. It will also be noted that the maximal 
efficiency (smallest correction) is approximately 
40% (2.50), the maximal value used in previous 
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studies by Morrow and Casarett <9 > and Bair 
et al. <12> 

Before the computerized data reduction 
became available, data were plotted and com
pared graphically. In Fig. 4 is shown an example 
of the particle size distributions obtained for 
alveolar regions of some of Lhe rats from one 
exposure. ("Size" is presented as corrected 
raw track counts for a single autoradiographic 
exposure.) It appeared that the distribution first 
shifted to the left suggesting the clearance of 
smaller particles. Later the distribution ap-
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peared to move to the right of the line dt.'lig
nating initially deposited material (immediate 
sacrifice) indicating the opposite, viz. that 
smaller particles were being retained preferen
tially. No significant changes in. slopes could 
be discerned readily. 

Although the progression of distribution 
shifts with time formed a pattern difficult to 
ignore, there remained a question about whether 
the distributions could all be considered to be 
part of the whole population. The more rigorous 
analysis of data provided several measures 
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FIG. 4. Example of graphic treatment of particle size distribution of 239Pu02 in rat 
alveolar regions . 
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(CMD, MMD, arithmetic mean, etc.), but the 
most immediately meaningful change was in 
the CMD and MMD. Figure 5 is a plot of the 
MMD versus time after inhalation exposure 
for particles found in alveolar regions. 

As suggested by previous graphic analysis, 
most of the particle distributions were statis
tically acceptable as log-normal (p = 0.05). The 
mean of counts from rats sacrificed immediately 
post-exposure is plotted at zero time and the 
range is indicated. There is apparently an 
early loss of larger particles as indicated by the 
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fall in MMD at 6 hr, a return to significantly 
higher levels by 2 days after exposure and a 
gradual decline to ·a level below that found on 
immediate sacrifice at 32 days post-exposure. 

Data from the tracheo-bronchial tree were 
treated similarly; the time change of MMD 
is presented in Fig. 6. As with the data from 
alveolar regions there is a marked decrease in 
median size until I day after exposure, an 
abrupt rise at 2 days and a more gradual de
crease beyond 2 days leveling off at about 
0.14 fL at 7-32 days post-exposure. Although 
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FIG. 6. 239Pu02 particle size in tracheobronchial tree of rat lung . 
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the data at 6 and 12 hr are quite consistent, 
two extrapolations have been entered (dashed 
lines) including and excluding these points. 
In either case the extrapolated value at zero 
time would be about 0.208-0.216 fL which 
corresponds to a CMD of approximately 

0.16 fL· 
Unlike the data from the short post-exposure 

periods in rats, alveolar particle distributions 
in dog lung fit log-normal distributions in only 
about one-fourth of the animals studied. The 
data are presented in the form of CMD versus 
days after exposure in Fig. 7. The CMD at 
early periods after exposure is approximately 
equivalent to that found for rats. Following an 
elevation at 22 and 56 days there is a marked 
fall by 125 days post-exposure. A second, 
gradual increase in CMD occurs between 125 
and 375 days post-exposure followed by a 
second decrease beyond 375 days. No relation 
could be identified between the size distribution 
in alveolar regions and the inhaled aerosol 
characteristics or the onset or degree of patholo
gic changes as reported. <13 > Insufficient num
bers of particles in tracheobronchial areas of 
the sections prevented similar treatment of the 

data. 
Examination of lymphoid tissue was ham: 

pered by sampling variability and comparatively 
small numbers of particles in the lymphoid 
tissue in the sections examined. The arithmetic 
mean particle diameter ranged from 0.084 fL 

to 0.211 fL with an overall arithmetic mean 
particle size of 0.160. With minor exception 
the fraction of particles in the upper intervals 
of the distribution ( > 0.22 fL diam.) was con
siderably smaller than that found in the alveolar 
particle distribution from the same dog. Addi
tional sections of lymphoid tissue are being 
prepared to provide sufficient sample size for 
more meaningful treatment of these data. 

DISCUSSION 

It is readily apparent that the relatien -of. 
particle size to rapidity of parenchymal clear
ance is not a simple one. It is equally appa;rent, 
however, that the technique described has a 
considerable potential for a continued, more 
refined attack on questions related to particle 

size and clearance. The material presented 
here is being extended in several ways. First, 
additional animals are available for similar 
treatment to provide data for other periods 
of time after inhalation exposure. The combi
nation of autoradiographic exposure time is 
under scrutiny to establish the optimal exposure 
times and sampling methods to yield realistic 
results at the ends of the size distribution. 
Finally the treatment of the distributions as 
log-normal is convenient and fits most of the 
rat data and some of the dog data. However, a 
new program (0. Raabe <15 >), tests the distri
butions against a general function and although 
more complex, is expected to supply more 
detailed information on the specific intervals 
of the distribution. 

In the rat, the apparent shift of median 
diameter with time as viewed graphically 
(Fig. 4) is borne out qualitatively by the more 
exacting treatment of the data (Fig. 5). Alveolar 
deposition can be viewed as having resulted 

· from a deposition of particles having a mean 
MMD of 0.167 fL and a mean geometric stan
dard deviation of 1.44. This is different from 
the distribution of particles deposited in the 
tracheo-bronchial tree, which had a mean 
MMD of 0.208 fL and a mean ag of 1.48. Still 
higher is the MMD for alveolar deposition in 
the dog, 0.248, ag = 1.51. 

The data obtained from rats point to an early 
( 6 hr) loss of larger particles of the distribution 
followed by a preferential clearance of the 
smaller sizes (12 hr to 2 days). Although there 
are insufficient data to eliminate other path
ways, the fact that the tracheo-bronchial 
clearance follows a pattern similar to alveolar 
clearance (with a time lag) strongly suggests that 
the major pathway during this period is the move
ment to the bronchiolar tree. This conclusion is 
further supported by the fact that the mass 
median for both distributions approach the same 

value of about 0.14 fL· The bicyclic phasing of 
particle size is similar to the qualitative des
cription of tracheo-bronchial clearance of Po 
colloid <16> and is corroborative of apparent 
quantitative two-phase bronchiolar clearance 
described for Fe20 3• <17> · 

The alveolar clearance in the dog is more 
difficult to interpret partly because of the rela
tive scarcity of points over long intervals of 



PULMONARY CLEARANCE OF INHALED PLUTONIUM DIOXIDE 179 

time after exposure.* It would appear that 
there is a preferential clearance of small particles 
between I and 56 days roughly equivalent to 
that found in the rat at 6 hr to 2 days. Also 
similar to the rat data, except for the time ele
ment, is the decrease of the median to a level 
of about 0.14 JL at 125 days post-exposure. 

For both series of animals, the increase in 
MMD suggests a possible alternative view, viz. 
that aggregation of particles occurred. On 
the basis of observations previously reported, (B,B) 

if aggregation is a factor during this period, 
it is most likely to be the result of intracellular 
incorporation by phagocytic elements. If this 
is true, it would follow that the fall in size could 
be related to the mobilization and removal of 
the phagocytic cells. In the rats the decrease 
between 2 and 7 days is consonant with the 
response of alveolar cells reported as a peak 
mitotic activity at 3 to 5 days after dust inhala
tion. <18 • 19 ) No equivalent time periods or 
response data are available for the dog. 

The prolonged increase in particle size in 
the dog from 125 to 343 days might also be 
considered to be due to aggregation. However, 
the lymph nodes, although increasing in con
centration during this time, <13

) show no signi
ficant changes in particle size distribution. Thus 
it is more likely that smaller particles are finding 
their way to the lymphoid tissue and that the 
slightly larger range of particles are remaining. 
There remains, of course, the distinct possibility 
that some particles are being transported to 
lymphoid tissue while others of equivalent 
initial size are more subject to aggregation in 
alveolar regions with the increased residence 
time. 

The decrease in size occurring at about one 
year after deposition is also unaccompanied by 
any significant increase in large particles in 
lymphoid tissue in the limited data available. 
Further, although it was expected that changes 
at this time period might be related to pathologic 
changes, no clear relationship could be identi
fied. Unless further cycling could be expected, 

* Additional data are being obtained on dogs 
sacrificed between 56 and 125 days after inhalation. 
A collaborative study with Drs. Bair and Park of 
Battelle Northwest has been initiated for time periods 
up to about 30 days post-inhalation. 

the particle size at the end of the series might 
be approaching a "steady state" size at very 
long periods following exposure. It is of some 
interest that Wurm and Einbrodt <20 ) using 
electronmicroscopy, have recently reported 
CMD's for mineral in miner's lungs below 
0.08 f.L for periods of 5 to 14 years after exposure. 
From the dog data a reasonable terminal size 
is about 0.11 at about 400 days after exposure. 
These two figures are remarkably similar for 
having been obtained for different materials in 
different species and by different methods. 
Other work <21

• 
22

) suggests that particle size 
in human lung remains relatively constant over 
long periods of time at about 0.5 f.L as deter
mined by essentially gravimetric methods. 

With regard to the implications of particle 
size in dose distribution, it is essentially im
material whether aggregation occurs; the fact 
remains that there is a variation of the size of 
the sources with time and that it is a complex 
function, perhaps cyclic for the earlier intervals 
after exposure. Although the absolute differ
ences in median size are not great, these para
meters, translated into total number or mass 
in the tissue might be expected to be a factor 
in dose-response relations. Some differences 
in effects of inhaled Pu02 have been reported 
between studies at Hanford <23

• 
24

) and Roches
ter. <13 ) Morrow et al. <13 ) have pointed out that 
these differences might well be related to dose 
rate differences as calculated from deposition 
measurements and rates of clearance. It should 
be added that, at the level of microdistribution 
of dose, there are also dose rate differences 
depending upon particle size differences whether 
in the inhaled atmosphere or, as illustrated here, 
in the patterns of change occurring in the ani
mals at various time periods after inhalation. 
The marked lymphopenia observed (1s, 24 ) directs 

attention to a particular need for the appli
cation of this technique to distribution of dose 
to lymphoid tissue. 
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COMPARATIVE DISPOSITION OF FOUR TYPES OF 

PLUTONIUM DIOXIDES INHALED BY DOGS* 

W. J. BAIR and J. F. PARK 

Biology Department, Pacific Northwest Laboratory, Battelle Memorial Institute, 
Richland, Washington, U.S.A. 

Abstract-Groups of three dogs were given single inhalation exposures to dry aerosols of one 
of four different plutonium dioxides to compare retention, translocation, and rates of excretion. 
Two of the plutonium dioxides were prepared by calcining the oxalate at 350°C and at about 
1 000°C. Two others were produced by ignition of the stabilized delta metal at 450°C and by 
slow oxidation of the pure metal at 123°C. The lung retention half-time of the oxalate calcined 
at 350°C was about one year, halfthat of the other oxides. This was due to greater accumulation 
of plutonium in the bronchial lymph nodes rather than greater clearance via the mucus-ciliary 
pathway or a relatively high rate of solubility. The metal oxidized at 450°C was cleared via the 
mucus-ciliary route to a lesser extent than the other oxides. This same oxide also showed a 
selective loss of 241Am, relative to 239Pu, in lung and bronchial lymph node tissue which was 
not evidenced by the other oxides. The oxalate calcined at I 000°C showed the least translocation 
to tissues outside the respiratory tract. These results indicate that the physical-chemical state 
of inhaled plutonium dioxide influences its disposition in the body. 

INTRODUCTION 

Earlier studies in this laboratory <1
-

3 > indi
cated that the disposition of inhaled plutonium 
dioxide in beagle dogs was influenced by the 
particle size characteristics of the aerosol. 
Inhalation studies with cerium in dogs showed 
that oxides prepared by chemical precipitation 
were more rapidly translocated and excreted in 
the urine than oxides calcined at approximately 
400°0. <4 • 5) Therefore, it seemed possible that 
inhaled plutonium dioxides having different 
physical and chemical properties, such as those 
that might occur as a result of the method of 
formation, could have dissimilar fates in the 
body. Because of the increasing possibility for 
human exposures to plutonium dioxides from 
several different sources and treatments, such 
as oxidation of the metal in air, high explosive 
detonation and incineration of nuclear weapons, 
fallout from nuclear detonations, calcination 

*Work performed under Contract No. AT(45-l)-
1830 between the United States Atomic Energy Com
mission and Pacific Northwest Laboratory, a division 
of the Battelle Memorial Institute. 

of oxalates, or as ceramics formed in a very high 
temperature plasma jet, it is desirable to know 
whether and how the origin of the plutonium 
dioxide might in~uence its disposition in the 
body and its subsequent biologic effects. In 
this study the retention, distribution, and ex
cretion rates offour different plutonium dioxides 
inhaled by dogs were compared. The plutonium 
dioxides ranged from metal oxidized at 123° 
to oxalate calcined at about 1000°. In general 
all oxides, except one which was prepared by 
calcining the oxalate at 350°, showed similar 
pulmonary retention, translocation, and ex
cretion rates during the first three months after 
exposure. 

METHODS 

A. Materials 

The experimental protocol is shown in Table 
I. The plutonium dioxides prepared by cal
cining the oxalates were obtained from the 
Hanford Plant. The oxalate calcined at 350° 
was an aliquot of that used in most of our 
previous studies since 1958. Another aliquot was 
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recalcined at a temperature between 950° and 
1000°. The oxides prepared from plutonium 
metal were obtained from the United Kingdom 
Atomic Energy Authority through the courtesy 

of Dr. K. Stewart. t One type was produced by 
the ignition at 450° of the stabilized delta metal 
and the other by the slow oxidation of the pure 
metal at 123°C. In both cases the oxid~ was 
the residue remaining after the oxidation of 
the metal. The oxides were sieved to obtain 
the fractions with particle size less than 50 JL· 
According to Dr. Stewart the 123° oxide was 
very friable, tending to break down into par
ticles of less than 3 JL, and could agglomerate 
on standing. <6 > 

laboratory. <8 > Training of the dogs eliminated 
the need for anesthesia or tranquilizers. The 
aerosol chamber was a 2-ft vertical section of 
8-in. (O.D.) lucite pipe. The aerosol was intro
duced at the top of the chamber, exhausted 
at the bottom and sampled with membrane 
filters and a Walkenhorst type thermal preci
pitator. The respiratory rates and volumes were 
monitored throughout the 10-20 min exposures 
with a calibrated respiratory sensor. <9 > 

The aerosols were produced by directing dry 
air at a rate of 100 ccjmin through a small 
diameter tube attached as a side arm to a 25 ml 
flask containing the dry plutonium dioxide 
dust. The flask was vibrated with an electric 

Table 1. Experimental Protocol 

Group 
Particle Percent 

Dog No. PuO. inhaled size ultra-
No. 

CMD (!-') MMD filterability 

-------------
I !*, 2+, 3* Oxalate calcined at 1000° .51 2.8 0.04 

II 4"', 5, 6+ Oxalate calcined at 350° .45 2.8 0.02 

III 7+, 8"', 9 Metal oxidized at 450° 

IV 10", I!, 12 Metal oxidized at 123° 

*, +,""Litter mates. 

Female beagle dogs, about three years old, 
weighing from 8 to 12 kg were used. All dogs 
were raised in our colony and had complete 
clinical histories including radiographs. A num
ber of the dogs were litter mates as indicated in 

Table 1. 

B. Aerosol Exposures 
For the inhalation exposures the dogs were 

fitted with masks and required to inhale the 
aerosol from the chamber through an electroni
cally operated fast-acting three-way respiratory 
valve <7 > by a method previously used in our 

t United Kingdom Atomic Energy Authority, 
Atomic Weapons Research Establishment, Alder
maston, Berkshire, England. 

.50 4.8 0.006 

.46 1.3 0.006 

test tube shaker to keep the dust in motion. The 
top of the flask was connected to the top opening 
of the aerosol chamber by flexible tubing. The 
aerosol concentrations ranged from 10- 2 to 10-a 
JLCifcc. These relatively high aerosol concen
trations were required to assure that the dogs 
deposited enough plutonium to excre~e detect
able levels in the urin~. The results of earlier 
studies indicated that these deposition levels 
would cause some pathology in the lungs during 
the three-month period selected for this study, 
but would not markedly influence the rates of 
excretion and translocation. 

Particle size distributions of the aerosols in
haled by the dogs were determined with the 
Zeiss Particle Size Analyzer from electron
micrographs of thermal. precipitator and mem-
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Fw. 1. Electromicrographs of Pu02 particles (shadowed with chromium at 20°). (a) Plutonium 

oxalate calcined at 1000°, (b) Plutonium oxalate calcined at 350°. (c) Plutonium metal 
oxidized at 450°. (d) Plutonium metal oxidized at 123°. 

brane filter samples. The values given in Table I 
are means of samples collected from three 
dog exposures in each group. Unfortunately for 
the comparative purpose of this study the Mass 
Median Diameter of the metal oxidized at 450° 

was greater than, and that of the metal oxidized 
at 123° was less than the MMD's of the calcined 
oxalates. The low MMD of the metal oxidized 
at 123° may reflect the friable nature of the 
material. 

Representative electronmicrographs of the 
four aerosols are given in Fig. 1. The oxalate 

I.R.P. VOL. 1-0* 

calcined at 1000° (Fig. l(a)) is distinguished 
by rounded corners and the apparent fusion of 
several smaller particles. The particles of metal 
oxidized at 123° (Fig. l(d)) are all irregular in 
shape, many of which appear to be aggregates. 
The oxalate calcined at 350° and the metal 
oxidized at 450° contain many particles of 
similar shape and are essentially indistinguish
able. 

X-ray diffraction analyses of the four pluton
ium compounds confirmed that all were crystal
line Pu02 • 
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The ultrafilterabilities of the four oxides were 
determined by the method of Lindenbaum. <10 1 

The results, Table 1, indicate that the calcined 
oxalates were somewhat more filterable than 
the oxidized metals. 

Immediately following exposure to the aero
sols and after 1, 2, 7, and 14 days and 1, 2, 
and 3 months, blood samples were collected 
from all dogs for plutonium analyses. Other 
samples were collected at monthly intervals 

RESULTS 

A. Retention 

The total quantity of plutonium deposited in 
each dog was determined from the analyses of 
all urine and feces collected daily and all tissues 
at necropsy. Whole-body clearance curves were 
constructed for each dog by subtracting cumu
lative excretion values from the total quantity 
of plutonium deposited. <1

• 
2 l An example i~ 

given in Fig. 2. Extrapolation of the clearance 

1.0 r-------------------------------------------------~ 

0. 9 1-- !Dog #5 - Inhaled Oxalate Calcined at 350°1 

0.8 r 

0. 7 

0. 6 

0, 5 

0. 4 Whole Body .Retention 
of 239p u. p • 0.307 e-O. ooo570t 

"·' r-:::: - - - - - ! 
Estimated Alveolar j-- _ 

Deposition, A • 0.307 -- -x 
Estimated Retention 

239 / 
Pu Content 

of Lung • 0.246 

of 239pu in Lungs, 
L • 0.307 e-0.002481 

0.2 !-
~--~----~--~--~----~--~----~--~--~ 

10 20 30 40 50 60 70 80 90 

Time. t !Days After Exposure) 

Fw. 2. Whole-body and lung retention of 2
39Pu. 

for hematology. The dogs were maintained in 
metabolism cages for daily collection of urine 
and feces for plutonium analyses. After three 
months all dogs were sacrificed by exsanguina
tion under anesthesia for plutonium analyses 
and histology of about 40 tissues. Microscopic 
distributions of plutonium particles in lungs and 
bronchial lymph nodes were determined from 
autoradiographs. The dogs also were counted 
frequently with a multi-detector scintillation 
counter. <11 l The histology, autoradiography, 
and the results of the whole-body counting study 
will be reported separately. 

curve to the ordinate at zero time gives an 
estimate of the fraction of the deposited plu
tonium that was deposited below the ciliated 
epithelium of the terminal bronchioles and was, 
therefore, unavailable for early clearanc'e by 
ciliary processes. This fraction was assumed to 
have been deposited in the alveoli and accounted 
for the longterm retention of plutonium in the 
dogs. Since subsequent clearance of the fraction 
deposited in the alveoli was exponential with 
time, the expression, p = Ae-bt, was evaluated 
empirically for each dog. Here pis the quantity 
of plutonium present in the dog at a given time, 



PLUTONIUM DIOXIDES INHALED BY DOGS 185 

t, after exposure; A is a constant related to the 
quantity initially deposited in the alveoli; and b 
is a constant describing the rate of clearance and 
excretion in urine. and feces of the plutonium 
deposited in the alveoli. 

The amount of plutonium found in the lung 
at time of sacrifice was expressed as a fraction 
of the total amount initially deposited. Assum
ing the clearance of plutonium was exponential 
with time, an expression for lung retention, 
L = Ae-bL1, similar to the whole-body retention 
equation, was obtained for each dog. 

Values for the constants in these equations 

to 1000 day range for all except the dogs in 
Group II which inhaled oxalate calcined at 
350°. For these dogs the lung retention half
times were about one year, similar to those we 
observed in previous studies using the same type 
of Pu02 • <12> 

It is to be noted that the lung retention half
times for Group II dogs were about half those 
for the other groups of dogs although the 
whole-body retention half-times were not sig
nificantly less than those for dogs in Groups I and 
IV. Also, the lung retention half-times for dogs 
in Group III were not markedly greater than 

Table 2. Whole Body and Lung Retention of Inhaled PuO~ 

Whole body Lung Total 

A 
Dog (% deposited 

Pu02 inhaled No. in alveoli) b 

I Oxalate cal- 1 24.3 0.000583 
cined at 1000° 2 39.9 0.000463 

3 23.6 0.000730 

II Oxalate cal- 4 44.6 0.000630 
cined at 350° 5 30.8 0.000570 

6 27.1 0.000406 
III Metal oxi- 7 3.7 0.000333 

dized at 450° 8 25.7 0.000260 
9 20.5 0.000201 

IV Metal oxi- 10 8.1 0.000516 
dized at 123° 11 26.1 0.000333 

12 20.2 0.000510 

are given in Table 2. The percent of the total 
deposited plutonium that was deposited in the 
alveoli varied from 20% to about 45% for all 
but two dogs which had alveolar depositions 
less than 10%. Apparently the fractions deposi
ted in the alveoli were independent of the type 
of Pu02 inhaled and the total quantity de
posited. 

The slopes of the whole-body and lung-reten
tion curves are also expressed as retention half
times for convenience of discussion. The 
whole-body retention half-times ranged from 
about 1000 days to more than 3400 days, the 
larger values being observed for the dogs in 
Group III which inhaled metal oxidized at 450°. 

The lung retention half-times were in the 600 

2••Pu 

T 1/2 (days) T 1/2 (days) deposited 
retention retention (/LCi) 
half-time bL half-time 

I 190 0.00095 730 14.1 
1500 0.00072 960 4.8 

950 0.00109 640 27.4 

1100 0.00160 430 19.2 
1220 0.00248 280 99.4 
1710 0.00180 390 75.6 

2080 0.00071 980 29.3 
2670 0.00078 890 30.0 
3440 0.00109 640 25.4 
1350 0.00129 540 18.0 
2080 0.00107 650 77.5 

1360 0.00078 890 37.0 

for dogs in Groups I and IV, although the whole
body retention half-times were generally greater. 
These differences are reflected in the tissue 
distribution and excretion data. 

B. Tissue Distribution 
Approximately 40 tissues including total skele

ton, muscle, and skin from each dog were 
assayed for 239Pu at necropsy three months 
after exposure. The 239Pu contents of the tissues 
having the highest levels are given in Table 3. 
The dogs in Group II had smaller percentages 
of the total body burdens in their lungs than the 
other dogs. This correlates with the difference 
in lung retention rates shown in Table 2. 
The low lung values of Group II dogs occurred 



Dog Bronchial 
PuO, inhaled no. Lung* lymph nodest 

Table 3. Tissue Distribution of 239Pu in Dogs 3 .~.\4onths afttr Inhalation of PuO:;~ 
(% of total body burden) 

All other 

I 
lymph nodest Bone Muscle Kidneys Spleen Liver 

Gall 
bladder I --- ----- --o:oo4_1_ o.ooo2 I Oxalate I 96.9 2.76 Q007 0.026 0.033 0.0002 0.0001 

calcined 2 98.1 1.73 0.007 
at 1000° 3 96.9 2.88 0.014 

II Oxalate 4 91.6 8.00 0.005 
calcined 5 84.2 15.20 0.046 
at 350° 6 88.9 10.50 0.032 

III Metal 7 96.6 2.51 0.27§ 
oxidized 8 95.3 4.45 0.007 
at 450° 9 92.3 7.39 0.022 

IV Metal 10 97.3 2.35 0.024 
oxidized II 93.7 6.10 0.01 
at 123° 12 97.6 1.88 0.14§ 

• Total for all lobes of lung. 
t Bronchial and mediastinal lymph nodes. 
t Total of all other lymph nodes in the body which could be dissected. 
§ Cervical and mandibular lymph nodes accounted for the high values. 

0.021 O.G28 0.0001 0.0002 0.011 0.0003 
0.055 0.040 0.0001 0.0001 0.059 0.0002 

0.18 0.036 0.002 0.001 0.083 0.016 
0.11 0.023 0.003 0.016 0.20 0.002 
0.19 0.049 0.003 0.002 0.19 0.002 

0.19 0.070 0.002 0.0007 0.085 0.0001 
0.091 0.058 0.001 0.001 0.047 0.00001 
0.094 0.056 0.001 0.001 0.042 0.00001 

0.15 0.083 0.0008 0.001 0.047 

I 
0.00001 

0.038 0.029 0.0006 0.0005 0.032 0.00001 
0.072 0.029 0.0005 0.002 0.031 0.00001 

I 

G .. l. 
Heart tract 

---------
0.007 0.014 
0.002 0.007 
0.0002 0.003 

0.002 0.004 
0.019 O.o23 
0.002 0.015 

0.0003 0.025 
0.001 0.011 
0.0004 0.014 

0.0001 O.Ql5 
0.002 0.011 
0.0003 0.086 

I 

Trachea 

0.038 
0.026 
0.010 

0.015 
0.029 
0.011 

0.003 
0.004 
0.050 

0.029 
0.032 
0.020 

Upper 
nasal 

passages 

0.0002 
0.0003 
0.0002 

0.016 
0.002 
0.002 

0.0001 
0.00001 
0.00001 

0.00003 
0.00005 
0.00001 

...... 
co 
Q) 



PLUTONIUM DIOXIDES INHALED BY DOGS 187 

almost entirely as a result of greater transloca
tion to the bronchial and mediastinal lymph 
nodes rather than translocation to other tissues 
or excretion from the body. Thus, the whole
body retention of 239Pu was not significantly 
different from Groups I and IV dogs, Table 2. 
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nodes. Otherwise, translocation in Group III 
dogs, which showed a tendency toward longer 
whole-body retention times, did not differ 
greatly from Groups I and IV dogs with the 
exception that the kidneys contained a somewhat 
larger percentage of the body burden. 

!Dog #ll 

F ec a I 

Urinary 

Q, 0 QQQ 1 L__J__...L_ _ _L _ _!..__-L _ _.i_ _ _J. __ L-.._W 

0 10 20 30 40 50 60 70 80 90 

Time !Days After Exposure) 

FIG. 3. Daily excretion of 239Pu after inhalation of plutonium oxalate calcined at 1000°. 

Translocation of 239Pu to bone and muscle was 
not significantly greater in Group II dogs 
than in the other dogs. However, translocation 
to soft tissues such as kidneys, spleen, liver, 
heart, etc. was generally highest in Group II 
dogs. Dog No. 7 in Group III showed a 
relatively high level of translocation, but this 
was essentially accounted for by two tissues, the 
upper nasal passages and the mandibular lymph 

C. Excretion 
The amount of 239Pu excreted each day in 

urine and feces was expressed as the percent of 
the body burden of plutonium at the beginning 
of the 24-hr period during which the excretion 
occurred. These data were programmed for 
curve fitting by least squares analyses using a 
digital computer. Curves were fitted to each 
set of data for individual dogs and to daily mean 
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FIG. 4. Daily excretion of 239Pu after inhalation of plutonium oxalate calcined at 350°. 

values for the three dogs in each group to 
obtain equations representing the mean excre
tion rates for each dog and each group of 
dogs, respectively. Logarithmic equations of 
the form Y = Atb, where Y is the percentage 
of plutonium excreted each day in urine or 
feces, were fitted to all data. Power functions 
did not always provide the best visual fit, but 
are probably adequate to compare the four 
plutonium dioxide aerosols. 

Excretion data are shown for representative 
dogs from each group in Figs. 3-6. Figure 7 
is the curves with 95% confidence levels fitted 
to the mean daily values of all three dogs in 
each group. The plots of individual excretion 
values for each of four dogs shows the daily 
fluctuations in levels of 239Pu in urine and feces. 

Comparison of these excretion data for repre
sentative dogs from the four groups and the 
constants in Table 4 for the power function 
equations fitted to the individual and combined 
excretion data for all of the dogs indicates that 
there were only minor differences. These 
differences are more clearly seen in Fig. 7 which 
shows the curves fitted to the combined data 
for each group. After the first 20 days the rate 
of fecal excretion tended to be slightly less for 
dogs in Group III than for the · other dogs. 
This correlates with the generally longer 
whole-body retention half-times calculated for 
these dogs. The rate of excretion of pluto
nium in urine tended to be greater for Groups 
II and III dogs than for Groups I and IV 
dogs. 
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FIG. 5. Daily excretion of 239Pu after inhalation of plutonium metal ox~dized at 450°. 

D. Disposition of Alveolar Deposited Plutonium 

In Table 5 the disposition of 239Pu deposited 
in the alveoli is shown. Values for amounts 
deposited in the alveoli of each dog are those 
shown in Table 2. The fraction of the alveolar 
depositeP, 289Pu excreted in urine and feces 
was estimated by subtracting from the total 
amount excreted the fraction that was excreted 
during about the first week after exposure, 
which brought the body burden down to about 
the level of the estimated alveolar deposition. 
In making these calculations certain assumptions 
were made. For example, since it was found that 
total blood levels of 239Pu immediately after 
exposure were considerably less than 0.01% 
of the total plutonium deposited, it was assumed 
that the fraction of inhaled plutonium absorbed 

by the blood immediately after exposure con
tributed an insignificant amount to tlle total 
translocated plutonium found in tissues after 
three months or excreted in urine during the 
1-week to 3-month postexposure period and 
that practically all of that which was absorbed 
was excreted in the urine the first few days after 
exposure. It was also accepted that these cal
culations might underestimate the clearance and 
excretion of truly alveolar deposited plutonium 
since early clearance of some alveolar deposited 
plutonium probably occurred within the first 
few days after exposure. However, these cal
culations probably provide reasonable estimates 
of the disposition of the fraction of plutonium 
deposited in the alveoli which was not available 
for early clearance and which accounted for 
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Table 4. Constants for 239Pu Excretion Equations* 

Pu0 2 Dog Urine Feces 

inhaled No. 
A b A b 

I Oxalate calcined at I 0.015 -1.24 4.7 -1.15 
10000 2 0.035 -1.48 4.9 -1.22 

3 0.0018 -0.86 7.7 -1.143 

ICombinedt 0.017 -1.27 4.3 -l.ll 

II Oxalate calcined at 350° 1 0.017 -1.03 4.7 -1.!6 
0.0037 -0.75 23.0 -1.61 

6 0.038 -1.26 18.0 -1.60 
Combined 0.027 -1.14 16.0 -1.49 

III Metal oxidized at 450° 7 0.27 -1.60 22.0 -1.72 
8 0.0034 -0.89 4.5 -1.34 
9 0.012 -1.23 9.9 -1.63 

Combined 0.12 -1.54 16.0 -1.66 

IV Metal oxidized at 123° 10 0.036 -1.38 0.15 -0.22 
II 0.0020 -0.85 3.9 -1.23 
12 0.0009 -0.70 2.2 -0.96 

Combined 0.031 -1.43 16.0 -1.47 

* With the form Y = Atb, where Y is % of body burden excreted on a given day, t, after exposure. 
t The arithmetic means for the three dogs in each group were fitted by least square analysis. 

Table 5. Disposition of Alveolar Deposited 239Pu 3 Months after Exposure 

% of alveolar deposited plutonium 

Total Bronchial and 

Pu02 Dog 
Excreted body, Lung mediastinal All other 

inhaled No. Urine Feces burden lymph nodes tissues 

--- ------
I Oxalate calcined I 0.019 5.5 94.5 91.6 2.7 0.18 

at 1000° 2 0.014 4.2 95.8 94.0 1.7 0.12 
3 0.011 6.6 93.4 90.5 2.7 0.18 

II Oxalate calcined 4 0.063 5.0 95.0 87.0 7.6 0.36 
at 350° 5 0.017 4.7 95.4 80.3 14.5 0.58 

6 0.049 3.5 96.5 85.8 10.1 0.56 

III Metal oxodized 7 0.093 2.9 97.0 93.7 2.4 0.88 
at 450° 8 0.012 2.5 97.5 93.0 4.3 0.24 

9 0.012 1.7 98.4 90.8 7.3 0.31 

IV Metal oxidized 10 0.023 7.5* 92.4 89.8 2.2 0.36 
at 123° II 0.0084 3.0 97.1 91.0 5.9 0.19 

12 0.0083 4.7 95.3 93.0 1.8 0.54 

* 3.6% was excreted in last 12 days. (Three other values were excluded because they were several orders of 

magnitude above the average values, suggesting contamination of the samples.) 
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FIG. 6. Daily excretion of 2 39Pu after inhalation of plutonium metal oxidized at 123°. 

the long-term retention and excretion of plu
tonium. 

The values given in Table 5 are generally 
consistent for the dogs within each group, with 
the exception of the urine data. 

In the case of the fecal data, Group III dogs 
excreted less than the other dogs suggesting 
that the mucus-ciliary pathway was least effec
tive for pulmonary clearance of the plutonium 
metal oxidized at 450°. This assumes that the 
biliary secretion of plutonium into the gastro
intestinal tract was either insignificant or of 
the same order of magnitude for all dogs. 

Three months after exposure greater than 
90% of alveolar deposited plutonium was re
tained in the lungs of all dogs except those that 

inhaled the oxalate calcined at 350°, Group II. 
In these dogs, only 80% to 87% was retained 
and, as indicated above, the difference was in 
the amount collected in the bronchial and 
mediastinal lymph nodes. 

The fraction of alveolar deposited plutonium 
translocated to other tissues was apparently 
less for dogs which inhaled the oxalate calcined 
at 1000° than for other dogs. 

E. 2a•Pu- 241Am Ratios 
The dogs were counted with a multi-detector 

scintillation counter to detect the low energy 
X-rays and gammas from 239Pu and from the 
241Am which is a daughter product of 241Pu, a 
common contaminant of most 239Pu preparations. 
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Fw. 7. Comparative excretion of 239Pu following inhalation of four different plutonium 

dioxides. Curves were fitted to means of daily values for three dogs in each group 
exposed to one of four different plutonium dioxide aerosols. 

Since the whole-body counting data contri
bute nothing to the comparison of the four 
different types of Pu0 2 in this study, it will 
not be reported here. However, in evaluating 
the whole-body counting data it was necessary 
to determine whether 241Am separated from the 
239Pu in the body. Therefore, the 239Pu-241Am 
ratios in lung and bronchial lymph nodes were 
examined in respect to the ratios in the material 
inhaled. Acid dissolved samples of these tissues 
and the membrane filters used to collect aerosol 
samples during exposures were counted on 
platinum disks with a germanium diode alpha 
detector which had a resolution of 40 keV com
pared with the 5.15 MeV 239Pu alpha-particles 

and 5.30 MeV 241Am alphas. The results of 
these alpha energy analyses are given in Table 6. 

The 239Pu-241Am ratios in the inhaled mate
rials were different: the Pu02 used for Groups 
I and II dogs was considerably older than the 
Pu0 2 used for Groups III and IV and, thus, 
contained a greater quantity of 241Am. In 
Groups I, II, and IV there appeared to be no 
significant differences between the ratios in the 
aerosols and the tissues. However, in Group III 
dogs there was an increased ratio in both lung 
and lymph nodes. This is interpreted as indi
cating that there was a selective loss of 241Am 
relative to the 239Pu, or conversely a selective 
retention of 239Pu relative to the 241Am, in 
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the lung and lymph node tissues of the dogs 
which inhaled the metal oxidized at 450° but 
not in those dogs which inhaled the other 

oxides. 

F. Biological Effects 

To assure adequate levels of plutonium in 
the excreta and tissues for maximum analytical 
accuracy, quantities of plutonium were deposited 
which caused some pathology during the three
month period. In fact, the doses were large 
enough in most dogs to have caused death within 
about a year from pulmonary insufficiency as a 
result of irradiation of the lung tissue. <

13 > How
ever, previous studies (1 2

) indicated that the levels 
used in this experiment would ncit produce 

body weights and resting respiratory rates and 
minute volumes. All I 2 dogs showed a decreased 
lymphocyte count, the degree of which was 
related to the quantity of plutonium in their 
bodies. However, none of the dogs showed an ap
preciable weight loss or an increased respiratory 
rate, with the possible exception of Dog No. I I. 
Therefore, it is assumed that although some 
biological rlamage occurred as a result of the 
plutonium inhalation, it was not sufficient to 
markedly alter the disposition of the plutonium 
and thus invalidate the comparison of the four 
plutonium dioxides. Further, while the levels 
of plutonium in the dogs varied from 2 to 29 fLCi, 

there was overlapping of levels among the four 
groups. 

Table 6. 239Pu- 241Am Ratios in Aerosols and Dog Tissues 

Ratio: 239Pu to 2•'Am 

Pu02 inhaled Aerosol Lung 
Bronchial 

lymph nodes 
---------

I Oxalate calcined at 1000° 13.8 ± 0.3 13.4i± 0.3 11.6 ± 0.6 
II Oxalat.e calcined at 350° 12.0 ± 0.2 13.0 ± 1.2 14.2 ± 0.1 
III Metal oxidized at 450° 31.0 ± 1.9 37.8 ± 1.5 36.1 ± 1.2 
IV Metal oxidized at 123° 31.0 ± 0.6 31.5 ± 1.0 30.0 ± 0.9 

changes severe enough to significantly interfere 
with excretion and translocation of the inhaled 
plutonium during the three-month duration of 
this study. Nevertheless, it is important to docu
ment the clinical changes seen for the possible 
bearing they might have on the results observed. 
Histologic and autoradiographic studies of the 
tissues collected in this study are in progress 
and will be reported later. 

In other studies in our laboratory it was found 
that decreasing levels of circulating lymphocytes 
were the first clinical indications of toxicity 
following plutonium inhalation. <12"

14 > This oc
curred at levels which did not involve major 
lung pathology. Extensive lung pathology was 
usually preceded and accompanied by loss of 
body weight and increasing respiratory rates. 
In Table 7 are given mean pre-exposure and 
three-month postexposure lymphocyte counts, 

DISCUSSION 

The results of this study provide further 
evidence for the relatively long-term pulmonary 
retention of inhaled Pu02 , its gradual accumu
lation in bronchial and mediastinal lymph nodes 
and the accompanying low rate of translocation 
and urinary excretion of plutonium. Similar 
findings have been reported from this as well 
as other laboratories. <1

"
3

• 
12

" 19 > None of the four 
types of plutonium oxides tested in this study 
showed significant peviations from these earlier 
studies, although certain differences among 
them were apparent. Major differences include: 

I. The lung retention half-time of the oxalate 
calcined at 350° was about one year, half 
of that of the other oxides. This was due 
to greater accumulation of plutonium in 
the bronchial and mediastinal lymph 
nodes rather than greater clearance via 
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the mucus blanket of the ciliated tracheo
bronchial pathway or a relatively high 
rate of solubility. 

2. The metal oxidized at 450° appeared to 
be cleared via the mucus-ciliary route to 
a lesser extent than the other oxides. This 
same oxide showed a selective loss of 241Am, 
relative to 239Pu, in lung and bronchial 

Diameters of the aerosol particles and the ultra
filterabilities. In considering an explanation for 
the relatively high accumulation in the bronchial 
lymph nodes of the oxalate calcined at 350°, 
none of these observed differences in physical
chemical properties seem to provide a clue. 
The particle size and ultrafilterability were 
similar to the oxalate calcined at 1000° and 

Pu02 Inhaled 

15 '--
o oxalate Calcined at 1000° 

~:> oxalate Calcined at 350° 

o Metal Oxidized at 450° 

x Metal Oxidized at 123° 

10 I--

oA 

X 

5 1--
0 

.Fw. H. Relationship between accumulation of 239Pu in bronchial lymph nodes and the total 
quantity of Pu02 deposited in the lung alveoli. 

lymph node tissue which was not evidenced 
by the other oxides. 

3. The oxalate calcined at 1000° showed the 
least translocation to tissues outside of the 
lung and bronchial-mediastinal lymph 
nodes. 

These results are of interest to the biologist 
as well as to the health physicist because biolo
gical processes apparently discriminated between 
the four types of plutonium oxides, all of which 
were in the crystalline state when inhaled. Their 
only apparent differences were the Mass Median 

the shapes of the particles closely resembled 
those of the metal oxidized at 450°. However, 
there may be a correlation between accumula
tion of plutonium in bronchial lymph nodes 
and the total amount of plutonium deposited 
in the alveoli, Fig. 8. This is especially apparent 
at the higher alveolar depositions. In an earlier 
study<•> we found some variation ofplutonium 
lymph node accumulation with the MMD of 
the inhaled Pu02 (oxalate calcined at 325°), 
but there was no positive indication that the 
fraction of plutonium accumulated in the lymph_ 
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Table 7. Clinical Observations 

Body weight 
Respiratory 

2s•Pu rate 

body 
(Kg) 

(respfmin)* 

Dog burden 
Pu02 inhaled No. (J.Ci) Initial Final Initial Final 

I Oxalate calcined at l 3.2 8.4 8.0 20 21 
1000° 2 1.8 11.1 11.0 18 19 

3 6.0 9.6 10.0 27 25 

TI Oxalate calcined at 4 6.1 9.9 10.8 15 31 
350° 5 29.0 9.9 ll.O 34 32 

6 20.0 8.5 9.0 22 33 

III Metal oxidized at 7 1.0 10.0 12.4 27 19 
450° 8 7.5 12.3 11.6 19 18 

9 5.1 10.2 9.7 22 21 

IV Metal oxidized at 10 1.3 12.6 12.6 23 23 
123° 11 20.0 8.0 7.3 24 53 

12 7.1 11.0 10.7 38 32 

*Normal values for dogs in our colony range between 15 and 40; the mean is 20 to 25. 
t Mean of 2 and 9 week pre-exposure counts. 

I 
Minute 
volume 

(L) 

Initial Final 

2.8 2.6 
2.3 1.9 
3.1 2.9 

4.8 3.6 
5.8 5.0 
3.4 3.7 

5.2 4.8 
4.3 4.1 
5.5 3.9 

6.0 5.6 
3.0 2.4 
5.4 3.5 

Lymphocyte 
count 

(10 3 per ml) 

Initial Final 

2.47 1.15 
2.71 1.78 

3.30 1.43 

2.75 I.l9 

2.50 0.83 

3.20 0.73 

2.08 1.77 

3.23 1.37 

3.62 0.84 

2.46 1.87 

2.75 0.46 
3.00 1.53 

...... 
<.0 
(.}1 
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nodes one month after exposure increased with 
the amount of Pu02 deposited in the alveoli. 
In another study, <18 > 39 weeks after two dogs 
inhaled Pu0 2 prepared by calcining the oxalate 
at 350°, bronchial lymph node levels were about 

11% and 50% of the 0.5 and 1.4 fLCi, respect
ively, initially deposited in the alveoli. However, 
these results are not adequate proof that the 
fraction of plutonium accumulating in the 
bronchial lymph nodes was dependent upon the 
quantity deposited in the alveoli of the dogs in 

this study. 
There does not seem to be any obvious expla

nation for the lower rate at which metal oxidized 
at 450° was cleared from the lung by the mucus
ciliary pathway or the apparent selective loss of 
241Am relative to 239Pu in lung and lymph node 
tissue. Additional alpha energy analyses of 
tissue and excreta samples from the dogs in 
the group may show a relationship between 
these two findings, but none can be identified 
as yet. The fact that the oxalate calcined at 
1000° showed somewhat less translocation from 
the respiratory tract than the other oxides seems 
reasonable since the high temperature might 
be expected to decrease its solubility, yet this 
material did not show the lowest ultrafilterabi
lity. On the other hand it was expected that the 
metal oxidized at 123° would show the greatest 
translocation because of its friability and its 
small mass median diameter. However, this 

did not occur. 
The results of this study have certain radia

tion protection implications although the differ
ences in behavior of the four types of oxide in the 
body cannot be considered large. The possible 
difference in the fraction of plutonium that 
accumulated in the bronchial lymph nodes 
can be an important finding. Most animal 
experimentation with inhaled Pu02 that. has 
been reported was probably done with oxides 
prepared by calcining the oxalate at tempera
tures less than 500°. In the present study the 
greatest accumulation of 239Pu in the bronchial 
lymph nodes occurred with this type of Pu02 • 

In a long-term study <19
) with dogs, inhalation of 

this type of Pu02 has resulted in a high pro
portion of animals with primary lung cancer, 
but despite the heavy accumulation of 239Pu 
in the bronchial lymph nodes no primary 
tumors have been identified as originating in 

this tissue although some metastases to the 
lymph nodes occurred. If the accumulation of 
239Pu in the bronchial lymph node is a desirable 
phenomenon in respect to the hazard associated 
with inhaled Pu02, the inhalation of the 
types of Pu02 which show minimal accumu
lation in the lymph nodes and consequently 
longer retention times in the lung, where it is 
known to be carcinogenic, would be more 
hazardous than inhalation of the low-tempera
ture calcined oxalate. Therefore, it seems that 
long-term studies of inhaled plutonium metal 
oxides or high temperature calcined oxalates 
are required to compare the biological effects 
with the results of current studies using plu
tonium oxalate calcined at 350°. <19 > 

Although the excretion rates of 239Pu in 
this study suggested some differences among the 
four types of oxides inhaled, the differences 
were probably not great enough to cause much 
concern in interpreting human bioassay data. 
It is planned to further assess the excretion data 
collected in this study in terms of the many 
proposed models. (20-26) 
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TRANSFER OF 144Ce VIA PLACENTA AND DURING 

LACTATION TO OFFSPRING IN MICE 

A. NEHARIN and E. LUBIN 

Soreq Nuclear Research Center, Israel Atomic Energy Commission, Yavneh, Israel 

Abstract-This investigation is a continuation of a similar study on the transfer of 152-•Eu to 

the offspring in mice. Our main interest is the case of an acute contamination occurring a long 

time before the pregnancy. The question is whether the radioisotope, that has already been 
fixed in the bone, is removed during pregnancy or lactation, and, if so, in what quantities in 

relation to the time elapsed since contamination. 

Four experimental groups, each of 12 female mice, were injected with 3 ,.,Ci/0.2 ml of 
144Ce-citrate. An additional group was held as control. The groups were mated to untreated 

males by the harem method. 
Group A was mated and the isotope administered on the 18th day of gestation. The animals 

were sacrificed on the 20th day, the total period of gestation being 21 days and the 144Ce 

content determined in the whole litters, uterus and placenta, blood (0.5 ml), liver, femur and 
remaining carcass. These measurements showed the transfer of the contaminant to the fetus 

through the placenta, very shortly after the contamination has occurred, and also distribution of 

the isotope in the various organs. 
Group B was mated immediately after dose administration. The offspring were whole-body 

counted for body burden soon after delivery. Thereafter the lactating litter was counted in the 
same manner twice a week until weaning, after which 3 more counts were taken during the 

next 5 weeks. From this group mainly the transfer of the contaminant through the milk was 

determined. 
Groups C and D were mated 4 and 8 weeks respectively after injection of the isotope. The' off

spring were counted for body burden as in Group B, to indicate the effect of the time elapsed 

since contamination on the transfer to the offspring during pregnancy and lactation. 

Results 
I. The transfer of the contaminant through the placenta, expressed as a percentage of the 

mother's body burden, at the time of delivery was clearly related to the time elapsed since the 

date of contamination. 
2. The transfer of the contaminant through the milk was considerable. Lactating litters 

showed a gradually rising body burden which reached a peak on the 11th day and then dropped 

rapidly till the weaning day. Three more counts taken during the next 5 weeks showed a very 

small and gradual decrease. 
3. The transfer of 144Ce to the lactating litters was higher the closer the gestation period was 

to the day of the administration of the isotope. 
4. The body burden of the contaminant showed a somewhat quicker decrease in the lactating 

mothers than in the virgin females. 
5. The distribution of l••Ce in the offspring was measured in the period of maximal activity 

and found to be mainly in the digestive tract. 
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TRANSLOCATION OF 90Sr FROM MATERNAL SKELETON 

TO PROGENY DURING GESTATION AND LACTATION* 

R. J. DELLA ROSA, H. G. WOLF and M. GOLDMAN 

Radiobiology Laboratory, University of California, Davis, California 95616, U.S.A. 

Abstract-The fractional translocation of9°Sr to progeny during gestation and lactation was 
determined in five adult Beagles previously fed a diet containing 1.1 or 3.3 p.Ci 90Sr/g Ca. 
These proven dams were fed approximately 4 or 12 p.Ci 90Sr per day for about one year during 
adulthood, and after 85, 102, 150, and 286 days on non-radioactive food they were re-bred. 
The body burdens of the dams and/or their litters were determined in vivo by monitoring of the 
(

90Sr + 90Y) bremsstrahlung at the time of breeding, whelping, during nursing, and at weaning, 
at which time the animals were sacrificed and their body burdens radiochemically confirmed. 
From 10-30% of the maternal skeletal burden of 90Sr was lost by the combined influence of 
gestation and lactation. The fractional loss of9°Sr appeared to have been dependent primarily 
on litter size, but may also have been influenced by the length of time from acquisition of the 
body burden to breeding. At birth the 90Sr content of the litters represented less than 1% of the 
initial maternal body burdens and increased to more than 10% at weaning. The body burdens 
of the litters at weaning accounted for nearly 30% of the maternal loss. These data suggest that 
the evaluation of possible radiation hazards to the newborn from biospheric contamination 
requires knowledge of the maternal contribution to the body burden of the offspring as well as 
that from dietary sources. 

INTRODUCTION 

Theoretical calculations of 90Sr and 89Sr dose 

in the human fetus and infant have been limited 

severely by the lack of pertinent experimental 

data. <1 l Of utmost importance is the question 

of the fractional translocation of the radiostron

tium body burden from maternal bone to pro

geny. Further, the contribution of maternal 

nursing toward the body burden of the young 

relative to that acquired during gestation would 

have to be considered. The study on the effects 

of continually fed 90Sr in the Beagle, currently 

under way at the Radiobiology Laboratory, 

University of California at Davis, provided a 

unique opportunity to obtain such comparable 

data in the dog. 

METHODS AND MATERIALS 

one year; they were then fed non-radioactive 

food and kept in outdoor pens. The diet con

tained one percent calcium with a Ca/P ratio 

of about 1.5; the average maintenance intake 

per day was about 400 g food. As the dogs came 

into estrus they were rebred. Breeding times 

were at 85, 102, 150, and two at 286 days after 

acquiring their body burdens. 

The respective body burdens of the dams 

and their litters were determined in vivo by total 

body counting of the (90Sr + 90Y) bremsstrah

lung at the time of breeding, whelping, during 

suckling, and at weaning of the litters. Some of 

the animals were sacrificed and their body 

burdens determined radiochemically. 

RESULTS AND DISCUSSION 

In Table l are summarized the losses in 

maternal body burdens. A series of five proven Beagle dams were fed 

approximately 4 or 12 p.Ci 90Sr per day for about From 10-30% of the maternal skeletal burdens 

of 90Sr was lost by the combined effect of gesta

tion and lactation. In some cases little or no 

* Supported by U.S. Atomic Energy Commission. loss in body burden could be detected during 
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Time 
to breeding 

(days) 

85 
102 
150 
286 
286 

* 4 p.Cijday. 
t 12 p.Cijday. 

I 

t Not detectable. 

R. ]. DELLA ROSA, H. G. WOLF and M. GOLDMAN 

Table 1. Loss of Maternal 90Sr due to Gestation and Lactation 

Body burden 
(p.Ci 90Sr) % body burden lost 

Initial Whelping Weaning Total Gestation Lactation 

10.8* 9.1 8.0 26 16 10 
35.5t 32.9 24.6 29 5 24 

5.4* 5.4 4.5 17 n.d.t 17 
3I.2t 31.2 26.2 16 n.d.t 16 
16.9t 16.0 15.2 10 5 5 

gestation and it is evident that most of the 
maternal losses occurred during lactation. 

The losses in maternal body burdens should, 
of course, be corrected for the fraction of the 
90Sr which is normally lost by excretion. Since 
control or non-bred dogs were not available 
for this study, the data of Goldman, Powell 
and Young< 2 l on retention of 90Sr in uniformly 
labeled Beagles were used to approximate the 
retention pattern in these dogs. Some of these 

data, together with the loss in body burdens 
due to gestation and lactation in this study, 
are shown in Fig. 1. Thus, if one assumes that 
the dams' skeletons were essentially uniformly 
labeled (90Sr/Ca ratios in the different bones of 
one dam studied did not vary by more than a 
factor of two), about 6% of the initial body 
burden would be lost per 100 days-at least for 
the first year following the end of 90Sr feeding. 
It is evident from Fig. 1 that during gestation 
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FIG. I. Whole body retention pattern of 90Sr in uniformly labeled Beagle skeletons, 
compared to body losses during gestation and lactation. 
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FIG. 2. 90Sr pup body burdens expressed as percent of initial maternal body burden per 
kilogram of pup body weight. 

the slope of the curve did not vary significantly 
from that of the uniformly labeled bone and 

that almost all the decrease in body burden 
was seen during the period of lactation and 
appears to be primarily a function of litter 
size. 

Table 2 summarizes the accumulation of 

90Sr in the litters of pups expressed as percentages 
of the initial maternal body burdens and of the 
maternal radiostrontium losses. At birth the 
90Sr content of the litters represented about 1% 
of the initial maternal body burdens, and at 
weaning the pups had accumulated as much as 

13% of the maternal body burdens. The pup 

Table 2. Pup Body Burdens from Birth to Weaning 

p.Ci 90Srflitter 
% of maternal 
body burden 

Time to Initial Total loss 
breeding No. pups 0-6 18 38 0--6 38 38 

(days) born/weaned days days days days days days 

85 6(6 0.1 0.3 0.7 1 6 25 
( ,..._, 1/pup)* 

102 7(7 0.8 2.0 3.1 2 9 31 
(,..._,1/pup) 

150 5/5 0.1 0.3 0.7 2 13 80 
(,..._,3/pup) 

286 4/3 0.1 0.5 1.4 ,....,0,3 4 28 
(4 pups) (3 pups) (3 pups) (,..._,!/pup) 

286 5/1 0.1 0.1 0.3 ,....,0.6 2 18 
(5 pups) (I pup) (I pup) 

* Expressed as per cent of maternal body burden per pup. 
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body burdens at weaning accounted for about 
30% of the maternal losses. In the dam bred 

150 days after acquiring its body burden, the 
pups contained about 80% of the maternal loss. 
This may be due in part to the relatively small 
loss, as well as difficulties of in vivo bremsstrah
lung measurement on unanesthetized dogs with 
small body burdens. It is pertinent to mention 
here that the average body weight of Beagle 
pups is about 200 g at birth, and at weaning 
the body weight is about 1-1.5 kg. Total body 
calcium is about I gat birth and 10 gat wean
ing. As seen from the values in parentheses in 
Table 2, approximately I to 3% of the initial 
maternal body burden was transferred to each 

pup at weaning. 
Figure 2 shows the data normalized to 1 kg 

of pup and further indicates this relationship. 
The line was drawn through the average of 
all values. Thus, from birth to 38 days there is 
an approximate increase of 0.01% of the initial 
maternal body burden per kilogram of pup 
per day. At birth a litter of 5 pups (about 1 kg) 
would contain approximately 0.5% of the initial 
maternal body burden (or about 0.1% per 
pup); at weaning this value increases to more 
than 1 %, the same tenfold-increased mineraliza
tion as noted above. 

These data are in essential agreement with 
the theoretical prediction of Mays <3 l that a 
former 90Sr dial painter of Czechoslovakia, 
Switzerland or Poland might transfer roughly 

0.6% of her body burden to her newbo~n 
child. 

These limited data reported here on Beagle 
dogs suggests that the evaluation of possible radi
aliuu hazards to newborn pups requires not only 
knowledge of dietary contamination, but also 
the extent of maternal transfer via gestation 
and nursing. Further, in the case of significant 
contamination of the maternal skeleton the 
elimination of breast feeding should be con
sidered. 
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ACTION DE LA KALLIKREINE SUR LES RADIO-LESIONS 

S. SIMON 

Institut Bordet, Centre Anticancereux de l'Universite de Bruxelles 

et J. RODESCH 

Euratom 

Resun1e-Les extraits pancreatiques desinsulinises (kallikreine ou padutine-depot) exercent 
une action trophique cicatrisante sur les radio-lesions aigi.ies et chroniques. 

Une experimentation sur !'animal montre que les radio-necroses cicatrisent mieux et plus 
rapidement. On obtient une guerison a pres des doses entrainant chez les temoins une ulceration 
stable. 

Chez l'homme, le traitement des radio-lesions accidentelles ou therapeutiques est etudie sur 
127 cas, avec 80% de bons resultats. La diminution marquee ou la disparition des douleurs est 
rapide. L'extreme diversite des radio-lesions oblige a regler le plan therapeutique et la dun!:e 
du traitement pour chaque cas particulier. Des resultats positifs ant ete obtenus dans des 
radio-necroses cutanees aigi.ies et chroniques, des radio-necroses du col uterin, de la vessie, des 
muqueuses, des os, dans des radio-myosites et des retards de cicatrisation. 

QueUes que soient les precautions prises et 
les dispositifs de securite adaptes aux appareil
lages, les risques d'accidents entrainant des 
radio-lesions restent importants. D'autre part, 
pour enrayer !'evolution des cancers, les traite
ments radiotherapiques doivent souvent attein
dre des niveaux deves; ils laissent parfois 
derriere eux des sequelles indelebiles qui peu
vent etre fort penibles et risquent de s'aggraver 
sous des influences diverses. 

Ces radio-lesions sont caracterisees par de~ 
troubles trophiques interessant particulierement 
les vaisseaux sanguins dont la lumiere s'oblitere, 
compromettant ainsi la nutrition des tissus 
voisins. Elles s'accompagnent souvent de dou
leurs intenses, a type paroxystique. Les thera
peutiques proposees ne sont efficaces que dans 
un petit nombre de cas; le plus sou vent les 
resultats obtenus sont decevants. 

Or depuis les travaux de Vaquez (1931), 
Benard (1947), Gley (1951), on sait que les 
extraits pancreatiques desinsulinises ont une 
action trophique qui favorise la cicatrisation 
des plaies atones. Ceci donna 1'idee au Dr A. 
Massart, confronte en 1960 avec une radio-

conduire a une amputation, a essayer !'action 
de la padutine-dep6t (connue en France sous 
le nom de kallikreine); la cicatrisation fut rapide 
et de qualite spectaculaire. Ce brillant succes 
a conduit le Dr Massart et nous-meme a 
etudier les applications possibles de ce produit 
en clinique humaine. 

Parallelement aux essais therapeutiques et 
dans le but de pouvoir etudier le mode d'action 
de ce medicament, une etude experime.ntale fut 
entamee sur differents animaux (rats, lapins, 
cobayes, pores).* Cette etude est tottiours en 
cours; elle a confirmee l'efficacite du produit. 
Le tableau I resume une serie d'experiences 
faites sur le rat: des groupes de 10 animaux 
adultes, appartenant a une souche homogene, 
de meme age et de meme sexe, sont irradies a 
raison d'une dose unique sur une surface de 
22 mm2, au moyen d'une installation de 50 kV, 

soit avec un filtre de 0,5 Al (flux 8 000 r/min), 
soit sans filtre (flux 45 000 r/min); il faut attein
dre une dose de 10 000 r pour voir apparaitre 
des ulcerations profondes; maisjusqu'a 30 000 r, 
la cicatrisation s'effectue spontanement en 12 a 

necrose aigi.ie de la main qui se montrait refrac- *Travail effectue an laboratoire du Prof. Mandel 
taire aux therapeutiques classiques et allait (Strasbourg). 
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Tableau 1. Traitement des Radio-Necroses par la Padutine Chez Le Rat 

Doses administrees 
(50 kV) 

10.000 r (filtre 0,5 Al) 
20.000 r (filtre 0,5 Al) 
30.000 r (non filtres) 
50.000 r (non filtres) 

60.000 r (non filtres) 

70.000 r (non filtres) 
80.000 r (non filtres) 

Duree de cicatrisation 

Temoins 

7 a 12 semaines 
12 semaines 
12 a 13 semaines 
20 semaines ou pas de 

cicatrisation 
aucune cicatrisation 

apres 20 semaines 
aucune cicatrisation 
aucune cicatrisation 

quelques deces 

Animaux traites 
(2 U.B. taus les 2 jours a 
partir du 2leme jour.) 

plus rapide 
plus rapide 
environ 6 semaines 
12 semaines 

6 a 13 semaines 

6 a 13 semaines 
6 a 13 semaines 

13 semaines; a pres des doses de 60 000 ret 80 000 r, 
il n'y a plus de cicatrisation spontanee. Apres 
traitement a la padutine, debutant lorsque la 
radio-lesion est installee, on constate que, pour 
les doses de 10 000 a 20 000 r, la cicatrisation 
est plus rap ide que chez les temoins; pour 30 000 
r, la duree de cicatrisation est reduite de moitie; 
entre 50 000 et 80 000 r, tousles animaux traites 
cicatrisent entre 6 et 13 semaines. 

En clinique humaine, !'experimentation sys
tematique n'est pas possible. Nous rencontrons 
des radio-lesions d'origines tres diverses et qui 
evoluent de fac;on tres variable; elles son t 
generalement tres douloureuses, cicatrisent tres 
lentement et laissent des sequelles penibles et 
sujettes aux rechutes. 

Nous avons actuellement traite 127 malades, 
avec un recul su:ffisant pour pouvoir apprecier 

Tableau 2. Radio-lesions Humaines Traitees par Padutine 

Type de Radio-lesion Nombre Succes Echecs Traitement 
de Cas non supporte 

Radio-necroses aigiies 3 3 
Radio-necrose cutanee sur ancienne 

radio-dermite 12 8 3 1 
Radio-necrose tardive apres Ca peau 47 42 3 2 
Radio-necrose levre et bouche 10 10 
Radio-dermite chronique du sein 16 13 3 
Radio-necrose cutanee du sein 9 8 1 
Radio-lesions post Ca uterin 9 8 1 
Radio-necrose vulve, anus, verge, perinee 8 5 3 
Cas O.R.L. 3 1 2 
Cicatrisation trainante 10 8 2 

Total 127 106 17 4 
(83,5%) (13%) 

I 
(3,5%) 
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les resultats obtenus (tableau 2). Nous avons 
enregistre 4 cas d'intolerance, 17 echecs (soit 

13%) et 106 resultats satisfaisants (83,5%). 
Le produit commercial utilise a ete la padu

tine-dep6t. Le traitement d'attaque comporte 
trois injections intra-musculaires par semaine. 
En cas de reponse favorable, les douleurs dimi
nuent rapidement; cette reaction subjective
extremement importante pour le patient-sur
vient en general avant que l'on observe une 
modification macroscopique de la lesion. Puis 
la plaie se deterge, les tissus sous-jacents perdent 
leur aspect atone et une cicatrice a aspect de 
tissu presque normal s' elabore. La cicatrisation 
complete prend un temps tres variable, ce qui 
s'explique par le polymorphisme des lesions: 
sur les 4 7 cas de radio-necrose tardive qui ont 
gueri, 25 ont cicatrise en un a deux mois, I 0 en 
trois a six mois, 5 en six a douze mois et 2 en 
dix huit mois. Nous avons eu quelques cas de 
sequestres osseux et nous avons eu !'impression 
que la delimitation du sequestre et son elimina
tion suivie d'une cicatrisation se faisaient en un 
temps anormalement rapide. 

On a interet a ne pas arreter trop tot le 
traitement; nous avons en effet observe quelques 
rechutes qui ont ete enrayees par une reprise 
des injections. Le produit n'etant pas toxique, 
il est parfois utile de pousuivre une cure 
d'entretien a raison d'une injection hebdoma
daire. 

Nos echecs sont souvent imputables a !'im
portance ou a l'anciennete de la radio-necrose. 
Par principe, nous n'avons elimine a priori 

l.R.P. VOL. I-H 

aucun cas et certaines reponses ont ete spec
taculaires. 

Nous avons obtenu de tres importantes 
ameliorations chez des malades irradies a doses 
tres elevees pour des cancers profonds et qui 
conservaient des sequelles penibles: telangiec
tasies prurigineuses, sclerodermie, fibrose sous
cutanee, myosite, etc. Dans la majorite des 
cas, Ia padutine fait disparaitre les douleurs 
et entraine une regression marquee de la 
myosite, des troubles circulatoires et des lesions 
cutanees. 

Nous utilisons egalement la padutine lorsque, 
apres curietherapie ou radiotherapie de cancers 
cutanes etendus, il persiste apres plusieurs mois 
une plaie atone, faisant prevoir une cicatrice 
vicieuse, retractile, ou une radio-dermite chro
nique. Chaque fois, la padutine a declenche un 
processus de guerison rapide, avec formation 
d'une cicatrice souple, de bon aloi. 

En resume, les extraits pancreatiques desin
sulinises nous paraissent constituer une thera
peutique de choix pour le traitement de 
multiples varietes de radio-lesions aigues ou 
chroniques. Son emploi est facile et il n'y a 
pas de contre-indication. 

Le mecanisme d'action de ces corps n'est 
pas connu et des recherches de laboratoire sont 
actuellement en cours en vue d'elucider les 
problemes theoriques qui se posent. Mais des a 
present les resultats cliniques obtenus justifient 
l'emploi de cette medication dans les cas 
d'accidents radiologiques laissant d'erriere eux 
des sequelles douloureuses ou mutilantes. 



REGENERATIONSVORGANGE IN THYMUS, MILZ UND 

KNOCHENMARK DER RATTE NACH 
.. .. 

RONTGEN-GANZKORPERBESTRAHLUNG MIT 

UNTERSCHIEDLICHEN STRAHLENDOSEN 
FRIEDRICH BOEGLER 

Radiobiologische Abteilung des Heiligenberg-lnstitutes, 7799 Heiligenberg BRD 

und HEINZ KRIEGEL 

Gesellschaft fiir Strahlenforschung, 8042 Neuherberg BRD 

Zusanunenfassung-U m die reaktiven, reparativen und regenerativen Vorgange in Thymus, 
Milz und Knochenmark nach einem Strahleninsult naher zu untersuchen, wurden Ratten mit 
Strahlendosen zwischen 65 R und 1000 R ganzkorperbestrahlt. Zunachst sti.indlich, dann in 
taglichen Abstanden bis zu 12 Tagen und mehr nach dem Strahleninsult wurden die Tiere 
getotet und histologisch untersucht. Blut- und Knochenmarksausstriche wurden angefertigt 
und von Thymus und Milz Ausstrichpraparate hergestellt unter Anwendung erweiterter 
Farbemethoden. AuBerdem wurden histologische Schnitte von Thymus und Milz gefertigt 
und tiber 800 mikrophotographische Bilder von Ausstrichpraparaten aus allen Untersuchungs
phasen hergestellt. 

Wahrend die bisher bekannten Befunde zu Regenerationsproblemen weitgehend bestatigt 
werden konnten, fi.ihrte die Methode der Ausstrichpraparation zur Erkennung weiterer Ein
zelheiten tiber die geweblichen Prozesse nach Strahlenbelastung. Dabei zeigte sich, daB nach 
den dosis- und zeitabhiingig auftretenden cytologischen Anomalien gleichzeitig bestimmte 
Veranderungen der Sti.itzung gefaBgewebsbildenden Funktionseinheiten sowie in den faserbil
denden Substanzen der extrazellularen Raume festzustellen sind. Diese Veranderungen sind 
als direkte Folge der Strahlenschadigung aufzufassen und sind mitbestimmend fi.ir den Grad 
des weiteren Zelluntergangs. 

Auch fur die Vorgange der Reparation und Regeneration ist der Schadigungsgrad in den 
extrazellularen Raumen von Bedeutung. So wares moglich, a us der fortlaufenden Beurteilung 
der Organausstrichpraparate innerhalb dcr verschiedenen Dosierungen diese Vorgange in 
ihrer morphologischen Vielfalt und ihrem zeitlichen Ablauf zu erkennen. Diese Ergebnisse 
weisen auf eine ubergeordnete Reaktionseinheit hin, die nach allgemein-pathologischen 
Gesichtspunkten beurteilt, sich als ein typisches Entzi.indungsphanomen darstellt. Damit 
ergeben sich wichtige Diskussionspunkte, die fur weitere Untersuchungen von Bedeutung sind. 

Die Schadigung des Organismus durch 
ionisierende Strahlen kann letztlich auf zel
luliire und biochemische Vorgange zurtickge
fiihrt werden. Untersuchungen tiber die Strah
lenwirkung auf die Zelle liegen bereits in groBem 
Umfange vor. <1

-
14 > Jedoch erscheinen uns die 

Beschreibungen der zellularen Verandeningen 
post radiationem, sei es im peripheren Blut, im 
Knochenmark oder im Gewebe nicht ausreich
end, urn z.B. Fragen tiber die Moglichkeiten 
der Reparation oder Regeneration des Strah
lenschadens <16 -

29 l zufriedenstellend zu klaren. 

So sind beispielsweise nicht allein die Degenera
tionen und die Nekrosen fiir die Ereignisse der 
Destruktionsphase kennzeichnend, sondern in 
weit groBerem AusmaB auch die Vorgange, die 
sich neben und zwischen <30 > diesen regressiven 
Strukturanomalien abspielen. 

Aus diesem Grunde haben wir in den vor
liegenden Experimenten den Versuch unter
nommen, die extra- und intrazellularen Vor
gange im Gewebe nach Strahlenbelastung mit 
unterschiedlichen Dosen tiber die verschiedenen 
Stufen der Strukturveranderungen in Richtung 

209 
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Regeneration fortlaufend zu beobachten und 
in ihrer Vielgestaltigkeit sowie in ihren iiber
geordneten Zusammenhangen <31 > zu erfassen. 
Als hierfiir besonders geeignet en-vies sich 
uns das Organ-Ausstrichpraparat, <32 > das besser 
uberschaubar die verschiedenen Organisations
stufen der Grundsubstanz, <33 -

34 > der Faser
struktur~n <35

-
36 > und der strahlenresistenteren, 

mesenchymalen Zellverbande, <37 > erkennen 
laGt. 

MATERIAL UND METHODE 

Die Untersuchungen wurden an ca. 180 g 
schweren weiblichen Ratten eines institutsei
genen Auszuchtstammes vorgenommen. Die 
Ganzkorperbestrahlung der Versuchstiere er
folgte in Gruppen von je 20 Tieren mit unter
schiedlichen Dosen von 65 R, 150 R, 3 X 150 R, 
250 R, 500 R, 750 R und 1000 R unter fol
genden Bedingungen: 200 kV, 15 rnA; 0,52 Cu
Filter; FHA 30 em; Dosisleistung 160 R/min. 
In Abstanden von 2, 3, 4, 6, 8, 12, 24, 36, 48, 60 
Stunden, sowie 3, 4, 5, 6, 8, 10 und 12 Tagen 
nach Bestrahlung;;ende wurden die Tiere in 
Athernarkose getotet, Blutausstriche angcfertigt 
und Thymus, Mi1z sowie Knochenmark aus 
den Femora entnommen. Von Thymus und 
Milz wurden kleine Gewebsstucke unter Zusatz 
von physiologischcr Kochsalzlosung zerquetscht 
und wie bei Knochenmarkspraparaten Aus
striche hergestellt. Nach Lufttrocknung erfolgten 
Farbungen mit Methy1blau-Eosin nach Mann, 
mit Hama1aun nach Mayer, kombinierte 
May-Griinwald und Giemsa-Farbung nach 
Pappenheim, Azanfarbung, Sudanfarbung und 
Feulgens- sowie PAS-Reaktion. 

AuBerdem wurden in Erganzung hierzu his
tologische Schnitte von Thymus und Milz nach 
Fixierung mit Bouin angefertigt und mit Eisen
hamatoxylin gefarbt. Zur Dokumentation und 
weiteren Beurteilung erwiesen sich die aufgrund 
charakteristischer histo- und cytologischer Be
funde angefertigten 800 Mikrophotographien 
als sehr wertvoll. Die Auswertung des V ersuchs
materials bei der Durchsicht der histologischen 
Schnitte und Ausstrichpraparate von Thymus, 
Milz und Knochenmark erfolgte mit Hilfe eines 
zur Erfassung der morphologischen Einzelfak
toren besonders gestalteten Schemas. Dieses 
Schema, das den Ablauf der Veranderungen im 
Gewebe nach Irritation bis zur Regeneration 

umfaf3t, enthalt neben den erganzenden Einzel
faktoren, die spater zur Erlauterung kommen 
werden, die folgenden Gruppen: 

1. Kapillarwand-Permeabilitatsstorungen 
2. Grundsubstanz-Entmischung 
3. Veranderungen der Faser- und Zellstruk

turen 
4. Mastzellendegranulierung 
5. Fortsetzung der Grundsubstanzverande

rungen 
6. Proliferationsvorgange 
7. Regenera tionsvorgange 

ERGEBNISSE 

W enn wir hier von Regeneration sprechen, so 
sind nicht die entsprechenden physiologischen 
Vorgange innerhalb der verschiedenen Zell
typen der untersuchten Organe fiir sich allein 
gemeint. Bei unseren Versuchen handelt es 
sich vielmehr um das Prinzip der akzidentellen 
oder reparativen Regeneration <38 > nach Strah
lenbelastung, das von vornherein in iiber
geordnetem Zusammenhang die Ereignisse im 
gesamten Schadigungsbereich der alterierten 
Gewebe des Gesamtorganismus zum Gegenstand 
der Betrachtung hat. Demzufolgc b1eiben die 
Regenerationsablaufe durch die Phasen B1astem
bildung, Wachs tum und Differenzierung <39 > 

charakterisiert, auch wenn hier die Darstellung 
auf Thymus, Milz und Knochenmark beschr
iinkt bleiben. 

Die Serien von Organ-Ausstrichpraparaten 
der speziell untersuchten Mausergewebe erga
ben in Abhangigkeit von den unterschiedlichen 
Strahlenbelastungen im gesamten zeitlichen 
Ablauf recht iibereinstimmende, untereinander 
vergleichbare, geradezu typische Reaktions
phasen, wenn man dabei besonders die V or
gauge in den extrazellularen Raumen der 
Grundsubstanz zur Beurteilung heranzieht. 

Neben Storungen der Permeabilitiit und des 
intra- und extra-zellularen Flussigkeitsaustau
sches, verbunden mit katabolen Vorgangen des 
Stoffwechsels aller zelligen und nichtzelligen 
Strukturen im Schadigungsbereich, neben 
Grundsubstanzentmischung mit ihren verschie 
denen Graden strukturell fassbarer Anomalien, 
die zusammengefaBt als primare Acidose ange
sprochen werden kann, finden sich weiterhin 
noch Faseraufquellungen, Enzymaktivierung 
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ortsstandiger Bindegewebszellen, RNS-Synthese, 
Mastzelldegranulierung und Fermenthemmung, 
als die wesentlichsten Kriterien einer Strahlen
schadigung des Gewebes innerhalb der ersten 

Stunden. 
Nach diesem Stand der geweblichen Veran

derungen kommt es in den Experimenten nach 
geringer Strahlenbelastung rasch zum Einsetzen 
der regenerativen Vorgange mit Ausbildung 
von iiberwiegend Proliferations- und Zellaus
reifungs-Phasen, wahrend in den Tiergruppen 

In Fallen nach letaler Strahlenbelastung kann 
diese Phase, wie sich iibereinstimmend in den 
Versuchen dieser Tiergruppe gezeigt hat, zum 
Ausgangspunkt fur die kritischen Vorgange 
aller irreversiblen Storungen werden. 

Erst nach Uberwindung dieses wichtigen kata
bolen Reaktionsabschnittes bei allen mittleren 
und hohen, aber nicht ausgesprochen letalen 
Strahlenbelastungen, konnen auch wieJer ana
bole Teilvorgange wie Grundsubstanzsynthese, 
allgemeine Zellproliferation und mesenchymale 

ABB. 1. Ratten-Thymus 6 Stunden nach Ganzkorperbestrahlung mit 500 R. Das 
Quetschpraparat zeigt Grundsubstanzentmischung, Zerfall zelliger und zwischen

zelliger Bindegewebsbestandteile sowie Thymuszelldetritus. 

nach mittleren und hoheren Dosisbelastungen 
unter Fortdauer kataboler Erscheinungen im 
Gewebe die Grundsubstanz-Veranderungen in 
ihrem AusmaB noch zunehmen. 

Als kennzeichnendes Beispiel hierfiir kann 
ein Thymus-Ausstrichpraparat (Abb. 1) her
angezogen werden, das 6 Stunden nach Strah
lenbelastung mit 500 R gewonnen wurde. Es 
finden sich erhebliche Entmischungen der 
Grundsubstanz mit Zunahme von Quellung und 
Entquellungsvorgangen, sowie Zerfall zelliger 
und zwischenzelliger Bindegewebsbestandteile, 
sowie reichliches Material. aus den unterge
gangenen Thymuszellen. 

Reaktionen, sowie Zellreifungsprozesse als erste 
echte Regenerationsvorgange beginnen. 

Ein Beispiel dieser Einzelphase stellt ein 
Thymus-Ausstrichpraparat von der 12. Stunde 
nach einer Belastung mit 500 R dar (Abb. 2). 
Kennzeichnend sind hier die V organge der 
Riickbildung von Grundsubstanz-Entmischun
gen, sowie mesenchymale Reaktionen mit ersten 
differenzierten Zellproliferationen und extrame
dullaren Zellneu-sowie Fehlbildungen. Nach 
AbschluB der Proliferation tritt die eigentliche 
Regeneration als Regenerationsblastem mit Rei
fungs-undRekapillarisierungsvorgangen (Abb. 3) 
in den Organ-Ausstrichpraparaten der nachsten 
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ABB. 2. Ratten-Thymus (Quetschpraparat) 12 Stunden nach Ganzk6rperbestrahlung· mit 
500 R. Kennzeichnend sind Beginn von Grundsubstanzsynthese, mesenchymale Reak

tion, Zellproliferationsbeginn und Metaplasie. 

ABB. 3. Ratten-Femurmark 5 Tage nach Ganzk6rperbestrahlung mit 750 R. Das Bild 
laBt deutlich Zellreifungs- und Rekapillarisierungsvorgange erkennen. 
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Stunden und Tage deutlich abgegrenzt 
hervor. 

In unseren Versuchen hat sich gezeigt, daB 
bei Belastungen mit 65 R, 150 R und 250 R 
die Regenerationsprozesse mit dem 5. Tag im 
wesentlichen bereits wieder als abgeschlossen 
betrachtet werden konnen. Bei 500 R und 
750 R dauern die Regenerationsvorgiinge noch 
an oder beginnen erst und bei 1000 R treten 
sie tiberhaupt nicht in Erscheinung. Aus diesem 

Stiirung Grundsubstanz Fasor-

Reaktionen mit Abbauerscheinungen bei den 
Erythrozyten, die als gegenlaufige Reaktion 
tiberschiissiger Proliferation gedeutet weden 
mlissen. Ein ahnlicher Verlauf konnte bei den 
Versuchsgruppen mit 250 R beobachtet werden, 
nur mit dem Unterschied, daB hier in der Milz 
eine mesenchymale Reaktion noch fortbesteht. 
Insgesamt laufen in den niederen Dosisbereichen 
die Regenerationsvorgange bereits in Richtung 
einer volligen Wiederherstellung ab. So gesehen 

REGENERATION 

J, 

Mastzellon- Sokundaro Mosonchymalo Regenerations-
dor 

Entmischung aufquollung Dogranuliorung Acidoso Roaktion Blastom 
Vasomotion 

e Knochenmark A Thyl'rlus • Milz 

ABB. 4. Schema der Regenerationsvorgiinge in Thymus, Milz und Knochenmark am 5. 
Tage nach Strahlenbelastung mit verschiedenen Dosen. 

Grunde haben wir in einem schematischen 
Dbersichtsbild (Abb. 4) versucht, die Regenera
tionsvorgange in Thymus, Milz und Knochen
mark nach Strahlenbelastung mit verschiedenen 
Dosen am 5. Tag vergleichend darzustellen. 

Wie Abb. 4 zeigt, werden bei den Strahlen
dosen von 65 R, 150 R und 250 R die verschie
denen Einzelphasen der Regenerationstendenz 
schrittweise und ohne Retardierung durchlau
fen. Lediglich im Knochenmark bestehen bei 
einer Dosis von 65 R am 5. Tag post radia
tionem noch maBig ausgepragte mesenchymale 

kann die Regeneration am 5.Tag nach Bestrah
lung mit 65 R und 150 R als nahezu abge
schlossen gelten, wahrend bei der mit 250 R 
bestrahlten Gruppe die Regenerationsvorgange 
noch andauern, zurnindest in der Milz. 

Ganz anders verhalten sich demgegenti.ber die 
histologischen Veranderungen nach den mitt
leren und hoheren Strahlendosen. Nach der 
Manifestation des Strahlenschadens in den 
beobachteten Organen werden dabei die ver
schiedenen Reaktionsphasen, die zur Regenera
tion der Gewebe fti.hren, nicht in allen Teilen 
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nacheinander durchschritten. In Abhangigkeit 
von der Strahlendosis wird offenbar das Ingang
kommen der Proliferation durch noch fort
dauernde Alterationen im Grund- und 
Zwischengewebe gehemmt, sodaB gleichzeitig 
die verschiedensten Reaktionsstufen im Gewebe 
vorhanden sind. Im einzelnen zeigt sich, daB 
zum Untersuchungszeitpunkt 5.Tag p.r. (siehe 
Abb. 4) die mit 500 R bestrahlte Tiergruppe 
den Beginn echter Regenerationsvorgange er
kennen laBt, wohingegen die 750 R-Gruppe noch 
in der mesenchymalen Reaktionsphase steht. 
Erwahnenswert bei der 500 R-Gruppe ist das 
Vorhandensein von geringen mesenchymalen 
Reaktionen in Milz und Knochenmark und von 
Veranderungen in der Milz, die der Phase der 
sekundaren Azidose noch zugeh6ren. Bei der 
750 R-Gruppe bestehen zum genannten Zeit
punkt neben den mesenchymalen Reaktionen 
noch Gewebs- und Zellveranderungen, die als 
Retardierung den vorangehenden Phasen der 
sekundaren Acidose und Mastzellendegranulie
rung entsprechen. Dieses Erhaltenbleiben von 
fri.iheren Reaktionsstufen wird besonders deut
lich am Beispiel der 1000 R-Gruppe am 5.Tag 
nach Strahlenbelastung, indem weder die 
Phase der mesenchymalen Reaktion noch die 
der Regeneration erreicht wird. Lediglich im 
Thymus lassen sich bereits Anzeichen einer 
Grundsubstanzsynthese erkennen, wahrend in 
Milz und Knochenmark Faseraufquellung, 
Mastzelldegranulierung und Grundsubstanzent
mischung vorherrschend bleiben. Daraus laBt 
sich entnehmen, daB bei hoher Strahlenbelas
tung des Organismus die diversen Prozesse, die 
zum Abbau und zur Regeneration der Gewebe 
fi.ihren, in den einzelnen Organen unter
schiedlich ablaufen. 

Sieht man von der Vielfalt der Befunde, die 
sich speziell aus den mikroskopischen Beobach
tungen zu den verschiedenen Zeitpunkten nach 
Bestrahlung mit unterschiedlichen Dosen erge
ben haben und die aus Platzgri.inden hier nicht 
zur Darstellung kommen konnen, ab, so lassen 
sich zusammenfassend folgende Schli.isse ziehen: 

1. Die Abhangigkeit der Gewebsveranderun
gen von der applizierten Strahlendosis 
zeigt sich an dem zeitlich unterschied
lichen Verlauf der einzelnen Reaktions
phasen. 

2. Der Verlauf der Reaktionsprozesse im 

Gewebe nach Strahlenbelastung ist organ
spezifisch. 

3. Die strahleninduzierten Gewebsveran
derungen in den untersuchten Organen 
und Geweben weisen in ihrem Ablauf 
A.hnlichkeiten mit den bei Entziindungs
prozessen beobachteten Vorgangen au£ 

DISKUSSION 

Wenn w1r aufgrund der zuvor geschilder
ten Art der fortlaufenden morphologischen 
Differenzierung einen Uberblick i.iber die 
Gesamtvorgange in den strahlenbelasteten Or
ganen von Thymus, Milz und Knochenmark 
geben wollen, so kommen wir zu dem SchluB, 
daB den verschiedenartigen, aber im Grunde 
immer gleichen Reaktionsablaufen in unseren 
Versuchen ein allgemein pathologisches Phae
nomen zugrunde liegt, namlich die Entzi.indung. 
Nach Rohr <40 > kann die Entziindung in ihrer 
biologischen Bedeutung als "die Fahigk~it des 
Organismus zur Abwehr gegen Schadlichkeiten 
und Einleitung der Regeneration umschrieben 
werden". Nach Masshoff<41 > ist die Entziin
dung durch ein Zusammenwirken von Faktoren 
auf einer hoheren als der zellularen Ebene 
gekennzeichnet. Im einzelnen finden wir als 
physiopathologische Kriterien typische Blutzell
wanderungsvorgange in den eigentlichen 
Blutzellbildungssystemen sowie Plasmozytose, 
Mastozytose, gesteigerte Makrophagozytose, 
Epitheloidzellbildung und Fettzellenwucherung 
als spezifisch retikulohistiozytare Reaktion, 
die zusammen das zellulare Abwehrsystem des 
Organismus darstellen. 

So ergibt sich aus dem Gesamtbild der mor
phologischen Reaktionsablaufe in unseren Ver
suchen eine nahezu vollige Ubereinstimmung 
mit den Ergebnissen anderer Untersucher, 
wonach es sich bei den V organgen in den 
Geweben nach Strahlenbelastung urn den Ab
lauf eines Entziindungsprozesses handelt. <42 > 

Entsprechend den friiher dargestellten physio
pathologischen Einzelablaufen des Entziindungs
phaenomens treten auch bei unseren Untersuch
ungen die nachfolgenden Gewebsveranderungen 
deutlich hervor (Abb. 5): 

1. Storungen der Vasomotion mit Anderun
gen der Kapillarfunktion, Vorgange der 
Stase his zur Diapedese von Serum, 
Plasma, Leuko-und Erythrozyten; 
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2. Gewebsveranderungen verschiedenen 
Grades, wie Aufquellung der Faser- und 
Membranstrukturen, Aufquellung mesen
chymaler Strukturen, Depolymerisierung 
der MPS-Protein-Komplexe, Hyperosmose 
und primare Acidose; 

3. Mit den Zellen verbundene Anderungen 
wie Faseraufquellung, Enzymaktivierung 
ortsstandiger Bindegewebszellen, RNS
Synthese, Zelldemaskierung, Zellreizung, 
Zellaufquellung, Pino- und Phagozytose; 

IRRITATION 
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fiziert. Diese beschriebenen Alterationen konnen 
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auch einseitig erfolgen. Es zeigt sich, ~aB 

geringe gewebliche und cytologische Storungen 
nach einer kurzzeitigen Noxe innerhalb des 
1. Reaktionsstadiums sich schnell ausgleichen 
und so zu einer raschen restitutio ad integrum 
oder Ausheilung per primam kommen konnen. 

Anders, wenn die Irritatiuu so groB war, daB 
das I. Reaktionsstadium gleichsam nur durch
schritten wird, urn das 2. Reaktionsstadium zu 

!REGENERATION 

f 

r- -- -1- - - -- - - - - -- - -, I I -!- I 
Kaptllarwand -

Pe:rmeobllitOts -

anderungen I I Fortsetzung der 
<- .J 

Grundsubstanz-

Entm1schung 

prrmare Aztdose 

Foseroufquellung 

Enzymakttvierung 
ortsst. BGW-Zollen 

RNS-Synthese -- -> 
Moshellen-

Degranulierung 

Fermenthemmung 

v 

(restitutio ad integr. 

Grundsuostonz-
VerOnderungen 

sekundore Azidose 

Zunohme des. intra-
u. extrazeUuUiren 

Kotobolismus 

exitus tetalis 

- T-) 

I 
I 

Zell proliferation 

Grundsubstcnz

Synthose 

mesenchymale 

Reaktion 

L - Zellrelfung 

Regenerat 1DnsbLastem 

L--- -I---- l 

J, j- -> [irrev. Orgonsc~ 

r-----, I 
somat. Mutationen - + -) (1rrev. Systemerkrank. } L _____ .J I 

L -) J irrev. AUgeme1nschcd.j 

ABB. 5. Schema des Ablaufes entzundlicher Reaktionen nach Strahlenbelastung. 

4. Weiterhin Vorgange, die an die Mastzell
degranulierung und die Freisetzung von 
Heparin sowie Histamin gebunden sind 
mit moglichen Anderungen der Throm
bozytenbildung und der Gerinnungs
vorgange der Hyaluronsaurewirkung und 
Fermenthemmung. 

Diese verschiedenen Einzelvorgange, die eng 
miteinander verknlipft sind und deshalb hier 
unter dem Begriff des 1. Reaktionsstadiums 
zusammengefaBt werden sollen, werden durch 
das AusmaB einer Strahlenbelastung bestimmt 
und durch den jeweiligen Gewebsaufbau modi-

I.R.P. VOL. 1-H* 

erreichen, das als Fortsetzung der Grundsub
stanzveranderungen weitere gewebliche und 
zellulare, sowie interstitielle Zerfallserscheinun
gen zeigt. Abbau saurer Mucopolysaccharide, 
Zunahme gefaBaktiver Abbauprodukte, Dena
turierungs- und Degenerationserscheinungen 
des Kollagens mit Abbau durch unspezifische 
Proteasen, aber auch Glykolyse, Proteolyse, 
Lipolyse und Mucolyse sind fUr das 2. Reak
tionsstadium kennzeichnend. 

Es ist verstandlich, daB nach Eintritt dieses 
pathologischen Grades von katabolen Gewebs
und Zellzustandsfolgen ein Riicklauf in das I. 
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Reaktionsstadium mit dem Ziel eines anabolen 
Ausgleiches nicht mehr moglich ist. Vielmehr 
bedingen die gegebenen Gewebsverhaltnisse des 
2. Reaktionsstadiums weitere progressive und 
ausgleichende Vorgiinge, urn i.iber eine mesen
chymale Reaktion, i.iber Grundsubstanzsyn
these und Zellproliferation noch andere mog
liche anabole und damit regenerative Vorgange 
in Gang zu setzen, die das 3. Reaktionsstadium 
bilden. Die Einzelfaktoren dieser Gruppe sind 
durch Primarfibrillen- und Fibroblastenbildung, 
Fasersynthese, homogene, galertige Grund
substanzentstehung, Sprossung von GefaBwand
zellen sowie lymphozytiire und plasmazelluliire 
Reaktionen gekennzeichnet. 

Das 4. Reaktionsstadium der fortlaufenden 
Gewebsprozesse, das die eigentlichen regenera
tiven Vorgiinge umschlieBt, wird durch die 
Ausbildung des Regenerationsblastems, durch 
Repopulation und Zellreifung aller Systeme 
sowie Neukapillarisierung markiert. Auch die 
Mastzellneubildung tritt zu diesem Zeitpunkt 
wieder hervor. Im Normalfall ist nach Auffi.il
lung der differenzierten und funktionsti.ichtigen 
Organzellen, nach Ri.ickbildung der Makro-und 
Mikrophagentatigkeit, nach abgeschlossener 
Kapillarisierung, nach Abnahme des entzi.ind
lichen bdems und Zunahme der Eukolloidalitat 
der Grundsubstanz die Wiederherstellung 
innerhalb physiologischer Grenzen erreicht. 
Der Entzi.indungsprozess, der eben diese 
Regeneration bewirken sollte, darf damit als 
abgeschlossen gelten. 

Nur zum Zwecke der Vervollstiindigung des 
Schemas i.iber die Regenerationsvorgiinge in 
ihren positiven und negativen Auswirkungs
moglichkeiten sollen auch die folgenden Mog
lichkeiten noch erortert werden: 

Der V organg einer katabol wirksamen nega
tiven Induktion des 1. Reaktionsstadiums ist 
dann gegeben und von vornherein anzuneh
men, wenn die Strahlenbelastung als protra
hierte Dosis verabfolgt oder durch einen Kom
binationsschaden<43> groB genug war, urn einen 
langeren Fortbestand der sekundaren Azidose 
mit all ihren Nebenerscheinungen zu bewirken. 
In diesem Faile akzentuieren und potenzieren 
sich die verschiedenen Einzelfaktoren des Ent
zi.indungsprozesses sowohl im I. als auch im 2. 
Reaktionsstadium. Die daraus resultierenden 
versHirkten Grundsubstanzveriinderungen und 

die langer fortdauernde Azidose sind Faktoren, 
die einerseits die Regeneration verhindern und 
andererseits zum Ausgangspunkt des parti
ellen Gewebsoder Organzusammenbruchs 
werden konnen. 

Wenn nach geringer fraktionierter Strahlen
belastung oder leichter Kombinationsschadi
gung <44 - 45 > sich die Stoffwechselanomalien nicht 
im 2. Reaktionsstadium erschopfen, sondern 
Zellproliferationsvorgiinge, Grundsubstanzsyn
these und mesenchymale Reaktionen, wenn 
auch nur verzogert und als erste Wiederher
stellungsprozesse in Richtung Regeneration, 
wieder auftreten, so entspricht der Gesamtverlauf 
dem der chronischen Strahlenbelastung. Ana
bole und katabole V organge losen sich in Ab
hangigkeit der weiteren pathologischen Reiz
setzung ab, wobei fortgesetzt die verschiedenen 
Reaktionsstadien des Entzi.indungsprozesses 
durchlaufen werden. Aus Erschopfungs-, Hy
perthrophie- sowie Mutationsvorgangen heraus, 
wobei letztere nur in Proliferationszentren 
entstehen konen, sind alsdann jene krankhaften 
Zustandsanderungen erkliirbar, die sich spiiter 
als irreversible Organ-, System- und Allgemein
krankheiten manifestieren. 

Die Folgerungen, die wir auf Grund unserer 
Untersuchungen i.iber Regenerationsvorgange 
nach Rontgen-Ganzkorperbestrahlung mit un
terschiedlichen Strahlendosen ziehen konnen, 
sind folgende: 

l. Die Vorgange, die <>ich nach Strahlen
belastung in den extrazelluliiren- und 
zwischenzelligen Raumen, in den mesen
chymalen Zellabschnitten sowie in den 
Reifungszentren der differenzierten Paren
chymzellen von Thymus, Milz und Kno
chenmark abspielen, entsprechen dem 
Modell eines quasi Entzi.indungsablaufes. 

2. Die Einzelphasen, die jeweils nach einer 
Actio irritans in Richtung Regeneration 
durchlaufen werden, sind in ihren Details 
folgerichtig und konstant; sie werden nur 
durch die Faktoren einer organspezifi
schen Reaktionsmoglichkeit und der Dosis
abhangigkeit in ihrem zeitlichen Ablauf 
modifiziert. 

3. Die verschiedenen Reaktionsstadien sind 
durch spezifische histologische Verande
rungen charakterisiert und erlauben so 
Aussagen i.iber Strahlendosis und Zeitpunkt 
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nach dem 
jeweiligen 
situation. 

Strahleninsult sowie ti.ber den 
Stand der Regenerations-

4. Aus der vergleichenden Beurteilung der 
histologischen und Organausstrich
befunde unter dem Gesichtspunkt des 
Entzti.ndungsphanomens, ergeben sich 
wichtige Diskussionspunkte, die fur wei
tere Untersuchungen von Bedeutung sind. 
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DISCUSSION 

J. Booz (Euratom): 
I have a question about the measurement of path 

lengths in a cavity. I would like to know what 
distance has been used between the parallel lines of 
measurement shown in Fig. 5. Does the evaluated 
distribution depend on the choice of this distance? 

F. w. SPIERS: 

Measurements were made along parallel lines across 
the bone section at intervals of 50 microns. Since we 
required a statistical distribution of path lengths, at 
random through the trabecular bone, the distribution 
should not depend too critically on choice of distance 
between the lines of measurement as a sufficient 
sampling of the bone is made. There are not many 
"cavities" below 100 microns and hence 50 microns 
should be quite adequate; indeed it may be possible 
to measure at greater intervals. 

R. L. KATHREN (U.S.A.): 
On this subject, on the outer flat curve for the dog 

you should not include the point between 60 and 
120 days and attach it to the deepest portion of your 
slope. I am not sure that this is the bimodal type of 
distribution. Could you comment, please? 

L. J. CASARETT: 

The comment is a valid one and we have discussed 
this point briefly in the full text of the paper. The 
lack of data between 60 and 120 days after inhalation 
is regrettable but it is due to a change in the experi
mental procedure from animal sacrifice to an external 
detection method in following lung loads in this series 
of dogs. Thus, we didn't have tissues to work with for 
these intermediate time periods. We do have some 
points which do not appear in the figure. They are 
recent values and have not been included because 
they have been estimated manually and have not been 
subjected to our computer program analysis. With 
many thousands of numbers, we felt we should omit 
them for the present. It appears, however, that they 

will fall on this curve although the decrease in count 
median diameter will be more gradual than indicated 
in the figure. In addition, as I indicated, a collabora
tive study is planned with Dr. Bair and his colleagues 
at Battelle Northwest to obtain additional points. In 
any event, the significance of the curve lies in its 
documentation of a changing size of the distribution 
of microscopic radiation sources with time after in
halation, and, with additional data, the shape of the 
curve can be expected to change somewhat. 

G. ToRI (Italy): 
Desidero far notare !'interesse della presentazione 

dei dati clinici offerti dall'oratrice. Il radiologo si 
trova spesso in difficolta non indifferenti per la cura 
delle radiolesioni; percio ogni acquisizione a tale 
riguardo ha grande interesse pratico. Chiedo alla 
relatrice di aggiungere qualche informazione supple
mentare a queUe gia fornite, soprattutto in merito 
alla posologia della sostanza curativa usata, in parti
colar modo nei casi di radionecrosi di cancri del collo 

uterino. 

s. SIMON: 

Le produit que nous utilisons est commercialise sous 
le nom de Padutine-depot (Bayer), ou kallikreine en 
France. En presence d'une radio-necrose, j'applique 
d'abord pendant un mois les traitements classiques 
(pommades vitaminees, cortisone, infrarouge, etc.). 
En cas d'echec, je prescris la padutine a raison de 3 
injections intra-musculaires par semaine. Le traite
ment est poursuivi a ce rythme aussi longtemps que 
necessaire, d'apres l'evolution de la lesion. Lorsque 
la cicatrisation est obtenue, d'apres !'aspect des tissus, 
j'arrete ouje poursuis a raison de 2 ou d'une injection 
par semaine. Le traitement doit etre individualist a 
la demande des lesions: le patient me guide generale
ment et fort souvent reclame la dose d'entretien, 
specialement dans Ies cas de myosite. En cas de 
reprise de troubles, j'augmente a nouveau la dose; 
mais je ne depasse jamais 3 injections par semaine. 
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L'ORGANISATION DE LA RADIOPROTECTION 

A LA CENTRALE NUCLEAIRE DE CHINON 
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ResuDle-On trouve sur le site de Chinon les trois premiers reacteurs construits et exploites 

par Electricite de France (E.D.F.). 

Dans toute centrale electrique, au personnel d'exploitation peu nombreux, et ou les con

sequences d'une negligence peuvent i!tre dramatiques, chaque agent doit respecter rigoureuse

ment les consignes de tous ordres. Nous avons organise la radioprotection en suivant d'aussi 

pres que possible les consignes relatives a !a securite conventionnelle, et sur le principe de 

I' autoprotection. 

En exposant comment la radioprotection s'integre actuellement dans !'exploitation de la 

centrale nucleaire de Chinon, en precisant la part des responsabilites de chacun (responsabilite 

hierarchique et fonctionnelle), les auteurs dressent un tableau des difficultes qui sont apparues 

a la mise en place de cette organisation, en particulier, pour ce qui concerne Ia formation du 

personnel, !'adaptation des travailleurs a un milieu contamine, les interventions de techniciens 

etrangers a l'usine. 

1. INTRODUCTION 

En 1955, Electricite de France (E.D.F.) a 
etabli un programme de construction de cen
trales de production d'energie electrique fonde 
sur }'utilisation d'un type de reacteur deja 
etudie par le Commissariat a l'Energie Atomique 
(C.E.A.) pour le centre plutonigene de Mar
coule. Ces reacteurs emploient !'uranium 
nature! comme combustible, le graphite comme 
moderateur, !'anhydride carbonique (C02 ) 

sous pression (environ 25 bars) comme ftuide 
caloporteur. 

La centrale nucleaire de Chinon, premiere 
realisation de ce programme, . situee sur la 
rive gauche de la Loire, dans la commune 
d'Avoine, a 45 km en aval de Tours eta 20 km 
en amont de Saumur, comprend trois tranches 
comportant chacune un reacteur associe a un 
ou deux groupes a turbo-alternateur. On trouve 
egalement, sur le meme site, une installation 
destinee au stockage et au traitement des 

effluents radio-actifs eta l'examen de materiaux 
irradies, ensemble designe par le sigle A.M.I. 
(Ateliers des Materiaux Irradies). 

La figure 1 represente une vue d'ensemble 
de la centrale de Chinon, et le tableau l repro
duit les caracteristiques principales des reacteurs 
( designes par le sigle E.D.F. suivi du numero 
d'ordre) et la date de leur divergence. Nous 
ne les decrirons pas, cela etant fait ailleurs. (l-S) 

L' etablissement et la mise en service de cette 
premiere centrale nucleaire, longuement etales, 
par suite de difficultes techniques, ont permis de 
traiter sans hate le probleme de !'organisation 
de }'exploitation et, en particulier, de la radio
protection. Partant de ce que nous savions faire 
(exploiter une centrale a combustibles fossiles), 
renseignements pris, essentiellement au C.E.A., 
et aussi a l'etranger, nous avons tatonne a la 
recherche de la meilleure organisation. Nous 
crayons interessant, pour ceux d'entre vous qui 
n'ont encore aucune experience pratique, de 
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Fro. I. La centrale nucleaire de Chinon, le 30 octobre 1965. On apers;:oit, sensiblement 
alignes, en allant de gauche a droite: le batiment spherique d'E.D.F. 1, puis le batiment 
parallelepipedique d'E.D.F. 2, surmonte de deux cheminees; puis E.D.F. 3, de dimensions 
voisines de celles d'E.D.F. 2. Dans la partie superieure du cliche: la Loire, avec, audessus 
d'E.D.F. 3, le confluent avec l'Indre. A droite de l'alignement des reacteurs, l'allee centrale 
traverse le site d'Ouest en Est. Sur le cote Sud de cette allee: au premier plan, dans 
I' angle inferieur gauche du cliche, les locaux administratifs; plus loin, la piscine d'E.D.F. 
I, plus loin encore, Ies baraquements des entreprises, actuellement en cours de demolition: 
A l'extremite de l'allee centrale: Atelier des Materiaux Irradies (A.M.!.) batiments tres 

plats, difficiles a distinguer.- VU!1 aerienne Alain Perceval, reproduction autorisee. 

relater les etapes parcourues, et pour ceux qui 
participent deja a !'exploitation de centrales 
nucleaires, de faire le point de la situation 
actuelle. 

Production Thermique (S.P.T.), lequel releve de 
la direction generale de l'E.D.F. par l'inter
mediaire du directeur de la production et du 
transport de l'energie. 

2. L'EXPLOITATION D'UNE CENTRALE 

THERMIQUE CLASSIQUE 

Le chef de centrale releve, par l'intermediaire 
du chef de groupe (le groupe comprend les 
centrales thermiques situees dans la meme 
region) de l'autorite du chef du Service de la 

Ce chef de centrale, assiste d'un chef-adjoint 
de centrale, assure I' exploitation de !'installation 
avec le concours d'un agent administratif, d'un 
contremaitre de securite et de trois services 
diriges chacun par un ingenieur. 

Cette organisation, en vigueur depuis une 
dizaine d'annees, est caracterisee par une 

Tableau I. Caracteristiques principales des reacteurs de Chinon 

Parois Tonnes 
Puissance (MW) 

Date 
Reacteur caisson uranium thermique electrique divergence 

E.D.F. I acier 140 300 60 sept. 62 

E.D.F. 2 acier 250 850 200 aout 64 

E.D.F. 3 be ton 400 1560 480 mars 66 
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decomposition fonctionnelle des differentes 
taches: conduite, entretien, controle technique; 
par ailleurs, les progres de !'automation ont 
permis de reduire sensiblement les effectifs du 
personnel. 

Le service d' exploitation produit I' energie et 
surveille les materiels; il assure une presence 
permanente, par roulement de cinq equipes 
et trois postes par jour; il doit faire respecter, 
en toutes circonstances, les regles de securite a 
l'interieur de la centrale. Dirigee par un chef 
de quart, une equipe comprend des chefs de 
bloc et des rondiers. 

Le service d' entretien a pour tache d'assurer la 
disponibilite maximale de !'installation par un 
choix judicieux entre l'entretien preventif sys
tematique et !'intervention forcee, sur panne. 
II pourvoit a l'approvisionnement et au maga
sinage des pieces de rechange et des materiaux. 
Il dispose d'un "bureau des methodes" pour pre
parer, organiser et coordonner les interventions. 

Le service du controle technique procede aux 
essais periodiques, effectue les mesures neces
saires a la determination des conditions opti
males de fonctionnement des installations de 
production d' energie, etablit des statistiques. 
Il dispose d'un laboratoire. 

3. LA RADIOPROTECTION DANS UNE 

CENTRALE NUCLEAIRE 

Pour exploiter une centrale nucleaire, il 
paraissait logique de completer l'organigramme 
par l'adjonction d'un quatrieme service, spe
cialise en radioprotection. Pour definir les 
taches de ce service, lui indiquer ses responsa
bilites, il fallait situer les risques particuliers 
a une telle installation. 

3.1 La nature des risques nucUaires 

Aux risques particuliers d'irradiation externe 

et de contamination interne s'ajoute, dans cette 
filiere de reacteurs, celui de !'inhalation de 
C02 ; ce dernier ressortit a la securite classique. 

Une fausse manceuvre qui entraine une 
irradiation externe massive peut avoir des 
consequences tragiques a bref delai; de ce fait, 
on peut rapprocher irradiation et electrocution. 

Toutefois, dans nos installations, on rencontre 
le plus so11vt:nt des zones dont l'insalubrite 
provient d'une ambiance de rayonnements, ou 
de contamination radio-active, de faibles ni
veaux. Dans de telles conditions, une faute doit 
etre repetee pour entrainer des consequences 
graves qui, il faut le souligner, peuvent n'appa
raitre qu'apres de longues annees. Cependant, 
le risque de repetition d'une faute est minime: 
de telles zones, localisees, sont bien circons
crites; la nature du danger est connue; la situa
tion n'evolue pas brusquement de fa<;on 
inopinee. 

3.2. L' evaluation des risques 

Par raison de commodite, chaque lieu est 
qualifie numeriquement par un risque exprime 
en debit d'equivalent de dose, calcule a l'aide 
des correspondances rapportees dans le tableau 
2. 

Lorsqu'un defaut dans la realisation des 
ecrans de protection laisse passer des faisceaux 
de neutrons, il est facilement detecte au cours 
des essais de montee en puissance du reacteur, et 
corrige, si bien que le personnel n'est pratique
ment pas expose a des neutrons. 

Par contre, au cours d'interventions pour 
l'entretien du materiel, des agents sont frequem
ment appeles a penetrer dans des zones con
taminees. Dans la mesure du possible, il faut 
decontaminer jusqu'a ce que les frottis n'en
levent pratiquement plus rien; dans ce cas, nous 
nous bornons a mesurer }'exposition. Dans 

Tableau 2. Evaluation des risques 

Risque 

I mR/h 
103 neutron rapide/cm 2• s 
10 8 neutron thermique/cm 2

• s 
IQ-9 Ci d'aerosol/m 8 d'air 

Equivalent (mrem/h) 

I 
100 

5 

I 
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le cas contraire, il est commode, pour evaluer le 
risque, de traduire la contamination surfacique 
non fi.xee en contamination volumique poten
tielle de l'air; no us admettons que: 

I 11- Cijcm 2 equivaut a I0-6 Ci d'aerosol(m 3 

d'air; ou, exprime en debit d'equivalent de 
dose (Tableau 2): 

1 f1- Cifcm 2 ~quivaut a I rem(h. 

3.3 Les responsabilites du service de radioprotection 

Le service de radioprotection doit effectuer 
la detection et la mesure des rayonnements 
ionisants, non seulement a l'interieur de l'instal
lafion, aupres des travailleurs, mais encore 
a l'exterieur, a l'attention des populations 
vms1nes. 

II doit obtenir de l'ensemble du personnelle 
respect de consignes qu'il etablit en fonction 
du but a atteindre (limiter !'irradiation des 
personnes au plus bas niveau possible, compatible 
avec les conditions de travail) et des resultats 

de ses mesures. 

ORGANISATION INITIALE DE LA 

RADIOPROTECTION 

Suivant l'exemple de !'organisation dans les 
centres du C.E.A., nous avons cree ala centrale 
de Chinon un service specialise appele Service 
Local de Radioprotection (S.L.R.). Pour rem
plir sa mission, ce service devait etre compose 
de personnel instruit specialement, disposer de 
moyens materiels adaptes, et avoir affaire a du 
personnel averti et respectant les c::onsignes. 

4.1. Composition du S.L.R. 

Dirige par un ingenieur assiste d'un inge
nieur adjoint, le S.L.R. comprenait deux equipes. 

Une equipe de quart, chargee de la surveillance 
aupres des installations, composee de cinq agents 
par tranche (trois postes par vingt-quatre 
heures) susceptibles d'etre secondes (a toutes 
fins utiles: nous manquions d'experience) au 
demarrage d'E.D.F. 1, par les cinq agents de 
l'equipe d'E.D.F. 2. Au point de vue hierar
chique, ces agents se situaient au niveau de chef 
de bloc. 

Une equipe de surveillance exterieure, composee 
de cinq agents presents seulement aux heures 
ouvrables, mais susceptibles d'etre appeles a 
tout moment. Au point de vue J!ierarchique, 

ces agents se situaient: trois au niveau de chef 
de bloc, deux a celui de rondier. 

4.2. L' equipement de radioprotection 

Les moyens materiels destines a la radio
protection ne presentent rien de bien original. 
Pour ce qui concerne la surveillance a l'interieur 
de !'installation, !'accent a ete mis d'emblee sur 
la necessite de doubler les appareils fixes par des 
mesures detaillees effectuees durant la montee 
en puissance du reacteur a !'aide d'appareils 
portatifs. Pour ce qui concerne la surveillance 
exterieure, nous avons toujours attache la 
plus grande importance a la disponibilite per
manente de vehicules gares en dehors du site, 
pres des cites du personnel, equipes de postes 
radiophoniques emetteurs-recepteurs et d'ap
pareils de mesure portatifs. 

L'etalonnage et la verification du fonctionne
ment des appareils incombaient au service de 
radioprotection; leur entretien au service d'en
tretien. 

Dans la centrale, tout agent devait recevoir 
une instruction adaptee a ses fonctions. 

4.3. L'instruction en radioprotection 

La formation du personnel en radioprotection, 
tres poussee pour les agents specialises, se 
bornait, pour les autres, a une information 
generale sur les proprietes physiques des rayon
nements ionisants et sur leurs effets biologiques, 
complt~tee par une instruction precise sur l'em
ploi des detecteurs de rayonnements et sur la 
conduite a tenir en presence d'irradiation ou 
de contamination notables. 

Les agents specialises suivaient pendant six 
mois des cours dans une ecole d'electronique et, 
pendant trois mois, un stage d'application dans 
un service de radioprotection du C.E.A.; ils 
etaient ensuite incorpores dans une equipe du 
service d'exploitation ou ils participaient, avant 
le demarrage, a l'etude du fonctionnement de 
!'installation. 

4.4. Repartition hierarchique des responsabilitis en 
radioprotection 

Le chef de centrale est responsable devant 
le chef du Service General de Radioprotection 
(S.G.R.) pour tout ce"qui concerne !'irradiation 
des personnes, et devant le chef du S.P.T. pour 
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ce qui releve de la production d'energie, et 
aussi de la securite conventionnelle. Il y a 
done un seul responsable a la direction de la 
centrale, mais la dualite, nettement posee au~ 
dessus, se retrouvait au-dessous, du fait de la 
presence d'un service de radioprotection qui, 
administrativement rattache a la centrale, 
relevait hierarchiquement du S.G.R. sans 
intermediaire. Le chef de ce service, localement 
independant, avait autorite pour s'opposer a 
toute mana:uvre jugee dangereuse sous l'angle 
de la radioprotection (Fig. 2). 

Direction generale 

S""G R 

GRPT 
I 

Chef de centrale 

entretien radioprotection 

production technique 

FIG. 2. Conception initiale de !'organisation 
hierarchique de !'exploitation et de Ia radio
protection a Ia centrale nucleaire de Chinon. 
Le chef de centrale releve de Ia direction gene
rale par l'interrnediaire: ( l 0 ) du groupe 
regional de production therrnique (G.R.P.T.), 
du service de la production therrnique, de la 
direction de la production et du transport de 
l'energie; (2°) du service general de radio
protection. La centrale comprend trois services: 
production, entretien et controle technique; 
le service local de radioprotection releve 

directement de l'autorite du S.G.R. 

4.5. Les inconvenients 

Peu de temps avant la divergence du premier 
reacteur, nous avions forme une douzaine 
d'agents destines a assurer le quart en radio
protection; il en restait deux. 

Ces agents, pour la plupart, etaient de 
jeunes chefs de bloc de centrale thermique con
ventionnelle; ils venaient a nous, attires par les 

prestige d'une technique nouvelle, avides d'ap
prendre, desireux aussi de promotion sociale. 

Apres la periode de formation, un sejour de 

quelques mois a la centrale, ou ils donnaient 
toute satisfaction, ils repartaient dans une 
centrale thermique conventionnelle, certains 
de ne pas longtemps attendre un poste de chef 
de quart. Ainsi, nous nous heurtions a une 
impossibilite: conserver au S.L.R. un effectif 
suffi.sant d'agents de qualite. 

Par ailleurs, se posait la question de l'oppor
tunitc de la dissociation du commandement dans 
une centrale parce qu'un reacteur nucleaire 
remplace la chaudiere. 

4. ORGANISATION ACTUELLE DE LA 

RADIOPROTECTION 

N'etant pas viable tel quel, le S.L.R. fut 
disperse et ses attributions reparties sur les autres 
services. En !'absence de personnel specialise, 
chacun dut prendre des responsabilites adaptees 
a ses fonctions, et, en consequence, subir !'in
struction correspondante. 

5.1. La repartition des taches 

La surveillance aupres des installations a ete 
confiee au service d'exploitation: le chif de quart 

a autorite sur la totalite de l'equipe de quart, 
composee maintenant, outre les rondiers qui 
n'ont pas de role particulier en radioprotection, 
de trois chifs de bloc-techniciens de radioprotection. 

Ces agents, dont la denomination compliquee 
rend compte de la polyvalence, changent de 
fonction quotidiennement, de fac;on a ne perdre 
de vue, ni les problemes d'exploitation, ni les 
problemes de radioprotection. 

L'un demeure au pupitre, en salle de com
maude, ne faisant que de !'exploitation. 

Le second effectue les contr6les dans les 
differentes parties de !'installation, ne faisant 
que de la radioprotection. 

Le troisieme prete main forte, suivant les 
besoins, soit au chef de bloc d'exploitation (par 
exemple pour le redemarrage), soit au tech
nicien de radioprotection (par exemple en 
periode d'arret pour entretien). 

Comme dans les centrales classiques, en cas 
d'intervention, la securite des travailleurs repose 
sur deux personnes: 

-le chef de consignation, qui est toujours le 
chef de quart, 

-le chef de travaux, designe pour la circons
tance. 
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Le chef de consignation fait isoler complete
ment du reste de !'installation le materiel sur 
lequel doivent se faire les travaux, fait effectuer 
les condamnations qu'il juge necessaires pour 
eviter le retour intempestif d'un fl.uide ( elec
trique, liquide, gazeux) ou d'une source de 
rayonnement ( cartouche de combustible irradie, 
fl.uide contamine) et accorde l' autorisation de 
travail qui precise, au besoin: 

-la duree de !'intervention, 
-l'amenagement des acces, 
-les conditions de travail ( renforcement de la 

ventilation, par exemple), 
-le detail des tenues vestimentaires, 
-la nature, le nombre et !'emplacement des 

appareils de detection. 

Le chef de trauaux, technicien responsable de 
!'execution des travaux est responsable du res
pect, par son equipe, des consignes etablies 
par le chef de quart. Toute intervention est 
precedee par une phase preparatoire au cours 
de laquelle sont examinees les techniques de 
demontage, de decontamination, d'usinage, 
etc .... pour prevoir l'outillage, les moyens et 
les methodes de manutention en presence de 
contamination, les pieces de rechange, etc .... 

Durant la phase preparatoire, le bureau des 
methodes dresse le plan d'intervention; au 
stade de !'execution, chef de travaux et chef 
de quart collaborent etroitement; le premier 
etant particulierement competent sur la tech
nique, le second sur la securite. Au cours d'une 
intervention, les risques peuvent evoluer: 

-soit pour des causes externes au chantier, 
liees a ]'exploitation du reacteur, le chef de 
quart doit prendre toutes mesures preventives 
necessaires; 

-soit pour des causes internes au chantier 
( ouverture d'une capacite contaminee, mani
pulation d'un materiel active par irradiation, 
etc .... ) ; dans le cas ou les precautions preven
tives s'avereraient--ou mieux, risqueraient de 
s'averer-insuffisantes, le chef de travaux doit 
alerter le chef de quart qui doit adapter ses 
consignes a la nouvelle situation. 

Le chef de travaux appartient souvent au 
service d' entretien de la centrale; mais il se 
peut-cas general en periode de demarrage
que ce soit un technicien d'une entreprise qui a 
participe a la construction. 

Le service de contr8le technique qui, dans toute 
centrale, dispose d'un laboratoire, a ete com
plete par l'adjonction d'une section de "mesures 
nucleaires" de six agents, charges: 
-a l'interieur des installations, de l' etalon

nage des appareils de radioprotection; de la 
mesure de l'activite volumique du C02 , avec 
identification, en cas d'anomalie, des principaux 
radionucleides; du controle des rejets d'effiuents 
gazeux et de la tenue a jour des statistiques 
correspondantes; 

-a l'exterieur des installations, des mesures 
systematiques de rayonnement gamma et des 
prelevements systematiques d'echantillons (aero
sols, eaux, lait, fourrage) expedies au laboratoire 
du S.G.R. (situe pres de Paris et commun a 
tou tes les cen trales n ucleaires). 

En cas d'incident avec rejet inopine d'effiuents 
radio-actifs a ]'atmosphere, alerte par le service 
d'exploitation (responsable de la conduite a 
tenir dans la tranche interessee), le service de 
controle technique doit, en permanence, dis
poser d'au moins un vehicule susceptible de 
partir dans la campagne a la recherche de la 
contamination. 

Ainsi, on ne retrouve plus, dans une centrale 
nucleaire, que les trois services communs a 
toute centrale thermique, mais adaptes a remplir 
certaines fonctions particulieres. Le chef de 
centrale, toujours responsable de la radiopro
tection devant le chef du S.G.R., de la produc
tion d'energie et de la securite conventionnelle 
devant le chef du S.P.T., a maintenant autorite 
sur ]'ensemble du personnel (Fig. 3). Comme 
pour la securite conventionnelle, pour toutes 
les questions relatives a la radioprotection, il 
delegue son autorite au chef-adjoint de la centrale, 
lequel est assiste d'un ingenieur de radiopro
tection et de securite et d'un ingenieur du S.G.R. 
detache a la centrale; le role de ces deux 
derniers est purement fonctionnel: chaque chef de 
service assume l' entiere responsabilite dans son rayon 
d'action. Cette reorganisation, basee sur !'auto
protection a tousles echelons, nous a conduits a 
reconsiderer l'enseignement de la radiopro
tection. 

5.2. La formation du personnel en radioprotection 
Tout ingenieur qui se voit confier des res

ponsabilites dans une centrale nucleaire a suivi 
les cours du genie atomique (une annee scolaire 
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Direction generale 

D"' P T : : I 
S•• P T see G R 

GRliPT 1 
Chef de centrale 

----~.r------,------r-----
production technique 

entretien 

FIG. 3. Conception actuelle de !'organisation 

hierarchique de !'exploitation et de !a radio
protection dans les centrales nucleaires de 

l'E.D.F. Par comparaison avec la figure 2, le 

service local de radioprotection a ete supprime, 
ses attributions reparties sur les trois services. 

Le chef de centrale a maintenant autorite 

directe sur !'ensemble du personnel; il relt!ve 
toujours de l'autorite de deux services: service 

de la production thermique, service general de 

radioprotection. 

a temps complet) organise par le C.E.A. En
suite, durant quatre semaines, il a subi une 
formation complementaire en radioprotection, 
organisee par le S.G.R., et qui comprend des 
cours et des travaux pratiques durant quinze 
jours, puis des stages d'application d'une 
semaine au centre de Marcoule (C.E.A.), et 
d'une semaine a la centrale nucleaire de Chinon. 

Tout ingenieur chef de service est responsable 
de la formation de son personnel, pour laquelle 
il recourt a !'aide des ingenieurs specialises 
presents a la centrale. C'est sur ces deux inge
nieurs que repose, pour }'instant, la formation 
des techniciens d'entreprise habilites a devenir, 
au besoin, chefs de travaux. 

5.3. Les difficultes 

Vous vous en doutez, le fonctionnement de 
notre centrale, n'a pas ete sans manquements a 
la radioprotection. 

Avec une telle organisation, une fois franchi le 
bureau du chef de quart, chacun, libre d'aller 
ou son travail l'appelle, se doit de se conformer 
aux prescriptions des consignes. Les agents 
d'E.D.F. qui n'ont pas d'habilitation medicale 
sont refoules; les agents d'entreprise peuvent 

etre admis jusqu'a concurrence d'un equivalent 
de dose de 200 mrem (Fig. 4). 

En realite, il nous a paru tout de meme 
prudent de limiter les risques: tout chef de 
travaux est responsable des membres de son 
equipe; de plus, pour tout travail dans une 
zone ou le debit d'equivalent de dose depasse 
100m remjh, la presence permanente d'un 
chef de bloc-technicien de radioprotection est 
obligatoire. En cas de revision de tranche, avec 
l'ouverture simultanee d'un grand nombre de 
chantiers fortement contamines, dans une 
periode qui correspond au minimum de la 
demande d'energie electrique sur le reseau, mais 
aussi aux conges annuels, l'effectif de chefs de 
bloc s 'avere insuffisant. II fraudra renforcer 
l'equipe ou modifier les consignes. 

Dans I'etat actuel de notre experience en la 
matiere, nous ignorons si nous pourrons nous 
montrer plus confiants: l'autodiscipline ne peut 

Direct.' 
affecte 

Provisoire 

Fw. 4. Une fois franchi le bureau du chef de 

quart qui delivre l'autorisation de travail, 

tout sujet, sous la responsabilite du chef de 

travaux, peut se rendre ou son travaill'appelle, 
sauf dans Ies zones d'acces exceptionnel. 

Chacun doit bien connaitre Ies consignes de 
securite et se doit de Ies respecter. Dans Ies 

zones d'acces exceptionnel, la presence d'un 

chef de bloc-technicien de radioprotection 
(t.r.p.) est obligatoire. L'autorisation de 

travail peut etre accordee provisoirement aux 

travailleurs de passage (jusqu'a concurrence 
de 200 mrem); elle est refusee a tout agent qui, 

meme directement affecte a des travaux sous 

rayonnement, n'est pas habilite medicalement. 
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Resunu!-Les auteurs passent en revue les principaux elements radio-actifs recontres dans le 

fluide caloporteur (gaz carbonique) des reacteurs de la centrale nucleaire de Chinon. 

Parmi les produits d'activation, certains, imprevus, comme le mercure 203, ant un caractere 
permanent; d'autres ne se manifestent que transitoirement. 

Independamment des ruptures de gaine, il y a toujours des produits de fission dans le gaz 
carbonique. Les auteurs indiquent comment ils mesurent indirectement cette contamination 

du circuit par le cesium 138. 

1. INTRODUCTION 

Des l'etude des projets, il convient de con
naitre queUe sera la contamination radio
active du circuit primaire de refroidissement 
des reacteurs nucleaires, afin de prevoir: d'une 
part les ecrans necessaires a }'attenuation des 
rayonnements penetrants; d'autre part, les 
moyens a mettre en ceuvre pour eviter une 
concentration excessive de radio-elements dans 
l'air susceptible d'etre inhale. Des considera
tions theoriques, a partir de donnees parfois 
incertaines, permettent de prevoir cette con
tamination: nature et activite volumique des 
principaux radio-elements. 

Avant d'exposer et de discuter les resultats 
observes sur nos reacteurs de Chinon, nous 
donnerons quelques indications sur les installa
tions. 

2. LES INSTALLATIONS 

Nous allons decrire tres sommairement la 
centrale nucleaire de Chinon et les moyens 
de mesure de la contamination du fluide 
caloporteur. 

2.1. La centrale nucteaire de Chinon 

La centrale nucleaire de Chinon comprend 
trois tranches designees par le sigle E.D.F. 
suivi d'un numero d'ordre allant de 1 a 3. 
Chaque tranche comporte un reacteur nuc-

leaire et un groupe turbo-alternateur (E.D.F. I) 
ou deux (E.D.F. 2 et E.D.F. 3). On emploie 
l'uranium naturel comme combustible, le 
graphite comme moderateur, !'anhydride car
bonique (C0 2

) sous pression (environ 25 
bars) comme fluide caloporteur. Les car
touches de combustible, gaine en alliage de 
magnesium et de zirconium, sont superposees 
dans des canaux verticaux menages dans la 
masse du graphite. Le nombre de cartouches 
passe de 17000 a E.D.F. I a plus de 40000 a 
E.D.F. 3, pour une puissance electrique nette 
allant de 60 a 480 MW. Ce type de reacteur 
a ete decrit en detail dans de nombreuses 
publications. <1

• 
2

• 
3 > Le lecteur peut trouver 

une vue generale de la centrale nucleaire de 
Chinon dans une communication presentee ace 
meme congres. (4 ) 

2.2. Mesure de la contamination du C02 

Plusieurs dispositifs, etudies et mis au point 
par le Commissariat a l'energie atomique 
(C.E.A.), permettent de suivre !'evolution de 
hi contamination du C02 ; il est en outre pos
sible, dans chacune des tranches, de prelever 
directement des echantillons dans la veine 
gazeuse. 

Nous nous bornerons a rappeler brievement 
le principe de fonctionnement du dispositif de 
detection de rupture de gaine (D.R.G.) et 

231 
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etre obtenue que si les agents, bien informes des 
risques, connaissent parfaitement les consignes; 
elle impose aux cadres un effort constant de 
formation et d'information du personnel. Le 
comite d'hygiene et de securite de la centrale, 
dont le medecin du travail, membre de droit, 
est un membre actif, associe a cet effort, participe 
a la promotion et au maintien de l'esprit de 
securite. De nombreux moyens sont mis en 
ceuvre: affiches, films, conferences, visites de 

chan tiers. 
Si des resultats encourageants ant pu etre 

obtenus avec les agents de la centrale, un 
problf:me se pose actuellement avec les agents 
d'entreprise qui, nombreux, participent a la 
mise au point du materiel pendant les periodes 
de demarrage et a l'entretien pendant les 
peri odes de revision: ce personnel, mouvant, 
ignore le plus souvent les principes de radiopro
tection les plus elementaires; son emploi exige, 
de la part des responsables de la centrale, un 
effort de formation considerable, d'autant que 
la plupart des chefs d'entreprise, sans doute 
effrayes par leur complexite, preferent tout 
ignorer des problemes de radioprotection. 

La presence, sur le site, de l'A.M.I., simplifie 
!'exploitation de la centrale nucleaire de Chinon, 
du fait que cette installation independante ( elle 
releve aussi du S.P.T.) rec;:oit les effluents soli des 
(y compris les effets speciaux apres usage) et 
les effluents liquides, en vue de stockage et, 
s'il y a lieu, de traitement et de rejet. Si ces 
operations devaient etre effectuees a la centrale, 
il faudrait prevoir le personnel et le materiel 
correspondants. Cela ne creerait sans doute 
pas de difficultes particulieres: les dechets soli des 
vraiment contamines representent peu de chose 
et les effluents liquides contiennent une activite 
negligeable (57 millicuries rejetes en Loire en 
1965). 

Par contre, avec ses trois tranches nettement 
differentes les unes des autres, la centrale de 
Chinon represente trois etapes importantes 
dans notre acheminement vers la realisation 
d'une centrale nucleaire industrielle. Le fran
chissement de chaque etape comporte des extra
polations qui, souvent, demandent des correc
tions; ainsi, nous pensons que !'exploitation des 
tranches de Chinon deviendra plus facile, et aussi 

que les tranches a venir poseront moins de 

problemes de radioprotection que n'en ont 
pose celles de Chinon qui, experimentales, sont 
encore aujourd'hui en periode de mise au point. 

6. CONCLUSION 

Ou sont les limites de la radioprotection dans 
une centrale nucleaire? Il est classique de 
dissocier surete nucleaire et radioprotection, 
radioprotection et securite. Les problemes de 
surete nucleaire et de radioprotection doivent 
etre envisages des !'etude des projets, aussi le 
chef de centrale est-il associe des le debut a 
l'equipe chargee de cette etude dont il suit les 
progres, avant de suivre la construction. 

Nous n'avons plus a delimiter de frontieres: 
le chef de centrale est responsable de !'ensemble; 
a ses responsabilites, il associe !'ensemble de 
son personnel. 

En confiant aux travailleurs le soin d'assurer 
leur propre protection, nous avons mise sur 
l'avenir: dans chaque centrale nucleaire, du 
haut en bas de l'echelle, la responsabilite sera 
assuree par des personnes qui auront ete ap
pelees a s'imposer les contraintes dues a la 
radioprotection a to us les echelons franchis; par 
exemple, tout chef-adjoint de centrale aura ete 
chef de service et, dans la mesure du possible, 
representant local du S.G.R., paste dans lequel 
la radioprotection et la surete nucleaire auront 
ete ses seules preoccupations. 

Ce parti pris no us a paru souhaitable: le 
noyau fissile etant appele a devenir la principale 
source d'energie, il convient que les travailleurs 
des centrales nucleaires, comme, d'ailleurs, 
ceux des entreprises qui travaillent a leur mise 
au point, s'accoutument et s'adaptent a la 
prevention des risques d'origine nucleaire com
me ils l'ont fait pour les autres types de risques, 
non moins dangereux. 
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ment au mercure 197, de 65 heures de periode; 
ces deux isotopes n'emettent que des photons, 
et ces photons sont mous ou tres mous. Le 
mercure 202, de proportion isotopique egale a 
30% donne, avec une section efficace de 3,8 
barns, du mercure 203, de 45 jours de periode; il 
est interessant de noter que ce nucleide n'emet 
que des rayons f3 tres mous et une raie y a 279 
keV. 

II nous est arrive d'etre surpris par l'arrivee 
d'une contamination importante. Ainsi, peu 
de temps apres la mise en exploitation industri
elle du reacteur E.D.F. I, le circuit primaire 
de refroidissement a ete litteralement envahi 
par du sodium 24 (periode 15h, photons de 
1,38 et 2,75 MeV). La charge du dessiccateur, 
dans le circuit derive destine a assurer l'epura
tion continue du C0 2 , venait d'etre changee; 
le fournisseur confirma l'emploi d'un nouveau 
produit a base de sodium. 

L'origine du radionucleide dont on croit 
avoir identifie le spectre n'est pas toujours 
commode a determiner; il en est ainsi pour 
l'antimoine 124 et le brome 82, trouves dans 
plusieurs echantillons preleves a E.D.F. 1 et 
E.D.F. 2. 

L'analyse spectrometrique y donne parfois 
des pies difficiles a identifier. Par exemple, on 
trouve, sur certains echantillons, un pic voisin de 
560 keV, dont la presence parait liee a !'intro
duction accidentelle d'huile dans le circuit 
de refroidissement; il pourrait bien s'agir d'arse
nic 76 ou d'antimoine 122. 

Nous nous bornerons a rappeler, pour me
moire, que les reacteurs de cette filiere produi
sent aussi du tritium, trouve dans l'eau recu
peree par dessiccation du C0 2

• Les concentra
tions, faibles, ne posent pas de problemes de 
radioprotection. <7 > 

3.2. Les produits de .fission 
Independamment de toute rupture de gaine 

( evenementexceptionnel et promptement detecte 
par le dispositif de D.R.G.), meme lors du 
premier chargement, le gaz carbonique charrie 
des produits de fission formes a partir de }'ura
nium fixe sur les gaines. "La contamination 
exterieure des gaines peut se mesurer en centi
metres carn~s d'uranium nu par un deter.teur 
de produits de fission etalonne en surface 
emissive ... u n centimetre carre d'uranium 
metallique nu emet autant de produits de fission 
que 6, 4 mg d'uranium deposes en couche 
infiniment mince .... La valeur generalement 
admise pour cette contamination des gaines est 
de: I0-8 g/cm 2 

•••• "< 5 > De ces donnees et 
des caracteristiques du chargement, <5

• 8 > on 
deduit la surface d'uranium metallique nu 
equivalente a la contamination des gaines dans 
chacun des reacteurs. L'ensemble des valeurs 
numeriques est raporte dans le tableau l.. 

II va sans dire que toutes les contaminations 
mesurees varient d'un reacteur a un autre et, 
pour un meme reacteur, dans le temps. 

4. RESULTATS ET DISCUSSION 

II importe de connaitre l'origine de !a con
tamination du fluide caloporteur, afin de parer 
a cette contamination a partir du moment ou, 
devenue genante, elle risque d'arriver a etre 
dangereuse, creant dans les locaux un debit 
d'exposition excessif par emission y, ou une 
contamination notable de !'atmosphere. Par 
ailleurs, il est possible de mettre a profit certains 
aspects de cette contamination. 

4.1. Resultats relatijs a !'irradiation 
Le sodium 24 donnait, a plusieurs metres 

des filtres du dispositif de D.R.G., un debit 

Tableau 1. Contamination des gaines en uranium (Suiface equivalente d'uranium 

mitallique) 

Reacteur E.D.F. I E.D.F. 2 E.D.F. 3 

Surface gaines/canal (m 2) 5,6 4,8 7,8 
Nombre canaux 1150 2500 3264 
Surface totale gaines (m 2) 6450 12,000 25,400 
Contamination moyenne (g d'U) 0,64 1,20 2,54 
Surface equivalente (cm 2 d'U nu) 100 200 400 
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du dispositif de controle continu de l'activite 
du C02 (D.C.C.A.-C02). 

Le dispositif de D.R.G. <5 > met en memoire 
l'activite due aux descendants des gaz de 
fission (rubidiums et cesiums) mesuree sur le 
C02 preleve a la sortie de chaque canal (en 
moyenne toutes les vingt-quatre minutes) les 
activites trouvees sont comparees a celles mises 
en memoire en l'absence de rupture de gaine, 
compte tenu, s'il y a lieu, de la variation de la 
puissance du reacteur et du debit de C02 • 

Si !'evolution depasse un seuil d'alarme, un 
calculateur numerique donne l'ordre de "pas
sage sur suiveur": I' evolution de l'activite du 
canal en rupture de gaine est alors suivie de 
fat;on continue. Cette evolution est graduee 
en "surface equivalente d'uranium nu"; par 

exemple, la D.R.G. de E.D.F. 2 donnerait 
1200 impulsions par seconde ala sortie de l'elec
tronique si une surface nue de un centimetre 
carre d'uranium nature! metallique etait placee 
au centre d'un canal central de la pile fonc
tionnant en regime nominal. 

La D.C.C.A.-C02 comprend essentiellement 
un filtre a haut rendement vu par un compteur 
Geiger-Muller (G. M.), et suivi d'une chambre 
d'ionisation a circulation. (S) Il peut ainsi donner 

une alarme, par le G.-M., en cas de mantee 
brutale de l'activite arretee par le filtre, et 
suivre !'evolution de l'activite f3 totale due aux 

gaz melanges au C02 (on laisse a ceux qui 
ont une courte periode, tell'azote 16, le temps 
de disparaitre dans un volume temporisateur). 

Enfin, des echantillons sont preleves sur 
le circuit primaire, soit sur filtre, soit, apres 
filtration, en recipient. Sur ces echantillons, 
on peut proceder, par des mesures globales 
d'activite, a des etudes de decroissarrce, ou 
chercher a identifier les principaux nucleides 
par spectrometric gamma. 

3. LES PRINCIPAUX RADIO-ELEMENTS 

RENCONTRES 

Tandis que Ia nature des produits de fission 
est bien connue, celle des produits d'activation 
menage parfois des surprises. 

3.1. Les produits d' activation 
Les elements activables se trouvent dans les 

materiaux de structure et dans le fluide calo
porteur. Pour l'economie de neutrons, d'in-

teret primordial dans cette filiere de reacteurs, 
ces materiaux et ce fluide sont composes d'ele
ments de tres faible section efficace de capture. 

Dans le moderateur (graphite), seul le car
bone 13 s'active en donnant du carbone 14; 
toutefois, sa proportion dans le carbone et sa 
section efficace sont tres faibles. L' erosion 
du metal des gaines des elements combustibles 
ne libere que des traces de zirconium 95. En 
fait, par suite des phenomenes de corrosioD- et 
d'erosion, l'acier est un pourvoyeur important: 
outre du manganese 56 et du chrome 51, pro
duits en quantites tres faibles, on trouve deux iso
topes du fer, de nombres de masse 55 et 59; le 
premier n'emet que des X, par capture electro
nique, avec une periode de 2, 9 ans, le second, 
des y assez penetrants ( l, l et 1, 3 MeV) avec 
une periode de 45 jours. Les periodes de ces 
deux isotopes different grandement; de plus, du 
fer ayant ete irradie a saturation, l'activite du 
premier est environ cinquante fois plus grande 
que celle du second. La presence de fer 55 est 
particulierement difficile a detecter. 

Malgre sa tres faible section efficace (20 
micro-barns, en moyenne, pour les neutrons 
rapides) en raison de la masse considerable qui 
circule au cceur meme du reacteur, !'oxygene 
16 du C0 2 produit une activite notable d'azote 
16, de tres courte periode ( 7 s)' mais emetteur 
de rayons y tres penetrants (6 a 7 MeV). 

Enfin le C0 2 charrie des impuretes activables, 
soit du fait d'epuration incomplete, soit par 
suite d'introduction, par erreur, de substances 
etrangeres. 

L'argon 40 contenu dans !'air melange au 
C0 2 s'active en argon 41 qui, avec une periode 
voisine de 2h, emet un photon de 1,3 MeV. 
Mentionnons, pour memoire, la formation de 
carbone 14 a partir de !'azote 14 et de !'oxy
gene 17. 

Nous avons pris !'habitude de trouver du 
mercure dans nos reacteurs. Le fait n'est pas 
surprenant puisque, surtout pendant Ia periode 
des essais, mais aussi en periode d'exploitation, 
ce liquide est d'un emploi commode pour les 
mesures de debit du CO 2 • Le mercure 196, en 
faible proportion isotopique (0,15%), presente 
des sections efficaces de capture considerables 
pour les neutrons thermiques: avec 420 barns, 
il conduit au mercure 197 metastable, de 
courte periode (24 h), et avec 880 barns, directe-
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d'exposition de 2,5 mRfh. Les sources de cette 
irradiation etaient tres localisees. 

A !'inverse des poussieres et aerosols qui 
sont recueillis par les filtres, les gaz radio-actifs 
diffusent dans !'ensemble du circuit et provo
quent !'elevation generale du niveau du rayonne
ment y. Les ecrans de protection, interposes en
tre les lieux frequentes par le personnel et le 
circuit de C02 , s'averent par endroits nettement 
insuffisants lors d'un demarrage apres vidange 
lorsque la purge de l'air du circuit n'a pas ete 
assez pomsee: l'argon 41 donne plus de 100 
mR/h, a E.D.F.l, sur le palier situe a hauteur 
des reservoirs de stockage du C02 : 

4.2. Contamination de l' atmosphere, valeur des 

resultats 

Comme les gaz, les vapeurs se repandent dans 
I' ensemble du circuit, diffusent a l'exterieur avec 
le C0 2 ; de plus, elles sont plus ou moins ad
sorbees par les surfaces, et elles les contaminent. 
On peut connaitre la contamination de l'air, 
soit par des mesures directes, soit a partir de 
mesures effectuees sur le C02 du circuit. La pre
miere methode est difficile en raison du faible 
niveau a atteindre; la seconde peut donner des 
resultats valables si l'on a une idee du taux de 
separation des radio-elements a travers les 
orifices de sortie. En premiere approximation, 
on peut mesurer la concentration d'un element a 
l'interieur du circuit de C02 et en deduire 
sa concentration dans !'atmosphere en supposant 
qu'il y a eu simple dilution; cette hypothese 
simplificatrice peut conduire a des conclusions 
tout a fait erronees; elle presente le merite 

d'.~tre simple et offre l'avantage, appreciable 
en radioprotection, d'etre prudente. 
;.; Pour ce qui concerne les produits d'activation, 

le mercure a particulierement retenu notre 
attention. Le mercure 203 l'emporte sur les 
isotopes de nombre de masse egal a 197: lorsque 
le mercure est irradie a saturation, l'activite 
du premier est un peu moindre, mais sa con
centration maximale admissible (C.M.A.) dans 
!'atmosphere est vingt fois plus faible que celle du 
mercure 197. <9 l On sait que le mercure donne 
des amalgames avec une tres grande facilite, 
toutefois il est difficile de connaitre son com
portement a travers des orifices; si, par exemple, 
on fait passer un courant de C02 dans un long 

tube en matiere plastique, bourre de charbon 
active, l'activite mesuree le long du tube passe 
par un maximum d'autant plus eloigne de 
!'entree que le volume du C02 a ete plus grand: 
il y a adsorption, puis elution partielle. On 
trouve un rapport egal a 10 entre l'activite maxi
male et la valeur mesuree a !'entree du tube. 
Avec la quantite de mercure que nous avons. 
dans nos reacteurs, !'isotope 203 est facile a 
identifier dans le C02 par sa raie y et grace a 
sa periode relativement longue, son activite est 
mesurable en chambre d'ionisation (qui, mal
heureusement, reste contaminee). A la suite 
de !'introduction accidentelle de plus d'un 
kilogramme de mercure, la contamination 
volumique du C02 de E.D.F. 1 en mercure 203 
a atteint, au mois de juillet dernier, 3 X 

10-4 Ci/m 3• Auparavant, comme a E.D.F. 2, 
on tournait au tour de l 0 -s Cifm 3 • Signalons 

que les rayons f3 du mercure 203 ne sont pas 
detectes par les sondes que nous utilisions 
initialement pour la recherche des contamina
tions de surface. 

Malgre la vidange prealable, l'air residue! 
contenu dans le circuit lors du remplissage en 
C0 2 donne, lorsque le reacteur est a sa puissance 
nominale, une activite volumique qui, rame
nee aux conditions ambiantes de temperature 
et de pression, depasse l 0- 2 Ci/m 3 ; puis decroit 
au fur et a mesure de !'apport de C02 pour 
compenser les fuites du circuit; cette decrois
sance, de plus en plus lente, met des semaines 
pour atteindre la valeur de 10- 3 Cifm 3 qui 
correspond a !'activation de l'argon 40 contenu 
dans un C02 encore charge d'environ 200 
volumes d'air par million (vpm). Le contrat de 
fourniture prevoit une teneur maximale de 
100 vpm. 

Pour ce qui concerne les produits de fission. ou, 
plus precisement, les radionucleides engendres 
par irradiation de !'uranium lui-meme, il ne 
saurait etre question de chercher a mesurer 
directement les plus dangereux, c'est-a-dire ceux 
qui, comme le strontium 90 ou le plutonium 
239, ont les C.M.A. parmi les plus faibles. 

Le dispositif de D.R.G. permet de suivre 
!'evolution d'une rupture de gaine, mais ne 
donne aucune indication sur la nature des 
elements contaminants. 

La chambre d'ionisation du D.C.C.A-COa 
lorsq ue le reacteur fonctionne a sa puissance 
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nominale, ne peut deceler les variations de 
l'activite volumique 'en gaz et vapeurs, cette 
activite etant noyee dans celle de !'argon 41. 

Le dosage de l'iode dans des filtres a charbon 
active s'avere impossible: le pic principal de 
l'iode 131' situe a 364 ke v, est dissimule par 
1a raie du mercure 203 a 279 keV. 

Devant ces diffi.cultes, l'un de nous s'est 
adresse au cesium 138. 

permet de deduire simplement l'activite vol
umique aop du xenon 138 dans le circuit de C02 

de l'activite AF du cesium 138 recueillie sur le 
filtre et mesuree a partir du pic de 1,44 MeV. 
Les activites etant exprimees en curies, et le 
volume du co~ ramene aux conditions am
biantes de temperature et de pression, on 
peut ecrire: 

(I) 

Fw. l. Dispositifde mesure de la concentration du xenon 138 dans le C0 2 a E.D.F.I. 1, vanne 
d'isolement (pre1evement). 2, vanne d'isolement (balayage). 3, vers les surpresseurs du 
dispositif de D.R.G. 4, filtre amont. 5, volume de reconstitution du cesium 138. 6, filtre a val. 
7, 8, 9, vannes d'isolement du manometre. 10, manometre en U. 11, vanne d'isolement 
(aval). 12, vanne de reglage du debit. 13, vanne de decompression. 14, vanne de mise a 
!'air libre. 15, vanne d'iso1ement du manometre. 16, vers la ventilation. 17, D.C.C.A-C0 2• 

18, arrivee du C0 2 de balayage. 19, purge. 20, vers le circuit primaire de C0 2• 

Un volume de reconstitution de 20 dm 3 a ete 
monte, avec ses accessoires, en derivation sur 
le D.C.C.A.-002 de E.D.F.l, conformement 
au schema de la figure 1. La circulation est 
assuree par les surpresseurs du dispositif de 
D.R.G., sous la meme pression que dans le 
circuit principal (25 bars). La vitesse d'ecoule
ment a travers les filtres (de 4,5 em de diametre), 
voisine de 17 cmfs, correspond a une perte de 
charge de l'ordre de 70 em d'eau (valeur 
satisfaisante) et assure quator.ze renouvelle
ments en 17 mm. Avec un temps de· collection 
voisin de deux heures et demie, un tel dispositif 

Les details des calculs qui conduisent a ce 
resultat sont exposes en annexe (le rendement 
du filtre a ete suppose egal a l'unite). 

On trouve ainsi qu'a E.D.F.l l'active du 
xenon 138 oscille autour de 10-6 Ci/m3

, inde
pendamment de toute rupture de gaine. Si les 
teneures de !'atmosphere en iode 131 et en xenon 
138 etaient dans le meme rapport que leurs 
rendements cumulatifs de fission, avec 0, 5% de 
C02 contamine a I0-6 Cifm3 de xenon 138, l'air 
contiendrait environ 3 X I0-9 Ci/m3 d'iode 131. 

Le tableau 2 indique, compte tenu des valeurs 
trouvees coU:ramment dans le circuit, quelle 
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serait la contamination de l'air des locaux 
contenant 0,5% de C0 2

, et quel facteur de 
dilution serait necessaire, dans !'atmosphere, 
pour donner la C.M.A. aupres des personnes 
du public. On considere trois nucleides parmi 
les plus importants: mercure 203, argon 41 et 
iode 131. On suppose qu'il n'y a aucun pheno
mene de filtration. 

On voit qu'il y a lieu de surveiller la contami
nation de l'air entrainee par celle du C02• 

4.3. Mise a profit de la contamination du C02 

La contamination radio-active du circuit de 
refroidissement d'un reacteur nucleaire est un 
mal inevitable; toutefois, il est possible d' en 
tirer parti. C'est ainsi que l'activite volumique 
de l'azote 16 permet de corriger le signal du 

lors d'une fuite brutale de ce gaz dans un local, 
ou lors de l'ouverture du circuit pour inter
vention a l'interieur; en !'absence d'aerosols, 
nous n'avons pas pu etre genes par les isotopes 
radio-actifs du fer, et nous n'avons pratique
ment pas beneficie du dispositif d'epuration 
continue du C02 par filtration. 

5. CONCLUSION 

La connaissance de la contamination du 
circuit primaire de refroidissement de nos reac
teurs nous permet de prendre toutes precautions 
pour eviter une contamination excessive des 
travailleurs et des personnes du public. 

Pour ce qui concerne la contamination par 
activation, les problemes les plus importants et 
les plus difficiles nous sont poses par la presence 

Tableau 2. Consequence de la contamination du C0 2 

Nuch~ide 

Dans circuit (Ci/m 3) 

Dans locaux (Ci/m 3) 

C.M.A.9 (Ci/m 3) 

LocauxfC.M.A. 
Dilution public 

dispositif de D.R.G., afin de tenir compte des 
variations de la puissance ou du debit du C02 • 

Durant la periode de demarrage de E.D.F.l, 
le dispositif de contr6le de la contamination de 
!'atmosphere des locaux en gaz radio-actifs a 
permis, grace a l'argon 41, de suivre le chemine
ment du C02 de fuites accidentelles, alors que 
les appareils de mesure directe n'avaient pas 
encore un fontionnement tout a fait satisfaisant; 
dans la campagne, les rayons y de cet argon 
41 aident a retrouver le "panache" et a localiser 
sur le solla zone de "retombee" maximale. La 
presence inopinee de sodium 24 dans le circuit 
de refroidissement de E.D.F.l a confirme la 
defectuosite du branchement, sur ce circuit, 
de la derivation ou se trouvent les batteries de 
filtres destinees a l'epuration continue du C02 • 

L'huile introduite dans le circuit a debarrasse 
le C02 d'aerosols, ce qui s'avere benefique 

203Hg 41A 1311 

10· 5 lo-s 5 X lQ-7 

5 X 10-s 5 X IQ-6 3 X 10·9 

6 X 10-s 2 X 1Q·6 6 X 10-• 
<=:::!1 2,5 0,5 

5000 25,000 2500 

du mercure: no us allons nous employer a sup
primer ces probU:mes par suppression du mer

, cure, plut6t que d'avoir a les resoudre. 
Pour ce qui concerne les produits de fission, 

nous nous attachons a en suivre !'evolution 
dans le C02 par une mesure relativement 
simple. Il reste a determiner dans quelles pro
portions les radionucleides les plus abondants. 
et les plus dangere.ux, tels que l'iode . et le 
mercure, suivent les gaz nobles. 

Industriels, nous nous attachons ala recherche 
des solutions les plus simples et souhaitons la 
suppression des actes dont nous ne comprenons 
pas l'interet. Nous nous demandons, par ex-. 
emple, s'il est logique de rechercher syste
matiquement un radionucleide dans les pro
duits de la chaine alimentaire alors qu'il n'a 
pu etre detecte dans les circuits primaires de 
refroidissement des reacteurs. 
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travers un recipient dans lequel il donne un fils 
solide, lui-meme radio-actif; avant et apres le 
recipient sont disposes deux filtres identiques, 
de sorte que le pere penetre seul dans le volume 
de reconstitution et que le second filtre recueille 
dls noyaux fils formes dans ce volume et non 
desintegres (Fig. 2). 

Soit V la valeur du volume de reconstitution, 
P la pression, supposee uniforme, et d le debit 
du gaz; en mesurant les volumes dans les 
conditions ambiantes de temperature et de 
pression (!'atmosphere etant prise pour unite), le 
debit D serait: 

D =Pd. 

Le temps moyen mis par le gaz pour parcourir 
le volume de reconstitution s' ecrit: 

PV 
tm = n· (3) 

Considerons, dans le volume de reconstitu
tion, une tranche de gaz de volume elementaire 

__ co, ~~i-1----i -----~~--
Fw. 2. Principe du dispositif de mesure: volume de reconstitution du cesium 138 entre deux 

filtres traverses par 1e CO 2 pre! eve sur 1e circuit primaire. 

ANNEXE 

Mesure de l' activite du Xenon 138 dans le C02 

Soit un recipient rempli d'un gaz radio-actif 
donnant un fils, lui-meme radio-actif. 

L'activite du fils, contenue dans le recipient 
et suppose initialc;:ment nulle, est reliee a celle 
du pere par la relation: 

;.p 
AF = A (e _;. t - e·;.,t) (2) 

Op AF - Ap p 

ou les notations ont la signification indiquee ci
dessous: 

t: temps ecoul~ depuis I' instant initial; 
AF: activite du fils au temps t; 
Aap: activite du pere a !'instant initial; 
AF et Ap: constantes radio-actives du fils et du 

pere. 
Considerons maintenant le pere gazeux 

s'ecoulant, melange a du gaz carbonique, a 

Ll V (Fig. 2); dans cette tranche, l'activite du 
pere, a !'entree s'ecrit: 

Aop = a0P P Ll V, (4) 

et celle du fils: 

(5) 

a represente l'activite volumique initiale du 
pere (indices 0 et p), ou du fils dans le recipient 
(indice i?), ou, ci-dessous, du fils a la sortie 
(indices • et F); ces activites volumiques cor
respondent aux conditions ambiar!tes de tem
perature et de pression. 

La formule (2) ci-dessus devient, d'apres (4) 
et (5), ala sortie du volume de reconstitution: 

;.p 
asF = aop \ , (e .;.F1m - e .;.ptm). (6) 

1\F- lip 

Ecrivons que dans chaque unite de temps le 
nombre de noyaux du fils retenus sur le filtre 
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est egal aux apports par le gaz carbonique 
(compte tenu du rendement R de la filtration) 
corriges des pertes par desintegration: 

dNF asF DR 
-- = --- - AF NF 
dt AF ' 

equation dont la solution s'ecrit: 

asFDR 
NF = -~.- 2 - (l - e ·'-Ft); 

F 

compte tenu de (3) et (6), l'activite recueillie 
sur le filtre apres un temps t de collection peut 
s'ecrire: 

A PVR (1 
-A. t) e -A.ptm - e·A.ptm 

F = a0 - e F 
p ( Ap .). F) tm . 

(7) 

L'expression (7) se reduit a une forme 

approchee: 

(8) 

a condition que les deux facteurs suivants du 

second membre de (7) soient suffisamment 
proches de l'unite. 

On aura: 1 - e-J.Ft ;;>: 0,95, 

pourvu que: t ;;>: 4,3 TF. (9) 

Pour le second facteur, on peut sensiblement 
ecrire la condition: 

e'A.ptm ;;>: 0,95, 

si, d'apres (3): 

D ;;>: 14 PV 
(10) Tp. 

D'apres la condition (9), la peri ode radio
active du fils ne doit pas etre trop longue pour 
a voir un temps de collection raisonnable; cette 
periode ne doit tout de meme pas Ctre trop 
courte: le resultat du comptage du filtre man

querait de precision. 
D'apres la condition (10), la periode du pere 

ne do it pas etre trop courte: le courant gazeux 
a travers les filtres ne saurait etre excessif. 
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Abstract-On-load refuelling, an inherent factor in the design of the United Kingdom Civil 
Power Reactors, was first carried out at Bradwell Power Station in April 1963. Although 
information regarding dose rates around the charge/discharge machine had been measured 
during the movement of the active absorber material to and from the core, this did not simulate 
the effect of the delayed neutron spectrum from freshly withdrawn, irradiated fuel, nor could 
this effect be calculated with any degree of certainty. 

Shielding surveys were made using conventional gamma dose rate measuring instruments, 
whilst the more complex neutron dose contribution was assessed using BF3 counters, Basson 
intermediate energy detectors, proton recoil counters, and the Andersson-Braun rem counter. 
At full power, the dose rate from a fuel element being withdrawn from the reactor was measured 
and the decay curve plotted. The dose rate due to the delayed neutron fraction was shown to 
decay almost completely within two minutes of withdrawing the element from the neutron flux. 

Although measurements inside the shielding close to the fuel element guide tube indicated 
peak dose rates up to 10 5 Rjh, the results of the on-load fuel handling programme have shown 
that the delayed neutron contribution, although significant, does not limit access to the reactor 
pile cap during discharge of fuel at full reactor power. 

Occupational exposure associated with on-load fuel handling results mainly from activation 
of various charge machine components. Experience in limiting the accrued dose to maintenance 
personnel repairing activated fuel handling grabs is discussed in detail, whilst the use of film and 
thermoluminescent dosimeters for dose control has allowed work to be undertaken on relatively 
high dose rate components with confidence. The need for a more accurate beta sensitive 
monitoring device for this type of work is emphasized. 

The Health Physics requirements associated with ancillary fuel handling facilities are dis
cussed together with experience in the recovery of damaged irradiated fuel from a charge 
machine and subsequent decontamination procedures. The need for an integrated approach 
to the design of fuel handling plant and the associated reactor ancillary equipment is stressed. 

I. INTRODUCTION 

There are nine nuclear power stations in 

the first stage of the United Kingdom Nuclear 

Power Programme. Each station has two gas 

cooled, graphite moderated reactors, the fuel 

being natural uranium canned in magnox. The 

design is based on operational experience gained 

at Calder Hall and Chapelcross. Station 

* Trawsfynydd Generating Stat1on, Central Elec
tricity Generating Board, Trawsfynydd, Merioneth, 
Wales. 

electrical outputs range from 300 MW to 1200 

MW. Each new station commissioned has 

achieved an appreciable increase in electrical 

output, whilst a significant reduction has been 

achieved in physical size and capital cost per kW 
of installed capacity. 

Because of their inherently low operating costs, 

the civil reactor stations are designed to operate 

on a "base" or constant load principal. To 

reduce outage time, the reactors are designed 

for refuelling whilst at full power. The fuel 

charge/discharge programme is based on an 
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equilibrium rate which is related to the energy 
output of the reactors. At Bradwell Power 
Station it is necessary to recharge an average of 
two channels of fuel in each 24 hr period to 
maintain the equilibrium rate and avoid creat
ing a fuelling back log. This assumes a maximum 
channel average irradiation of 3600 MW days/ 
Tonne and a fuel dwell time within the reactor 
of six years. 

Although a considerable volume of informa
tion existed regarding the radiation levels asso
ciated with fuel handling on a shutdown reactor, 
little information was available regarding the 
dose rate contribution from delayed neutron 
capture gammas associated with fuel as it was 
being removed from the core of an operating 
reactor, nor could this doserate contribution be 
calculated with any degree of certainty. Hence 
the performance assessment of the fuel handling 
equipment was an important aspect of the 
station commissioning programme. Due to the 
novel aspect of on-load fuel handling, a detailed 
health physics investigation was carried out 
in conjunction with this assessment. These tests 
were designed to determine the dose rate contri
bution associated with the delayed neutron 
spectrum, the effectiveness of charge machine 
shielding, and the extent of contamination 
arising from the fuel handling procedures. With 
on load refuelling now in routine operation, the 
main Health Physics problems are associated 
with maintenance of fuel handling components, 
although a number of non-routine operations 
such as the recovery of irradiated components 
from the machine or reactor pressure vessel 
have provided useful experience in high level 
radiation and contamination control. 

This paper is based mainly on experience 
gained at the Bradwell and Trawsfynydd Gen
erating Stations, supplemented where necessary 
with information from other U.K. Civil Nuclear 
Stations. 

2. FUEL HANDLING SYSTEM 

Experience described in this paper may be 
prefaced by a broad outline of the fuel handling 
system in use at a typical United Kingdom 
power station such as Bradwell. New fuel is 
delivered by road from the U.K.A.E.A. Fuel 
Fabrication Plant at Springfields and stored in 
an unirradiated fuel store until required for use. 

From here it is transferred to a fuel preparation 
room where it is inspected prior to loading into 
the charge machine. 

The charge/discharge equipment consists of a 
single machine, 9 ft in diameter and 55 ft high, 
weighing 430 tons, together with a number of 
auxiliary components for coupling the machine 
to the reactor vessel and providing adequate 
shielding during fuel movement. It is designed 
to provide a shield against radiation and a seal 
to prevent loss of coolant gas from the reactor 
during the removal and insertion of components 
into the reactor vessel. The machine travels 
along rails on a moveable gantry which spans 
the reactor pile cap and an enclosed main
tenance bay is provided adjacent to this area. 

The charge machine consists of a pressure 
vessel, mounted inside a biological shield. This 
vessel contains a rotatable inner core or turret 
extending down through the vessel, fitted with 
vertical storage and guide tubes, somewhat 
analogous to the chamber of a revolver, with 
hoists and turret drives located on the top. 

A chute head box is used to form a gas tight 
connection between the charge machine and 
any one of the reactor vessel charge standpipes. 
When connected to the reactor, additional 
shielding is provided between the pile cap floor 
and the bottom of the charge machine by means 
of an annular shield consisting of an upper and 
lower section, each filled with iron shot con
crete. This shield encloses the chute head box, 
and the upper section is raised telescopically 
to mate with the base of the charge machine, 
thus forming a complete biological shield around 
the base of the charge machine assembly. 

The upper sections of the charge machine 
shielding are of Barytes concrete, whilst the 
lower sections are of iron shot concrete with 
additional steel shielding around the base. A 
slide valve through which all components 
entering or leaving the machine must pass is 
fitted in the base of the machine. This valve 
also acts as a shield and a gas-tight seal when 
closed, allowing the machine to be disconnected 
from the reactor while maintained at reactor 
pressure and containing active components. 

After a refuelling cycle, irradiated fuel is 
lowered from the charge machine through a 
shielded discharge tube into a skip, positioned 
in the cooling pond beneath the reactor build-
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ing. Facilities are available at this point for 
selecting and bottling damaged elements. Un
damaged fuel is desplittered to remove the 
magnox splitter fins and braces, after which it 
is stored in the pond for approximately 100 days. 
It is then loaded into a shielded transport flask 
and returned via road and rail to the 

handling components into this facility via 
a shielded maintenance hole on the reactor pile 
cap. The entire fuel handling plant is ade
quately interlocked to ensure safe operation and 
to prevent any possibility of inadvertent radia
tion exposure to operating staff. 

3. HEALTH PHYSICS MEASUREMENTS 

DURING CHARGE MACIDNE COMMISSIONING 

F The Health Physics measurements carried * out during commissioning of charge machines 
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CHARGE FACE 
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FIG. I. Charge machine-sectional 
elevation. 

U.K.A.E.A. reprocessing plant at Windscale. 
Outline diagrams of the charge machine, make
up shielding and interconnections to the reactor 
are shown in Figs. 1, 2 and 3. 

A shielded high level radiation cell equipped 
with remote control manipulators is provided 
for maintenance of fuel handling equipment. 
The charge machine can be used to lower fuel 

were aimed at providing the following informa
tion: 

(i) Basic integrity of the charge machine 
shielding for storing a full complement 
of irradiated fuel. 

(ii) The extent of neutron and gamma radia
tion streaming from the core under on 
load refuelling conditions. 

(iii) Decay rates associated with: 
(a) Delayed neutrons. 
(b) Fission product and capture 

gammas. 
(iv) Dose rates on and around the fuelling 

machines with special reference to 
radiations referred to in (iii). 

(v) The extent of radioactive contamina
tion associated with refuelling opera
tions. 

Measurement positions were chosen as shown 
in Figs. 1 and 2 to provide a comprehensive 
survey of the radiation levels that would occur 
during the various stages of an absorber or 
fuel handling programme. The majority of 
measurements were made in the normal working 
areas around the charge machine and associated 
make-up shielding. Although access into the 
area below the pile cap floor is not permitted 
during charge machine operation, there was 
considerable interest in making measurements 
in this area due to the absence of shielding 
around the reactor standpipe. This made it 

' possible to measure with reasonable accuracy 
the dose rate from items being removed via the 
standpipe into the charge machine. Measure
ments were also made of radiation levels asso
ciated with operating equipment and com
ponents common to both absorber and fuel 
handling, such as the charge chute and grabs. 
These latter measurements provided useful 
information on the radiological conditions 
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associated with the maintenance of charge 
machine components. 

The measurements made and the results 
obtained are discussed in the following sub
sections. 

3.1. Charge Machine Shielding 

Radiation measurements were made during 
various on-load absorber changing operations. 
The transient dose rate from the non-fissile 

r 
j II 

0 

absorber being discharged, measured at the 
surface of the standpipe, ranged between 
350 Rfhr and 1800 R/hr for the discharge of 
No. 1 and No. 5 absorber respectively, whilst 
the corresponding maximum radiation levels 
in the pile-cap working area adjacent to the 
machine make-up shield were 0 · 5 mRfhr and 
1 · 5 mR/hr respectively. A time lapse of ap
proximately 2 min occurs between the com
mencement of withdrawing an absorber (or 
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fuel element) from the reactor core, and its 
subsequent arrival at pile cap level, prior to 
entering the charge machine. 

59fe, soco and 66Mn are the predominant 
activities associated with neutron activation of 
the in-pile fuel handling components such as 
chutes, grabs, hoist cables and standpipe 
assemblies. It was estimated that the major 
dose rate contribution from freshly discharged 
absorber material would be due to 56Mn. Be
cause of the short half-life (2 ·58 hr) and 
relatively high activation cross-section, the 
manganese will have reached saturation and 
even a small manganese content, in this case 
0 ·1 %, would contribute an estimated gamma 
dose rate of approximately 1800 R/hr at 1 ft 
from the surface of the absorber. 

Surveys during on load discharge of absorber 
material and during early off load refuelling 
exercises showed that there were no major 
shielding weaknesses in either the charge 
machine or associated fuel and absorber hand
ling facilities. Particular attention was paid to 
the storage magazine areas of the machine when 
loaded with a full complement of irradiated 
absorbers. A maximum radiation level of 
40 mRfhr was measured on top of the machine 
with the storage magazine empty but with the 
charging chute stored in the machine. As this 
area is unoccupied during charge machine 
operations, these levels do not contribute to 
a hazard. 

3.2. Core Streaming 

A detailed core streaming survey was carried 
out on the charge machine between the period 
of removal of the shield plug and insertion 
of the fuel chute. The shield plug was held 
at several chosen positions whilst surveys were 
carried out with the reactor at power. 

The highest levels recorded were of the order 
of 50 mremfhr neutron and . 50 mR/hr gamma 
on top of the machine in an area not normally 
occupied by personnel. These radiation levels 
existed only with the shield plug removed and 
with the magazine in a specific orientation. 

Radiation levels up to 20 mremfhr neutron 
and 1 mR(hr gamma were detected at localized 
points on the machine at first platform level 
above the pile cap. 

Radiation surveys in working areas adjacent 

to the machine at pile cap level showed radia
tion levels only slightly above background. 

3.3. Decay Rates of Delayed Neutrons and Fission 

Product Plus Capture Gammas 

The decay rates for delayed neutrons and for 
fission product plus capture gammas were 
determined by arresting a fuel element in its 
traverse from the core to the machine and 
holding it near the base of the machine. 

At Bradwell the measurements were made 
close to the standpipe and were expectedly 
high. The measurements at Trawsfynydd were 
made on the pile cap level outside the machine 
but in a region close to the machine shielding. 

The decay curves so determined are shown in 
Figs. 4 and 5. 

Regarding the neutron decay, this shows an 
initial half-life of approximately t min followed 
by a half-life of almost 1 min after 2 min decay 
( cf. classically determined delayed neutron half
lives of22.5 sec and 55.6 sec). The gamma decay 
curves showed an initial half-life of approxi
mately 1 min. 

The major part of the total dose rate (neutron 
plus gamma) decayed after the first 3 min from 
withdrawing a fuel element from the core. 

3.4. Dose Rates due to Delayed Neutrons and Fission 

Products Plus Capture Gammas 

Most of the neutron dose rate measurements 
made at U.K. civil nuclear power stations 
are made with the Andersson-Braun rem 
counter which has a good energy response over 
the range 0 ·1 eV to 10 MeV. Using this instru
ment, comprehensive neutron dose rate surveys 
were made and transient dose rates determined 
by extrapolation using the decay curves already 
determined. These results show: 

(a) Negligible transients are experienced at 
the pile cap operating floor level. 

(b) Localized transients as high as 1 remjhr 
are experienced above pile cap operating 
floor level but these are in areas not 
normally occupied during a refuelling 
cycle. If access were required for some 
reason whilst refuelling, then a waiting 
period of 3-5 min would render radiation 
levels acceptable. This limitation has 
not proved embarrassing operationally. 
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To obtain an estimate of the degree of s-hield
ing provided by the charge machine, mea
surements were made in the vicinity of the 
unshielded standpipe between the primary and 
secondary reactor floors whilst fuel was being 
discharged from the reactor. The dose rate 
under these conditions, when discharging fuel 
from the flattened zone at full power, gave 
levels up to 50,000 rem/hr (compared with 1800 
remjhr when discharging absorbers). An R.C. 7 
ionizing chamber sensitive to both gamma and 
neutron radiation was used for this measure
ment, and as there was a considerable fast and 
thermal neutron contribution in the vicinity 
of the standpipe (of the order of 5 X I 04 

neutrons/em 2) this could lead to an overesti
mation of the gamma contribution by up to a 
factor of 10 with this type of detector. Calcula
tions using the Way-Wigner equations show that 
the surface dose rate from a freshly discharged 
3500 MWDJTonne fuel element is of the order 

of 3 X 10 6 rem/hr. This does not include the 
very short-term fission product decay, and for 
on-load discharge it is most certainly an under
estimate. Thus, the value of 50,000 remfhr 
measured at a position approximately 1 ft from 
the fuel element and shielded by approximately 
I in of steel (with a 90 sec decay after with
drawal from a neutron flu.x of approximately I 013 

njcm 2/sec) would appear to be a realistic value. 
The maximum transient radiation level of 

13 mrem/hr was measured around the make-up 
shield during the discharge of elements from 
the reactor at full power, and the maximum 
steady radiation level obtained during a com
prehensive survey of the machine containing 
24 freshly discharged elements was 2 ·6 mrem/hr 
opposite the element deflector mechanism, 
these results being a factor of 10 down on the 
predicted design radiation levels. Tables 1 and 
2 give a summary of the radiation levels obtained 
when withdrawing irradiated fuel. 

Table 1. Radiation levels measured at various positions beneath the pile-cap floor during 

on-loadfuel discharge from Reactor No. 1, Bradwell Nuclear Power Station 

Peak radiation level in remfhr 

Position of 
Charge machine operation measurement Fast neutrons at r at 1 ft. from Contact at 

(see Fig. 1) 12ft. from 
Point A* Point At 

Point A 

Reactor thermal power-300 MW 

Discharge-No. 8 Element A 2 1500 5000 
7 

" 
A 2·4 2500 6000 

6 
" 

A 3 3200 6000 

5 
" 

A 3 3300 8000 

4 
" 

A 2·6 2800 7000 

3 
" 

A 2·3 2000 6000 

2 
" 

A 1·6 1100 5000 

1 
" 

A 0·75 500 3000 

Reactor thermal power-400 MW 

Discharge-No. 8 Element A 1·5 20,000 

7 
" 

A 1·9 30,000 

6 
" 

A 1·9 40,000 

5 
" 

A 2·3 Instrument 50,000 

4 
" 

A 2·4 OFF 50,000 

3 
" 

A 2·0 Scale 50,000 

2 
" 

A l· 7 20,000 

l 
" 

A 0·9 10,000 

* Measured with Cutie Pie. t Measured with RC7 ion chamber. 
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An alternative method of measuring high 
gamma dose rates adjacent to irradiated fuel 
has been used at Trawsfynydd. This involved 
the use of the radiation-induced conductivity 
of cadmium sulphide crystals to measure dose 
rates over the range l-10 6 Rfhr. The ease of 
placing the detector (no longer than half a 
cigarette) in awkward positions (e.g. under the 
charge machine) and the facility to read remote-

ly proved extremely useful. The use of cadmium 
sulphide crystals for this particular application 
has been reported by W. H. R. Hudd. <1 l 

3.5. Radioactive Contamination Associated with Re

fuelling Operations 

Contamination of internal surfaces of the 
fuel handling equipment is bound to occur 
during fuelling. The charge machine is fitted 

Table 2. Integrated gamma doses measured at floor level at various working 
positions around the Bradwell charge machine during discharge of four fuel 

channels (32 Elements) 

Reactor power-400 MW (Thermal) 
Total dose integrating time-8·5 hr. 

Distance of measurement from 
edge of charge machine make-up shield 

Integrated dose 
(mr) 

2 metres 
4 metres 
6 metres 

22 
2·5 
4·5 

Gamma dose rates due to streaming, measured on the outside face of the charge machine 
and make-up shielding 

No.4 fuel element held stationary between secondary floor and make-up shield. 
Reactor power-300 MW (Thermal) 

Position of measurement Dose rate-mr/hr 
(see Fig. 1) 

West face North face East face South face 

B 3·0 0·5 10 H60* 
c 5·0 4·5 5 H 12 
D H20 13 4 0·9 

*Decayed to 18 mr/hr after 40 sec. 

H, Make-up shield not sitting completely level on pile cap floor. When level, 
maximum transient dose rate reduced to 13 mrfhr. 

Four channels of irradiated fuel stored within charge machine 
Reactor power-300 MW (Thermal) 

Position of measurement 
(see Fig. 2) 

w 
X 
y 

z 

Dose rate-mrfhr 

0·35 
0·12 
0·35 
2·6 
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with a gas tight valve which prevents gross con
tamination reaching the external environment. 
Nevertheless, the make-up shielding around the 
base of the machine and the discharge shield
ing associated with transfer of irradiated fuel 
elements from the charge machine into the 
cooling ponds, acquire considerable surface 
contamination. The maximum level during 
commissioning was found to be 3 X I0- 2 

p.Cifcm 2 beta/gamma with no evidence of alpha 
contamination. No abnormal airborne con
tamination was detected in the vicinity of the 
charge machine and pile cap during the 
refuelling operation. 

A fairly high proportion of contamination in 
the main cooling circuit of the reactors has 
been identified as low energy beta contamina
tion (mainly 35S). Some of the contamination 
experienced on fuel handling systems is from 
this source. This low energy activity is not 
detected by conventional geiger contamination 
monitors and other types of instruments and 
measuring systems have been used. The details 
of this work are outside the scope of this paper. 

3.6. Summary of Measurements 

Results of the on-load fuel handling survey 
programme proved that despite the high dose 
rates associated with fuel elements withdrawn 
on load, the radiation levels in the working 
area of the pile cap remained sufficiently low 
to allow unrestricted access during refuelling 
operations. Localized points of high dose rate 
occur but access is not required to these areas 
during normal operations. As would be expec
ted, the radiation levels measured during the 
commissioning period have remained sensibly 
constant during the past 3! years of on-load 
fuel handling operations. 

4. MAINTENANCE OF FUEL HANDLING 

EQUIPMENT 

Ease of maintenance is essential if the on-load 
fuel handling equipment is to achieve a high load 
factor. There are two quite distinct health physics 
aspects. Firstly, maintenance of large plant 
items such as the internal areas of the charge 
machine where the major problem is associated 
with contamination. This will also include work 
on make-up shielding, test, storage and disposal 
facilities. Secondly, maintenance on ancillary 

I.R.P. VOL I-l* 

fuel handling equipment such as grabs, cables, 
chutes and standpipe assemblies where the items 
may have received considerable neutron irra
diation and for which dose rate will be the 
controlling factor. Dose rate can also be the 
controlling factor when dealing with major 
plant items in the first category if irradiated 
components or fuel remain stored within these 
facilities whilst maintenance is being carried 
out. It is normal procedure to discharge the 
irradiated fuel from the charge machine before 
attempting to carry out maintenance work, 
although certain break-down maintenance may 
preclude this. 

Experience to date has shown that the limiting 
health physics factor in the maintenance of 
fuel handling equipment is due to the dose rate 
from activated components. This in turn de
pends upon the dwell time within the reactor 
flux, activation cross-section of the material, 
and its half-life. Steel is a major component in 
all inpile equipment and the initial controlling 
dose rate for handling freshly irradiated compo
nents is due mainly to the activation of 56Mn. 
Small amounts of brazing often associated with 
electrical contacts can give rise to high localized 
dose rates due to the use of high activation 
cross-section brazing materials. The major 
long term activity build-up in steel components 
is due to 6°Co and it is this isotope which ulti
mately limits the amount of maintenance which 
can be carried out on irradiated components. 

4.1. Repair on Fuel Element Grabs 

The fuel element grab is a complex mechan
ism, and must provide a reliable performance if a 
satisfactory fuel handling programme is to be 
achieved. Much of the maintenance on fuel 
handling equipment has been associated with 
grab repairs, and considerable emphasis has 
been placed on the development of repair 
techniques and measurement of the accrued 
radiation dose to the repairer. Figure 6 shows a 
typical decay curve for a fuel handling grab 
for various irradiation and decay periods. The 
initial contact dose rate varies between 2000 
Rfhr for a grab irradiated for 1 hr in a thermal 
neutron flux of 1013 nfcm 2(sec to almost 10,000 
Rfhr for any irradiation period in excess of 
10 hr. The decay curve follows the 56Mn, 2 ·58 
hr half-life, for approximately 2 days, after 
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which the decay period has a half-life of approxi
mately 30 days. This in turn gives way to a 
long-term residual activity determined primarily 
by the decay of 6°Co, a typical residual activity 
value being 7 Rfhr per 24 hr period of irradia
tion. 

Due to the mechanical complexity of the 
fuel handling grab, it is impracticable for any 
but the simplest repairs to be made using remote 

10 
. 

10 ' 
... 
~ 

i 

irradiated grab to familiarize the operator with 
the work to be carried out. Working times are 
established, which in conjunction with measured 
dose rates taken on the grab to be repaired 
allow an accurate assessment of the potential 
exposure. 

A typical system for controlling radiation dose 
to personnel carrying out grab maintenanc~ 
involves the use of dosimeters as follows: 
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FIG. 6. Comparison of calculated and measured gamma surface dose-rate for Bradwell 
fuel element grab following various irradiation times. 

handling equipment. However, it has been 
found advantageous to set up a simple grab 
handling facility comprising a shielded work 
bench with a small single arm power manipula
tor. The more elementary dismantling and 
assembly operations can be carried out, thus 
limiting the amount of physical contact time 
involved. Much of the work, however, involves 
manual contact with the grab and consequent 
finger tip radiation exposure. Pre-planning of 
the repair sequence is an essential feature. Where 
practical, practice runs are made on a non-

(a) All personnel involved are issued with a 
body Q.F.E. (Quartz Fibre Electroscope
Pocket Dosimeter) which together with 
their monthly film badge measures and 
controls their whole body dose. 

(b) A film badge is attached to each wrist 
together with a Q.F.E. which can be 
read by the operator without removal 
from the wrist. 

(c) A lithium fluoride thermoluminescent 
dosimeter is worn on a finger tip on 
each hand. These dosimeters consist of 
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flat sachets of approximately 1 em 2 in 
area having a plastic cover of 12 mgfcm 2 

(comparable with the dead outer layer 
of skin on the fingers). The dosimeter is 
wrapped around the finger and does not 
interfere with finger sensitivity. This 
type of dosimeter has a good response 
to both beta and gamma radiation over a 
wide energy range and is particularly 
useful for measuring total dose to finger 
tips when handling components of this 
type where the finger dose can be much 
higher than the wrist or body dose. 

Experience has shown that the ratio 
between the finger tip dose and wrist 
Q.F.E. dose can vary between 5 and 15 to 
1 depending on the item handled. For 
operational control a ratio of 10 is used 
and the work is controlled on the basis 
of dose as shown by the wrist and body 
Q.F.E.s. A typical permissible figure for 
a job would be 50 mrem on each Q.F.E. 
(implying a finger tip dose of not greater 
than 500 mrem). Using a shielded 
facility to limit head and body dose, finger
tip dose becomes the controlling factor. 

Using the facilities and procedures described 
above and sharing the work load between 
operatives, it has been possible to dismantle, 
repair and reassemble grabs with surface gamma 

FIG. 7. Wrist and finger dosimeters used when 
handling active components. Left-hand picture 
shows lithium fluoride sachet normally worn 
under protective gloves (see right-hand 

picture). 

Fw. 8. Use of wrist and finger dosimeters 
(shown in Fig. 7) when repairing an ir

radiated fuel element grab. 

dose rates in excess of 20 Rfhr without accruing 
a whole body dose greater than 100 mrem or a 
finger dose greater than 500 mrem. 

During the past 2! years of fuel handling 
operations, the major dose contribution has 
been associated with maintaining fuel element 
grabs. The feed back of this information to the 
designers has done much to eliminate the use 
of high activation cross-section, long half-life 
materials wherever practicable. The simplifi
cation of mechanical d'esign has allowed shorter 
maintenance working times. Where mainte
nance must be carried out on irradiated com
ponents it is essential that the designer and the 
Health Physicist should be aware of the compo
sition of the materials being used. 

4.2. Non-routine Operation and Maintenance 

There will always be a percentage of non
routine operations due to faults occurring within 
the normal fuel handling programme. Certain 
of these will lead to additional Health Physics 
requirements, either as part of the operation 
or during any subsequent maintenance work. 
The following case provides a useful example: 

Removal of Fractured Fuel Element from a Charge 
Machine 

During the normal procedure of discharg
ing fuel from the reactor into the charge 
machine, a fuel element became dislodged from 
the grab and fell across the rotating section of 



250 B. W. EMMERSON and M. DENNETT 

the charge machine magazine instead of into 
a magazine fuel storage tube. With subsequent 
rotation of the charge machine magazine, the 
body of the fuel element was severed into two 
pieces held together by longitudinal splitter 
vanes which are used to centre the element with
in the fuel channel. As there is no means of 
viewing the inside of the charge machine, th~ 
degree of damage to the fuel element could not 
be determined. However, the assumption was 
made that a fracture had occurred and the 
appropriate Health Physics precautions were 
instituted. 

Charcoal loaded filter papers were fitted into 
the charge machine blowdown lines prior to 
discharging the CO 2 to atmosphere. The 
machine was blown down to atmosphere in 
controlled stages, the filter papers being 
examined at each stage prior to proceeding to 
further blowdown. The blowdown took place 
about 3 hr after removing the fuel element 
from the reactor core, and examination of the 
filter papers showed no indication of gaseous 
fission products. With the charge machine at 
atmospheric pressure it was positioned over the 
shielded emergency discharge route between 
pile cap level and the underground fuel element 
pond. In an attempt to discharge the distorted 
element into the cooling pond, it became wedged 
in the upper part of the discharge well shielding. 
It was still impossible to view the extent of the 
damage to the fuel element although limited 
introscope inspection at this stage indicated that 
it was bent through an angle approximately 30°. 
The effectiveness of shielding around the dis
charge well can be appreciated from the follow
ing radiation dose rates measured during this 
operation: 

Directly over emergency discharge well 
5,000 Rfhr 

At edge of gap in telescopic shielding l · 5 Rfhr 
3 ft from gap in shielding (position of opera

tor) 100 mRfhr 

The damaged element was eventually freed 
and lowered down the emergency discharge 
well, but was prevented from passing into the 
pond by handling equipment fitted at the bottom 
of the discharge well tubing. The element was 
returned into the charge machine whilst entry 
was made into the discharge area to remove the 

emergency cropping gear causing the discharge 
tube restriction. During this period, a number 
of small particles were found which gave dose 
rates between 0 ·l and 300 R/hr measured at a 
few inches. A spectrum analysis identified these 
particles as small flakes of irradiated uranium. 

With the discharge tube restriction removed, 
the element was lowered into the cooling pond. 
Only at this stage could the degree of damage to 
the element be assessed. Severance of the 
element had exposed several square centimetres 
of uranium metal, and an attempt was made to 
prevent contamination of the cooling pond water 
by lowering the element into a dustbin at the 
bottom of the pond and covering it with a lid. 
After 4 weeks the water within the dustbin was 
sampled and the fuel element then returned 
with other irradiated fuel to the reprocessing 
plant. The sample of water taken from the 
dustbin indicated that there had been no signi
ficant leaching of fission products from the 
fractured area of the fuel element during its 
4 week storage period. Because of the small 
pieces of irradiated uranium found in the 
vicinity of the fuel handling machine, a thorough 
de-contamination of the internal sections of the 
machine was carried out. This was important 
from two aspects. Firstly, due to the poten
tially high dose rates that could be associated 
with small particles of this nature, a contamina
tion/radiation hazard could occur whenever 
the machine was used. Secondly, if these parti
cles of bare uranium were introduced back into 
the reactor they could give rise to spurious signals 
on the burst cartridge detector system and could 
result in considerable embarrassment to sub
sequent reactor operations. This entire opera
tion was carried out without any of the operators 
receiving a radiation dose exceeding 100 mrem 
but did much to emphasize the need for remote 
viewing equipment to ascertain conditions in
side shielded areas. 

5. CONCLUSIONS 

The results and experiences presented in this 
paper have summarized some of the more 
important Health Physics aspects associated 
with on-load fuel handling in the United 
Kingdom. Although the initial radiation levels 
associated with handling freshly irradiated fuel 
are expectedly high, they have not resulted in a 
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significant increase in exposure to personnel 
working within the fuel handling areas. Al
though there have been several instances where 
fuel handling components or fuel elements have 
had to be recovered from the reactor using non
standard routines, there has been no undue 
radiation exposure to those taking part in 
these operations. The major dose contribution 
for personnel has come from maintenance of 
irradiated fuel handling components and es
pecially from the repair of fuel handling grabs. 
Care and forethought at the design stage, such 
as the selection of low activation cross-section 
materials, and designs, which shorten the time 
spent on the dismantling and assembly of active 
components, can do much toward minimizing the 
radiation exposure of maintenance personnel. 

When installing expensive and complex fuel 
handling plant the provision of adequate main
tenance facilities, designed to provide the maxi
mum of radiological protection consistent with 
economic working, should be adopted as a 
general principle. Finally, as testimony to the 
success of on-load fuel handling, at Bradwell 
Power Station over 26,000 fuel elements have 
been discharged during the past lhree years 
without any person receiving a dose in excess of 
the I.C.R.P. recommendations for occupation
ally exposed workers. 
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EXTERNAL RADIATION DOSES AT BRITISH CIVIL 

NUCLEAR POWER STATIONS 

G. LEWIS 

Berkeley Nuclear Power Station, Central Electricity Generating Board, Berkeley, Glos, U.K. 

Abstract-A programme of construction of civil nuclear power stations is being carried out in 
the United Kingdom by the Central Electricity Generating Board (C.E.G.B.). The first two 

Stations at Berkeley and Bradwell were brought into operation in 1962 and have been fully 

operational since then. This paper summarizes experience to date within the C.E.G.B. in the 
field of external radiation doses received at Nuclear Power Stations. 

A description of the various sources of external radiation received by personnel is given. In 
general activated coolant gas, confined in exposed sections of the coolant circuits, is the most 

important source of doses received during normal operation by C.E.G.B. employees at the 
Stations. The situation with regard to this source is entirely satisfactory at the first two 

Stations; later designs, in particular those using concrete pressure vessels, have improved even 

on this. Persons living near to the first two Stations do not receive doses greater than those 

permitted to the general public. 
Certain maintenance operations call for the careful control of external radiation dose to 

C.E.G.B. employees. Maintenance of equipment which becomes activated during refuelling 
with the reactor critical results in significant doses. Nevertheless it has been possible to carry out 

sufficient maintenance on such equipment to permit the continuation of on-load fuelling 
within the dose limits for classified workers. Experience gained at the earlier Stations is likely to 

contribute to some reduction of doses received in this way at the later Stations. 
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QUELQUES DISPOSITIFS DE RADIOPROTECTION EN 

SERVICE AUPRES DES PILES PISCINES DU CENTRE 

D'ETUDES NUCLEAIRES DE GRENOBLE 

E. de ROBIEN, H. de CHOUDENS et J. DELPUECH 

Centre d'Etudes Nucleaires de Grenoble, CEA, Grenoble (France) 

Reswne-La radioprotection aupres des piles piscines du CEN-G, qui fonctionnent a des 
puissances relativement elevees et ou sont amenes a penetrer de l'ordre de 500 experimentateurs 
ou agents, oblige a realiser des dispositifs de detection et de controle specialises. 

(a) Le controle deJa contamination est effectue automatiquement par un portique fl-y et une 
passerelle pieds, appareils qui possedent une compensation pour le bruit de fond ambiant. 

(b) La surveillance des manipulations et le controle de !'irradiation externe des agents 
peuvent etre obtenus par un appareil permettant une mesure precise des doses y independem
ment de leur energie par l'emploi d'un scintillateur plastique. 

(c) Certains locaux pouvant, dans certains cas, etre le siege d'intensites de rayonnements 
importantes, un dispositif verrouillant automatiquement la porte qui y donne acces lorsqu'un 
seuil est atteint, a ete mis en place. 

(d) Entin le rayonnement au-dessus de la piscine de Siloe etant conditionne par !'existence 
d'une couche chaude, !'existence de celle-ci est controlee par une chambre immergee qui est la 
seule a commander la chute des barres de securite en cas d'incident. 
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HEALTH PHYSICS ENGINEERING 

A. H. EMMONS 

Research Reactor Facility, University of Missouri, Columbia, Missouri, U.S.A. 

Abstract-The first obligation of the health physicist is the prevention of radiation exposures. 
The earliest opportunity to practice this prevention is in the design and engineering of nuclear 
installations. The function of health physics engineering is to reduce all accident risks to the 
lowest level compatible with the economic and technical requirements of the proposed facility. 

This paper describes the health physics problems encountered in the design, construction and 
operation of a ten megawatt university reactor facility. The total facility to be described consists 
of the highest flux university reactor facility in the United States together with a laboratory 
complex of 18 radioisotope labs, a 5000 Ci cobalt irradiator, 300 kV X-ray irradiator, hot cell, 
shops, library, and offices. 

The tendency in all fields of science is toward specialization. Health physics is no exception. 
Each topic within the framework of the discipline is being further differentiated. Health 
physics engineering must include an integration of all relevant topics (factors) as they influence 
design and engineering. It is then a systems engineering problem. 

The engineer is an applied scientist. He uses the findings, facts and formulas of all sciences 
in attaining a problem solution. The health physicist must have a diverse background of 
science from which to withdraw information applicable to the solution of an engineering 
problem. These inter-relationships and dependencies are defined. 
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DISCUSSION 

B. w. EMMERSON (U.K.): 

In addition to the contaminants reported, have you 
made an analysis of the surface contamination for the 
presence of low energy emitters such as S 35 ? This 
nuclide represents a considerable proportion of the 
total surface dose in CO a coolant circuits on the U.K. 
Civil Reactors and is difficult to detect, being a low 
energy, pure beta emitter. 

j. BARBIER: 

Oui, nous les avons observes. Nous pensons qu'ils 
proviennent d'une activation de certaines huiles. 
Cependant ce n'est pas une preoccupation majeure. 
Le Hg 203 nous preoccupe davantage, car il a lui aussi 
un f3 mou que l'on ne detecte pas avec les compteurs 
en verre. Nous sommes dans !'obligation de re
equipper les centrales de Chinon avec des compteurs 
a fenetre mince. 

L. DE FRANCESCHI (Italy): 

Puo l'autore fornire qualche esempio di ambienti 
nei quali il superamento di un determinate livello di 
radiazione provoca la chiusura automatica delle 
porte? In particolare, vi sono persone che lavorano 
in tali ambienti quando il sistema automatico e 
innestato con il pericolo conseguente di rimanere 
chi use all'interno dell'ambiente stesso? 

H. DE CHOUDENS: 

Certains locaux tel le local des echangeurs ou la 
cellule chaude se trouvent automatiquement ver
rouilles lorsque l'intensite de rayonnement a l'in
terieur est trop forte. Les serrures electromagnetiques 
assurant ce verrouillage par exemple dans le local des 
echangeurs ont une securite qui leur permet d'etre 
toujours ouvertes de l'interieur pour le cas ou juste
ment un agent s'y trouverait enferme. 

D. K. CRAIG (South Africa): 

Mr. Barbier, would you perhaps like to speculate as 
to the source of the free uranium which you have 
routinely observed to be present in the coolant C0 2 

gas? It seems to be rather strange that you should 
observe such uranium, as I would not normally expect 
there to be any free uranium in the C0 2• 

J. BARBIER! 

Les produits de fission observes dans le C0 2 pro
viennent de !'uranium ayant resiste au nettoyage des 
gaines du combustible. C'est ainsi que pour le ler 
chargement de EDFI nous avons estime la quantite 
d'U libre a 1 gr pour 17.000 cartouches. C'est une 
valeur importante qui vaut sensiblement 100 cm 2 

d'uranium degazant sur une epaisseur de 6 microns. 
Cette epaisseur est celle generalement admise pour la 
diffusion du Xe et du Kr. 

On voit que dans ces conditions une rupture 
normalement detectee n'apporte que quelques pour
cents de plus de Xe et Kr dans le C0 2 (globalement, 
bien entendu). 

G. LEWIS (U.K.): 

Mr. Chairman, I would like to thank you for this 
opportunity to say something more about my paper. 
I am prepared in detail to read the paper, but I will 
briefly enlarge the details which are given in the 
abstract. When the stations were designed and before 
they came into operation, there was a great deal of 
speculation as to the doses that would be received by 
the personnel and it was only during the first years of 
operation that the facts of the situation really became 
clear. My paper just presents the first three complete 
years of operation of the stations at Berkeley and 
Bradwell and gives the actual doses received by classi
fied workers at those two stations. Making recourse 
to the table of the results given in the paper itself, 
during the years 1963 to 1965 the percentage of 
workers at Bradwell and Berkeley receiving not more 
than 0.5 rem per year lay between the ranges 45% 
and 87%. I think this is an illustration of the ex
tremely low doses to be received at reactor stations of 
the type chosen by the Generating Board for power 
production. Among the people receiving larger doses 
than this, those receiving for example more than 
1.5 rem per year amounted to not more than 4.3% 
at the biggest. The sources of these radiations are 
described in the paper and at this point I feel I should 
make clear what may appear to be a discrepancy be
tween what I have to say and what Mr. Barbier 
mentioned in his paper to do with N 16 • He was deal
ing entirely with a question of contamination of cir
cuits and I am dealing with external radiation doses 
from the circuits. While N 16 may not contribute any-
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thing to the contamination, it certainly does contri

bute to the external dose. Gamma spectrometry 

carried out at various places on the nuclear power 

stations sites does reveal the rather high energy 
gammas from N 16 decay as a prominent part in the 

external dose received by the personnel. N 16 certainly 

is important in the doses to be received during the 
operations of the stations and another factor which 

significantly contributes to doses at nuclear stations 

run by the Generating Board is one mentioned by 
Mr. Emmerson, namely doses received during main

tenance and refuelling operations with material 
which has been irradiated in the core of a reactor. 

Here it is generally a question of radiation dose to the 

extremities, finger-tips or hands which have to carry 
out the work on irradiated material. A table given in 

my paper makes it clear that, although a careful con

trol is required in these situations, doses can be kept 
well within those specified by ICRP, enabling neces
sary maintenance to be carried out for reactor stations 

to be kept in good conditions. The conclusions of the 

paper are that during these first four years of operation 
of the civil nuclear power stations in the United 

Kingdom, the operation of the stations has not been 

embarrassed by external radiation doses received by 
the personnel. One final point is that experience of 

the earlier stations fed back to the design departments 

concerned will certainly lead to reduction of doses 

at later designed stations. 

A. H. EMMONS (U.S.A.): 

Thank you, Chairman Nishiwaki, for the oppor

tunity of talking for a few moments. There is no 

doubt in my mind that the health physics people are 
doing a fine job in radiation monitoring, dosimetry 

and environmental control. However, I should like 
to make a plea that we enter the picture in the design 

stage more frequently and depend less upon feed back 

of information lately gained. Specifically, let me 
make the suggestion that there are design problems 

which should be a basic concern to the health 

physicist. 

D. K. CRAIG (South Africa): 

I would like to comment upon Dr. Emmons' plea 

that health physicists be given greater opportunity to 
participate in the planning of nuclear facilities at the 

design stage. I agree that it would greatly minimize 

our subsequent problems in the control of con
tamination if we were heeded. I have been given the 

opportunity of participating in the review of building 
plans, but have frequently found that my requests for 

the positioning of change rooins, over-shoe barriers, 
etc., in order to provide for the efficient separation of 

contamination areas, from areas where contamination 

should not normally arise, have often been overruled 

in the interests of economy. Does Dr. Emmons have 

any solution to offer to this problem? 

A. H. EMMONS: 

Well, first I should say that you can't be economic

ally careless; secondly, I should suggest that one way 
is to become the head man in the operation and then 

you can dictate the facilities to be put in. 

L. DE FRANCESCHI (Italy): 

Con quale metoda viene controllata la contamina
zione dell'aria negli ambienti di lavoro? Come 

vengono fissati gli allarmi per evacuare 1' edificio? 

A. H. EMMONS: 

(a) We monitor by means of scintillation counters 
located in wells in the off-gas ducts. 

(b) These counters (and associated circuitry) ini
tiate alarms. 

(c) Personnel are instructed to vacate the labs and 
reactor by a defined pathway in any instance 

of an alarm (independent of the identity of the 

initiating event). 

M. DENNET (U.K.) : 

Mr. Bertran mentioned in his paper that operations 

and maintenance personnel carry out certain Health 
Physics duties. I should like Mr. Bertran to enlarge 

on the extent of this work. In addition could Mr. 
Bertran say something about the number of per

manent Health Physics Staff at Chinon. A figure of 
40 personnel is typical for U.K. Civil Nuclear 

Stations. 

L. BERTRON: 

Tous les agents de la Centrale sont interesses a la 

radioprotection. Notre organisation repose cepen
dant sur un certain nombre d'agents ayant des 

responsabilites particulie:res dans ce domaine. Ce 

sont: 
-les techniciens de radioprotection-chefs de bloc : 

grosso modo 1,5 agent par quart et par tranche fait 
de la radioprotection; il y a 5 equipes de quart en 

roulement par tranche; 
-a l'entretien, les chefs de travaux: pour les 3-

tranches de Chinon, environ 80 techniciens ont re~u 
une formation qui leur permet de conduire des 

travaux dans des zones a risques nucleaires. Ces 
techniciens sont responsables d'une equipe d'execu

tants. Ils travaillent indifferemment a l'interieur et 
a l'exterieur de la zone controlee; 

-au Service Technique, 6 agents sont plus 

specialement charges des mesures de radioprotection. 
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Il faut noter que sur le site de la Centrale de 
Chinon, 50% des travaux de decontamination du 
materiel, le traitement des effiuents liquides et des 
dechets solides sont entrepris dans un atelier inde
pendant de la Centrale qui possede ses propres agents 
de radioprotection. 

Le developpement des films dosimetres et le con
trole de la chaine alimentaire ne sont pas effectues a 
la Centrale. 

Y. NrsHIWAKI (Japan): 

Do you have the practice in the United States of 
comparing the dose rates after the operation of the 

nuclear installations with those at the original design 
stage and to re-evaluate the validity of the design? I 
think such a comparison would be extremely useful 
for the improvement of the design. 

A. H. EMMONS: 

To the best of my knowledge no formal comparison 
technique exists. However, in most instances the 
de~igner is also the operator of a facility and then has 
the opportunity to compare design criteria to actual 
operational results. I agree that we should more 
frequently make these comparisons even if they 
embarrass us! 



ENERGIEVERTEILUNG DER GAMMASTRAHLUNG EINER 

RADIOAKTIVEN WOLKE 

A. SCHMIDT und A. WENSEL 

Institut fur Kernphysik, 6 Frankfurt/M, BRD 

Zusanun.eufassung-Die Energieverteilung der y-Strahlung einer radioaktiven Wolke wurde 
mit Monte-Carlo-Methoden berechnet und experimentell bestimmt. Als Streumedium wurde 
ein homogenes, unendlich ausgedehntes Luft- bzw. Wasservolumen vorausgesetzt. Streu
spektren punktfi:irmiger Gammastrahlungsquellen in Abhii.ngigkeit von der Entfernung vom 
Quellpunkt wurden berechnet. Durch Integration wurden die Streuspektren der y-Strahlung 
radioaktiver Wolken verschiedener Geometrien ermittelt und aus diesen wiederum durch 
weitere lntegrationen die entsprechenden Dosisverteilungen gewonnen. 

Mit einem zweiten Monte-Carlo-Programm wurden die Streuspektren und Dosisverteilungen 
der y-Strahlung einer radioaktiven Wolke direkt berechnet. 

Streuspektren der y-Strahlung radioaktiver Wolken wurden an der Wassertankanlage des 
Instituts fUr Kernphysik, Frankfurt/Main, gemessen. Die Wolken wurden durch einen mit 
radioaktiver Li:isung gefiillten Plastiksack, der im Wasser in verschiedener Entfernung vom 
Detektor angeordnet war, simuliert. Die Energieverteilungen wurden aus den Impulshi:ihen
verteilungen eines NaJ(Tl)- Szintillationszii.hlers mit Matrixinversion bestimmt. 

Die gemessenen Werte werden mit den berechneten Spektren und Dosisverteilungen ver
glichen. Es ergibt sich befriedigende Ubereinstimmung, auch mit einigen Dosisangaben aus 
der Literatur. 

Die Ergebnisse wurden im Hinblick auf die Strahlenbelastung der Bevolkerung in der 
Umgebung von Kernenergieanlagen, bei denen die Abgabe radioaktiver Substanzen moglich 
ist, diskutiert. 

I. EINLEITUNG 

Beim Betrieb mancher Kernreaktoren werden 
radioaktive Gase in die Atmosphare abgelassen. 
Dabei bilden sich radioaktive Wolken, die in 
der Umgebung der Kernenergieanlage eine 
Gamma-Dosisleistung erzeugen, der die in der 
Nahe wohnende Bevolkerung ausgesetzt ist. 
Es ist daher von Interesse, die Strahlenbela
stung der Bevolkerung rechnerisch ermitteln 
zu konnen. 

Radioaktive Wolken entstehen auch bei 
Unfallen an Kernreaktoren, bei denen radio
aktive Substimzen in die Atmosphare freige
setzt Werden. Die Ermittlung der Dosis, die 
durch diese Wolken verursacht wird, spielt 
bei der Abschatzung der moglichen Gefahrdung 
der Bevolkerung durch Kernreaktoren eine 
wesentliche Rolle. 

In der vorliegenden Arbeit werden die 
Energieverteilung und die Dosis der Gamma-

strahlung radioaktiver Wolken experimentell 
und theoretisch bestimmt. Die Berechnung der 
Energieverteilung aus radioaktiven Wolken er
folgt einmal iiber Integration von Punktquel
lenspektren und zweitens direkt mit Monte
Carlo-Methoden. Bei der Messung wird die 

Streumedium 

ABB. 1. Skizze der betrachteten Geometrie. 
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Luft durch Wasser ersetzt und die Wolke durch 
eine radioaktive Losung simuliert. Die Dosis 
wird auf zwei Arten berechnet, durch Inte
gration iiber das Energiespektrum und mit 
Hilfe des Build-up Faktors. Zur Vereinfachung 
des Problems wird angenommen, dass die 
Wolke kugelformig sei und sich in einem unend
lich ausgedehnten, homogenen und isotropen 
Medium befinde. Abb. I zeigt eine Skizze der 
betrachteten Geometrie. 

2. DIE BERECHNUNG DER 

ENERGIEVERTEILUNGEN RADIOAKTIVER 

WOLKEN 

2.1. Allgemeines 

Bei der Berechnung des Transportes von 
Gammastrahlen in Materie miissen im all
gemeinen Fall vereinfachende Voraussetzungen 

. gemacht werden. Der Raum wird als homogen 
und unendlich ausgedehnt angenommen. Als 
Gammastrahlenquellen werden in der Litera
tur, <1 • 2> abgesehen von einigen Spezialfallen, 
punktformige Quellen, unendlich ausgedehnte 
Flachenquellen und gleichformig im ganzen 
Raum verteilte Quellen behandelt. 

Die Gammastrahlungsquellen, die hier be
trachtet werden, haben eine endliche Ausdeh
nung, die bei der Berechnung der Dosis nicht 
zu vernachlassigen ist. 

Mogliche Methoden zur Bestimmung der 
Energieverteilung der Streustrahlung einer 
Gammastrahlungsquelle in einem Medium 
sind die Momentenmethode und die Monte
Carlo-Methode. <3

• 
4 > Die Momentenmethode 

ist wie alle anderen analytischen Verfahren 
zur Losung der Boltzmann'schen Transport
gleichung bei der direkten Berechnung der 
Energieverteilung einer endlich ausgedehnten 
Volumenquelle nicht brauchbar, da die Rand
bedingungen nicht oder nur mit grossem 
Aufwand analytisch dargestellt werden konnen. 
Mit der Monte-Carlo-Methode dagegen kann 
man auch Probleme mit komplizierten Rand
bedingungen losen. 

2.2. Die Monte-Carlo-Methode 

Aus den oben erwahnten Grunden wurde die 
Energieverteilung der Gammastrahlung radio
aktiver Wolken mit Hilfe der Monte-Carlo
Methode berechnet. Hierzu wurde ein Rechen-

programm "MCGAMPQ:' in FoRTRAN II 
geschrieben. Die Rechnungen wurden auf der 
elektronischen Rechenanlage IBM 7090 des 
Deutschen Rechenzentrums, Darmstadt, durch
gefiihrt. * Als Primarenergie der Gamma
strahlung wurde 1,53 MeV gewahlt. 

Bei der Monte-Carlo-Methode muB jedes 
Randwertproblem getrennt berechnet werden. 
U m dies zu umgehen, wurde das im folgenden 
erlauterte Verfahren gewahlt. 

B 

Streumedium 

Alm. 2. Zur Ermittlung des Streuspektrums 
einer radioaktiven Wolke aus den Streuspektren 

einer punktfomigen Quelle. 

2.3. Integration uber Punktquellen 

Die Streuspektren einer punktformigen Quelle 
wurden fiir 56 verschiedene Entfernungen der 
Quelle vom Beobachtungspunkt berechnet. Da 
man durch statistische Abschatzung erreichen 
kann, dass jedes Teilchen bei jedem StoB zum 
FluB in jeder gewahlten Entfernung von der 
Quelle beitragt, konnen die Streuspektren einer 
Punktquelle in vielen Entfernungen in einem 
Rechengang bestimmt werden. Mit den Streu
spektren der punktformigen Quelle wurden die 
Streuspektren kugelformiger Volumenquellen 
bestimmt. In Abb. 2 ist eine kugelformige 
radioaktive Wolke schematisch dargestellt. B 
ist der Ort, an dem die Dosis bestimmt werden 

* Die Arbeiten wurden mit Unterstiitzung der 
Deutschen Forschungsgemeinschaft durchgefl.ihrt, der 
wir an dieser Stelle daftir danken mochten. 
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soH. Man denke sich urn B Kugelschalen in 
aquidistanten Abstanden gelegt. Das Volumen 
V1 , das von der Wolke aus dem Volumen zweier 
aufeinanderfolgender Kugelschalen herausge
schnitten wird, wird berechnet. Multipliziert 
man die entfernungsabhangigen Streuspektren 
der Punktquelle mit V1 und addiert sie an
schliessend, so erhalt man das Streuspektrum der 
Kugelwolke. 

10 

' I I 
I I 
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kann auch mit Hilfe des Build-up Faktors 
berechnet werden, <6 > wobei die Kenntnis der 
Energieverteilung nicht vorausgesetzt wird. 

4. MESSUNG 

Streuspektren der Gammastrahlung radio
aktiver Wolken wurden an der Wassertankan
lage des Instituts fur Kernphysik, FrankfurtfM., 
gemessen. Dabei wurden die Wolken durch 
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ABB. 3. Spektren einer radioaktiven Wolke fi.ir verschiedene Entfernungen. 
Histogramm : Monte-Carlo-Daten. 

U m die Genauigkeit dieses V erfahrens zu 
priifen, wurde ein zweites Monte-Carlo-Pro
gramm "MCGAMKUG" geschrieben, mit 
dem das Streuspektrum einer Kugelwolke 
direkt berechnet werden kann. 

Es zeigte sich, dass die auf beide erwahnten 
Arten ermittelten Spektren innerhalb der 
statistischen Genauigkeit iibereinstimmen. 

3. BERECHNUNG DER DOSIS 

Die Dosisleistung kann aus dem Streuspek
trum durch Integration ermittelt werden. Sie 

Plastikballe simuliert, die mit einer Losung 
von K 2003 gefilllt waren, das im Reaktor 
aktiviert war. 42K ist ein Gammastrahler mit 
einer Energie von 1,53 MeV. Die Balle wurden 
in verschiedenen Entfernungen von einem 
NaJ-Kristall-Detektor angebracht und die sich 
ergebenden Impulshohenverteilungen gemessen. 
Die Energieverteilungen wurden aus den Im
pulshohenverteilungen mit Matrixinversion <5 > 

bestimmt. 
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5. DISKUSSION DER ERGEBNISSE 

5.1. Vergleiche der Energieverteilungen 

In Abb. 3 werden die Messergebnisse mit 
berechneten Spektren verglichen. Dabei ist 
N (E) der PhotonenfluB und r die Entfernung 
des Kugelmittelpunktes vom Beobachtungsort. 
Wenn man beriicksichtigt, daB der Fehler in 
den gemessenen Spektren bei Energien ober
halb 1 ,2 MeV wegen des geringen Photo
nenflusses in diesem Energiebereich und durch 
die Entfaltung der lmpulshohenverteilung <5 1 

relativ groB ist, so ist die Dbereinstimmung 
zwischen den gemessenen und den berechneten 
Spektren als gut anzusehen. 

5.2. Vergleich der Dosisleistungen 

In Abb. 4 werden die auf die verschiedenen 
Arten ermittelten Dosisleistungen miteinander 
verglichen. Es zeigt sich, daB die gemessenen 

Werte stets urn etwa 15% bis 30% niedriger 
als die berechneten Werte sind. Dies ist nach 
den in Abb. 3 gezeigten Ergebnissen zu er
warten. 

Die mit Hilfe des Build-up Faktors berech
neten Dosisleistungen weichen teilweise sehr 
stark von den aus den Energiespektren berech
neten Werten ab. Aus Abb. 4 kann man 
erkennen, class die nach heiden Arten ermittelten 
Werte umso besser iibereinstimmen, je grosser 

0.1 

Q01 

Dosisleistung in (R/h) bei einer Gesamtaktiviti:it 
der Wolke von 1.0 Ci 

(MC~Daten) 

0.5 

0.9 

1.2 

Hi:ihe uber dem Oetektor in mlp 

UOOl~--~------~------~ 4 --------~----~ 

1 mfp (mean free path) in Wasser entspricht 17. Scm 

ABB. 5. Vergleich der Dosisleistung verschied
ener radioaktiver Wolken. 

Rod ius Entfernung Dosisleistung in (10-~R/h) / (MeV /cm3 sec) 

der in mittleren 

Wolke treienWegliin- be rechnet m i t berechnet aus den 

in mfp gen (mfp) 
Hille des Energiespek tren gemessen 

Build-up Faktors (Monte Carlo Daten) 

2 13.3 7.2 51 

3 2.9 4.0 2.9 
Q5 4 Q76 1.9 1/. 

5 0.22 0.86 0.75 

2 16.2 4.0 2.7 

3 3.3 2.1 1.65 
Q9 

4 0.6 1.05 0.83 

5 0.24 0.043 0.036 

2 19.8 2.9 2.05 

3 3.6 1.6 1.25 
1.2 4 Q9L, 0.83 0.70 

5 0.26 0.40 Q34 

1 mfp in Wasser entspricht 17.5 em 

ABB. 4. Vergleich der nach verschiedenen Arten ermittelten Dosisleistungen. 
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die Wolke ist und je weiter sie vom Beobach~ 
tungsort entfernt ist. Die Berechnung der 
Dosisleistung einer grossen Wolke in geringer 
Entfernung mit Hilfe des Build~up Faktors kann 
mit relativ grossen Fehlern behaftet sein. Dieses 
Ergebnis ist insofern bedeutsam, als bei Berech~ 
nung von Wolkendosen nach Unf::illen bei 
Kernreaktoren die Dosisleistung im allgemeinen 
mit Hilfe des Build~up Faktors berechnet wird. 

Abb. 5 zeigt in einer graphischen Darstellung 
einen Vergleich der Dosisleistungen radioaktiver 
Wolken mit gleicher Gesamtaktivitat. Wie zu 
erwarten, sinkt die Dosisleistung mit zuneh~ 
mender Wolkengrosse und mit der Hohe iiber 

dem Beobachtungsort. Und zwar nimmt die 
Dosisleistung um einen Faktor von etwa lO ab, 
wenn sich der Durchmesser der Wolke verdop
pelt. 
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SOME APPLICATIONS FOR SEMICONDUCTOR 

DETECTORS IN HEALTH PHYSICS 

J. LIPPERT 

Riso Research Establishment, Roskilde, Denmark 

Abstract-Continuing earlier detector development, a small group in the Health Physics 
Department started work in the semiconductor detectors field in 1963, with a feeling that these 
might be valuable for spectrometry as well as low level counting. The present paper will deal 
with germanium detectors, which is produced in sizes up to 9 em 2 at the time of writing 
(March '66). 

'An attempt to make a well-type detector is to be done presently and results will be reported. 
Some of our detectors are in use in health physics applications, such as fallout measurements 

( 57 Co, 1•5Eu, 134Cs, etc.), identification of components of contaminations and tracer techniques 
in studies of filter efficiencies. Some examples will be reviewed in the paper. 

1. INTRODUCTION 

During the last 10 years a small group in the 
Health Physics Department at Riso Research 
Establishment has been working on the develop
ment of different types of detectors such as low 
level geiger counters and proportional counters 
for contamination monitors, etc. <1 l As a natural 
continuation a development program of semi
conductor detectors was started some 3 years 
ago. This work was originally concentrated on 
silicon detectors in order to investigate their 
low level characteristics. 

The interest, however, shifted to the german
ium detectors due to their high resolution 
capabilities. A number of detectors of different 
sizes has been produced and some of them used 
in routine work in the department. After a 
survey of the more important characteristics 

of some detectors examples of their use in prac
tical work will be given. 

2. Ge(Li) DETECTOR SYSTEMS 

For the production of semiconductor detectors 
of large active volume the method of lithium 
drifting is used. <2 l Typical shapes of detectors 
are the fiat, parallel type having a certain 
area and sensitive depth, and the so called 
coaxial type (Fig. 1 ). The sensitive volume of 
the fiat detector is restricted to 10-12 cm 3 at 
present while the coaxial type is produced up 
to 53 cm 3

• <
3 l A typical size will be 10-30 cm 3

• 

Also shown in Fig. l is a coaxial type with a 
drilled hole for use as a "well-type" detector. 
All types have been produced at our laboratory, 
the last mentioned only in a single case with 
not quite satisfactory compensated thickness, 

Table I. 

Type Volume Size 
Sensitive Low energy Min. distance 

depth resolution for source 

Flat 2·2 cm 3 4·4 cm 2 0·5 em 3·0 keV 0·6 em 
Coaxial 9 cm 8 2·3 em diam. 0·8 em 2·4 keV 1·6 em 
Well, 16 rom 6 cm 3 2·5 em high 0·4cm 5·1 keV 0·2 em 
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Coaxial 

Flat 

~--1--

P-

D W•ll 

•. p 
I p p I n 

~ Sensitive volume 

Fw. l. Types of Ge(Li) detectors. 

while the other types have specifications com
parable with values from the literature. 

Table 1 gives data for the detectors used. 
The detectors are mounted, as shown in 

Fig. 2, in a vacuum chamber on a support 
cooled by liquid nitrogen through a cold finger. 

The amount of nitrogen used is about 1 litre 
per day. Electrical connection is made to a 
low noise amplifier system and a 256 channel 

Cold finger,·--

Fro. 2. Mounting of detectors. 

analyser, this number of channels actually being 
too low. 

A series of calibration measurements was 
made using a set of standard sources from the 
IAEA in Vienna. Results are shown in Fig. 3, 
where the source to detector surface distance 
was 10 em. The results for 3 X 3 in. Nai(Tl) 
crystal is plotted for comparison. At 1 MeV 
the total number of counts in the photopeak 
is around 50 times higher in the scintillation 

detector, but taking into account the much 
better resolution for the Ge-detector, the height 
of the peak above a continuous background 
will be within a factor of 2 as shown by the 
dotted line. Figure 4 shows results of calibration 

-"" 
0 ., 
0. 

2 
0 

..c 
0. 

-0 

-' ., 

"' ..0 
<( 

-I 
/0 

10-2 

10- 3 

lo-• 
2,2cm 3 Ge~ 

keV 

Fro. 3. Efficiency curves for 10 em source 
distance. 
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oi:Js.eff. of pllolopeok 

Well· type 

2,2 cm3, 6 mm dist 

100 1000 keV 

FIG. 4. Efficiency curves for close geometry. 

with the sources in close geometry, which for 
the 9 em 3 crystal should have been closer 
through a better mounting. Also shown is a 
curve for the well-type detector using samples 
of 0 · 5 ml. It is our hope to construct a similar 
detector with a thicker sensitive layer and a 
somewhat better resolution, giving a better 
high energy performance. 

3. LOW LEVEL COUNTING 

For this purpose the 2 ·2 cm 3 detector has 
been used for more than a year. The detector 
is operated in anticoincidence with a 4 X 3 in. 

well type Nai(Tl) crystal (see Fig. 5). <•> A 
137Cs spectrum obtained with this system is 
shown in Fig. 6. It is seen that the high energy 
part of the compton distribution is much reduced 
and the sharp edge removed giving an advantage 
in analyzing complicated spectra. The system 
also gives some reduction of the background due 
to external sources. Figure 7 gives an example 
of this type of measurements. The amount of 
137Cs in the sample is approximately 25 nCi. 

Figure 8 gives a similar example for the 9 em 3 

detector. An old air filter sample is measured 
with this detector and the 3 X 3 in. Nai(Tl} 
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FIG. 5. Detector with anticoincidence system. 

detector. It is seen that the following isotopes 
s4Mn, sszn, 1osRh, 12sSb, 1a'Cs, 1uce, 1ssEu 

are clearly resolved in the germanium system 
whereas the 57Co and 165Eu cannot be distin-

IJ? Cs -:spectrum 

guished from the 144Ce in the scintillation 
spectrum. 

Figure 9 shows a spectrum with the lines of 
1B

4Cs and 137Cs measured with the well-type 
detector. The intention is to use 1340s as a 
tracer during a radiochemical treatment of 
samples in order to concentrate small amounts 
of 1 370s activity. 

Table 2 gives estimated detection limits 
assuming counting time of 1000 min for samples 
containing only a single isotope and an accuracy 

of± 20%. 
For a Nai(Tl) detector the 1370s detection 

limit using the same definition is 5-10 pOi. <1> 

The figures for the well-type will probably be 
improved in the future. 

4. IDENTIFICATION OF CONTAMINATION 

Due to the high energy resolution of the 
germanium detector, it is an obvious choice 
for identification purposes. Figure 10 shows 
a spectrum of a part of a reactor cooling system 
containing the following activition products: 
51Cr, 58Co, 59Fe, 6°Co. Experience with this 
type of measurements shows that the components 
of mixed radioactivity may be determined 
faster and more positively than previously. 

A: with anticoincidence 

8: without 

FIG. 6. Spectra with and without anti-coincidence. 
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Lichen, Gre-enland, Aug.1965. 
X 0.5 

12 gash. 

Coon ling time. 70 nr. 

500 7000 keV 

FIG. 7. Sample measured with the anti-coincidence system. 

500 

Air fitter. July 1963. 
J70CO m 3 

A: N:JJ{ T1). Jx 3". JO min. 

"' 8: Ge{Li), 9 cm3 , 900 min 
0 

" !::! 

Fm. 8. Sample measured with the 9 em 3 detector. 

1000 keV 
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lOOOkeV 

FIG. 9. Well-type detector, 13•Cs, 137Cs spectrum. 

Detector 

2·2 cm 3 

Well 

Table 2. Minimum Detectable Activity 

67Co 

1-2 pCi 
10 pCi 

0 
(.J 

:g 

137Cs 

10 pCi 
10-15 pCi 

so co 

15-20 pCi 
15-20 pCi 

FIG. 10. Activation products from reactor cooling system. 
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5. CONCLUSION 

As shown in the examples given, the use of 
germanium semiconductor detectors is favoured 
for most types of measurements involving gam
ma spectrometry. It is the opinion of the author 
that it should also be recommended in the field 
of health physics. 
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ENVIRONMENTAL y-RADIATION SPECTROMETRY AND 

ISOTOPE IDENTIFICATION 

B. S. J. DAVIES 

Berkeley Nuclear Laboratories, Central Electricity Generating Board, Berkeley, Glos., U.K. 

Abstract-A mobile scintillation spectrometry system is described, which, with the aid of 
computer analysis, is capable of making high resolution measurements of gamma radiation 
spectra. Any mixture ofline and continuous spectra with photon energies in the range 0· 1-10 
MeV may be measured provided that the total exposure-rate is less than about 1 mR/hr. 

The system has been applied to the problem of the direct measurement of artificially produced 
radioisotopes on the ground in the presence of naturally occurring radiation. The accuracy 
and sensitivity of the method for direct measurement of isotopes of interest is discussed. 
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IN VIVO GAMMA SPECTROMETRY: A MAJOR TOOL FOR 

LARGE SCALE ROUTINE PERSONNEL MONITORING FOR 

URANIUM AND THORIUM 

C. M. WEST and L. M. SCOTT 

Nuclear Division, Union Carbide Corporation, Oak Ridge Y-12 Plant, Oak Ridge, Tennessee, 
U.S.A. 

Abstract-The use of in vivo y-spectrometry over the past five years has proven to be an in
valuable tool in the comprehensive assessment of potential internal exposure in some 3,000 
employees at the Oak Ridge Y-12 Plant who have worked in uranium and thorium areas. 

The purpose of this paper is to report on some of the more interesting aspects and refinements 
of this unique application of in vivo spectrometry. 

Improvements in sensitivity. Improvements in minimum sensitivity have been accomplished by 
the use of multiple crystals. Detection sensitivity was decreased from 130 JLg to 80 JLg for 236U 
by the use of back and side detectors. 

Detection and avoidance of surface contamination. An effective technique of detecting and avoiding 
the effects of low level surface contamination on employees has been developed by utilization 
of they-spectrometry data and scintillation detectors positioned over and under the chest. The 
use of a hair shield and selected hand positioning minimizes the effect of contamination on 
these portions of the body. 

Correction of base spectra. It was found that the base spectra changed with time, apparently as 
the average cesium burden varies. These base spectra are empirically derived using a statistic
ally computed prediction equation. A continuing control program with an unexposed popula
tion is used to evaluate and make the necessary changes to eliminate bias resulting from this 
change and its attendant adverse effect on the sensitivity and accuracy of the technique. 

Optimization of measurement frequency. A method of statistical evaluation of the relative need for 
in vivo measurements was adopted to assure adequate information for employee protection at 
minimal expense. In vivo monitoring experience is summarized. 

Major conclusions are: ( 1) The sensitivity and validity of the technique can be significantly 
improved by accounting for the effects of surface contamination, the use of additional detectors, 
and routine assessment of the base spectral prediction equation. (2) In vivo monitoring is vital 
to the evaluation of internal exposures to insoluble thorium and uranium. 
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DIE SPEKTRALE VERTEILUNG NIEDERENERGETISCHER 

BREMSSTRAHLUNG 

F. PERZL und G. DREXLER 

Institut fiir Strahlenschutz, Gesellschaft fur Strahlenforschung, Neuherberg (F.D.R.) 

Zusanunemassung-Ein/eitung. Messungen von Bremsstrahlungsspektren tiber einen 
weiten Energiebereich sind bisher mit einer erheblichen Messungenauigkeit behaftet. Bei 
Anwendungen der Rontgenstrahlung vor allem in der Medizin ist eine genaue Kenntnis der 
spektralen Verteilung sehr wunschenswert. So wurde in 1etzter Zeit hauptsiichlich mit Szintil
lationsspektrometern mit N aJ -Kristallen die Losung diese Problems in Angriff genommen. Die 
neueste Entwicklung in der Spektrometrie der Kernstrahlung-niimlich Silizium- und 
Germanium-Ha1bleiterdetektoren-verspricht auch fUr die Bremsstrahlungsspektrometrie 
bessere experimentelle Ergebnisse. Germaniumdetektoren besitzen infolge ibrer relativ hohen 
Ordnungszahl gute Absorptionseigenschaften ftir nieder-energetische Quantenstrahlung; ihr 
Energieauflosungsvermogen ist wesentlich besser als das mit NaJ-Kristallen erreichbare. Uber 
die Messung von Bremsstrahlungsspektren bis zu Energien von maximal 150 keV unter 
Verwendung von Germaniumdetektoren wird im foigenden berichtet. 

Experimenteller Teil. Als Bremsstrahlungsquelle wurde eine Hoh1anodenrontgenrohre mit 
Wolframkathode und 1 mm Beryllium a1s Strah1enaustrittsfenster der Fa. Siemens-Reiniger
Werke AG verwendet. Die Rohrenspannung betrug maximal 150 kV G1eichspannung, der 
Rohrenstrom war rege1bar zwischen 40 pA und 20 rnA. Der Detektor in Form eines ungefassten 
Germaniumkristalls (Grosse 3 X 3 X 3 bzw. 10 X 10 X 10 mm) mit einer Li-gedrifteten 
Zone von 2 bzw. 8 mm, befand sich in einer Vakuumapparatur und wurde stiindig auf 
-196 °C gekllhlt. Der Abstand Rontgenrohre-Germaniumdetektor betrug 2m. Der elektro
nische Teil der Apparatur hestand aus einem rauscharmen ladungsempfindlichen Vorver
stiirker (Typ 105 XL) und einem Linearverstiirker (Typ 41 I) der Fa. Ortec. Die ImpulshO
henanalyse wurde mit einem Vielkanaianaiysator durchgeftirt. Die Strahlung wurde mit 
einem I mm 0 Cu-Kollimator durch ein Beryllium-Fenster (I mm) in den Detektor einge
biendet. Die Energiekaiibrierung der Messanordnung wurde mit der charakteristischen 
K-Strahiung verschiedener E1emente durchgefUhrt. Die Langzeitkonstanz der Apparatur 
wurde mit der 122 bzw. 136 keV-Linie des 57Co und mit einem Hg-Puiser uberprillt. Das 
Energieauflosungsvermogen unserer Anordnung betrug 2,5 ke V (FWHM) Halbwertsbreite. 

Messergebnisse. Die spektrale Verteilung fur verschiedene Rohrenspannungen und Filter
ungen wird gezeigt. Bei Rohrenspannungen tiber 60 kV sind deutlich die charakteristischen 
Linien (Ka, K 11, L-Serie) des Antikathodenmaterials dem kontinuierlichen Spektrum uber
Iagert. Die experimentellen Resultate werden nach geeigneten Korrekturen mit den Werten 
anderer Autoren verglichen. 
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MEASUREMENT OF TRITIUM IN AIR IN THE PRESENCE 

OF GAMMA RADIATION 

G. COWPER and R. V. OSBORNE 

Radiation Dosimetry Branch, Chalk River Nuclear Laboratories, Atomic Energy of Canada 
Limited 

Abstract-A high flux heavy water reactor produces tritium copiously. Since leakage of heavy 
water from the moderator or the coolant circuit will lead to tritiated water vapour in nearby 
air in possibly hazardous concentrations, a means for measuring tritium in air is needed. 
Often such measurements have to be made in places where there are also significant levels of 
gamma radiation so the detecting device must be capable of distinguishing between the low 
energy betas from tritium and gamma radiation. The extent of this problem is illustrated by 
the fact that 1 (MPC)a of tritium produces only as much ionization in air as a gamma radiation 
field of 50 microroentgens per hour. Another important aspect of the problem is that the 
concentration of tritium in air may lie within very wide limits depending upon the particular 
circumstances of the release. 

Several methods have been developed to meet this requirement using large gamma
compensated ionization chambers for installed area monitors, small volume compensated 
chambers complete with battery operated electrometers for portable use and scintillation 
detectors which achieve discrimination in favour of tritium by special circuit techniques. 

The design of these devices and their application in the Canadian heavy water programme 
will be discussed. 

A BYPRODUCT of the operation of heavy water gamma radiation so that the gamma sensitivity 
reactors is tritium which is made in large quan- of tritium detectors must be minimized. The 
tities from deuterium by neutron capture. Since extent of this problem can be seen in the detec
it is also produced in the ternary fission of tion of tritium by measurement of the ionization 
uranium it may be found in a reactor fuel it produces in air. 
processing plant. Tritium is also widely used The maximum permissible concentration of 
as a tracer for which purpose it is produced tritium in air for occupational exposure, 
by neutron irradiation of lithium. [(MPC)a], is 5 X 10-61A-Cifcm3 and this pro-

In the form of water (T20, DTO or HTO) it duces as much ionization as a gamma field of 
is of particular concern to the health physicist 50/kR/hr. However, such a gamma field is 
since water may enter the body through the only about three times natural background. 
intact skin as well as through the lungs or the Thus, a simple ionization chamber containing a 
digestive tract. <1> Thus, adequate safety of filling representative of the atmosphere of 
workers is not ensured simply by providing interest would be incapable of detecting signi
respiratory protection which is enough in the ficant levels of tritium in situations where the 
case of most other airborne radioactive materials. external radiation level is quite acceptable even 
To manage radiation protection properly the for continuous occupancy. 
means must be provided for the measurement If gamma sensitivity is reduced fiftyfold, the 
of tritium concentratiol;lS in air. detector would indicate 1 (MPC)a in a gamma 

In most practical situations, concentrations field of 2.5mR/hr. For the unprotected worker 
of tritium in air will be found where there are wearing ordinary clothing these levels of 
also moderate to severe levels of background tritium concentration in air and external gamma 
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radiation of the whole body are equivalent 
hazards and would ultimately produce an 
annual whole body dose rate of 5 remfyear. 

With these considerations tritium detectors 

FIG.· 1. Area monitor with 40 litre ionization 
chambers. 

have been designed for use as installed and 
portable air monitors using both ionization 
chambers and scintillation detectors. 

The gamma radiation sensitivity of an ion 
chamber through which tritiated air is flowing 
may be cancelled by subtracting from the total 
ionization current the current from a chamber 
of equal volume which is sealed from the atmos
phere. The subtraction is effected conveniently 
by using a common electrometer and polarizing 
the chambers in opposition. In practice two 
widely separated chambers will not be adequate 
for even with gamma sources located at con
siderable distances local field irregularities 
caused, for example, by scattering from nearby 
solid objects will result in each chamber being 
exposed to different radiation intensities. An 
earlier development, <2 l in which the two ion 
chambers consisted of the halves' of a cylinder 
divided along a diametrical plane, was oflimited 
usefulness because of this problem. It is clear 
that both chambers cannot at the same time 
occupy the same space but we have found that 
the requirement is approached by mounting the 
two chambers coaxially. The inner chamber is 
sealed and air is circulated through the outer 
chamber. 

Two types of instrument have been de
signed <3 l with coaxial chambers. One, intended 
for general area monitoring, is line operated 
and records the tritium concentration on a 
chart. Its chambers each have a volume of 40 
litres. The other used for detailed examination 
of working areas is battery operated, portable, 
and presents the tritium concentration on a 
meter. This type has been made with two sizes 
of ion chamber (300 cc and 1200 cc) to give 
different sensitivities for different applications. 

A 40 litre assembly is shown in Fig. 1. The 
ionization chamber stands with its axis vertical 
on a cabinet holding the electrometer amplifier, 
its chart recorder and the pump which pulls 
air through the outer chamber at 36 litresfmin. 
At this flow rate a response time (90% in 2.5 
min) is obtained which is adequate for an area 
monitor. Particles in the air are removed with a 
glass wool filter. The chamber polarizing vol
tages are obtained from carbon batteries. Ini
tially mercury batteries were chosen because of 
their excellent shelf life characteristics but were 
found to give abrupt changes of potential which,. 
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VENTILATED 
CHAMBER 

-90 v. 

NEOPRENE 'o' RINGS ~IGNAL OUT TO 
DC AMPLIFIER 

FIG. 2. Details of 40 litre ionization chamber assembly for area monitor. 

appearing as spikes on the recorder chart, were 
frequently large enough to trip alarm circuits. 
They have however been retained in the port
able instruments to be described where the 
output is not recorded and occasional spikes 
are unlikely to be noticed by the user. 

The electrometer amplifier has a range of 
switched input resistors as well as a variable 
meter sensitivity so that a series of scale sensi
tivities can be obtained. Typically, it is set 
up to cover the range 0-1.5 (MPC)a to 0-500 
(MPC)a. 

The details of the construction of the 40 litre 
chamber are shown in Fig. 2. The three coaxial 
cylinders form the two polarizing electrodes 
and the common collector electrode of the two 

chambers. The collector electrode is mounted 
in a guard ring arrangement. With this con
figuration it is clear that if the volumes of the 
chambers are equal then the ratio of the radii 
of the walls of the outer chamber is smaller than 
the corresponding ratio for the inner chamber. 
For equal polarizing voltages on the two cham
bers it follows that the saturation of the outer 
chamber will be better than that of the inner 
chamber. This is desirable since the outer cham
ber must adequately collect the ionization from 
both tritium and gamma radiation whereas 
the inner chamber must collect only ionization 
caused by gamma radiation. It follows that a 
very high gamma bacl<.ground will not be 
ovet;c~;mpensated through a differential c;hange 
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of saturation to give a negative output which 
could obscure a real concentration of tritium. 

The effective volumes of the two chambers are 
adjusted by moving a sliding cap on the inner
most cylinder to the position which gives a 
minimum output of net ion current. It is 
important that this adjustment is made in a 
gamma field from such a direction which gives 
the greatest response in the compensating 
chamber. If this is done we avoid the situation 
where a certain configuration of sources of 
gamma radiation can give a net negative 

produced vibrating reed electrometer* deve
loped for an X-ray monitor. The X-ray moni
tor, with an ionization chamber of about 280 cc 
volume, gave a maximum full scale sensitivity 
of 3mR(hr. As a tritium monitor, with a pair 
of 300 cc chambers, the corresponding full 
scale sensitivity is 50(MPC)a, and with a pair of 
1200 cc chambers the sensitivity is IO(MPC)a. 
Both types have a two decade dynamic range. 
It may be noted that, at the time of the design, 
the vibrating reed electrometer was an essential 
component of the development giving a sensi-

FIG. 3. Portable monitor with 1200 cc ionization chambers. 

output when the monitor would again be in
sensitive to a concentration of tritium in the 
environment. It is also important to carry out 
the balancing of the two chambers in a gamma 
field which is sufficiently small so that there is 
not a significant difference in ion collection 
efficiencies. Adjustment carried out in a high 
field may result in overcompensation in a low 
field, where ion collection efficiency in the com
pensating chamber is greater. The monitor 
would again be insensitive to tritium. 

A portable 1200 cc assembly is shown in Fig. 
3. In this instrument (and in the 300 cc model) 
the electronics is adopted from a commercially 

tivity an order of magnitude better than might 
have been obtained with other portable vacuum 
tube d.c. electrometers. Air is drawn through 
the outer ionization chamber with a battery 
operated pump at 3 litresfmin. 

The details of the construction of the portable 
chambers are shown in Fig. 4. The cylinders 
are mounted on a slab of Teflon, the collector 
is protected with guard rings but only against 
surface leakage and chamber volumes are 
adjusted by changing the length of the collector 

* Victoreen Model440. 
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cylinder. (It is permanently fixed, after adjust
ment, with a conducting epoxy cement.) 

Since it is not possible to entirely eliminate 
gamma sensitivity by the double chamber 
technique (and as noted earlier there is a 
convenience in reducing the gamma sensitivity 
only by a factor of 50) then at a high enough 
gamma field a full-scale deflection is obtained 

A..!J!OUTLET 

+42V 

ALUMINUM GUARD RINGS 

SIGNAL OUT TO 
ELECTROMETER 

-42V 

gamma background. Often the instrument has 
to be moved only a few metres to reach a 
satisfactory field where a reading can be made. 

Because the activity is in the form of water 
vapour, in addition to the time required to 
replace the enclosed air, the instrument will 
have a memory which depends on: 

(a) The time taken to exchange the tritiated 

AIR INLET 

ALUMINUM 
ADJUSTABLE MOUNT 

TEFLON 
INSULATOR 

RUBBER GASKET 

GROUND 

FIG. 4. Details of 1200 or 300 cc ionization chamber assembly. 

on the least sensitive range. At this point the 
instrument may not detect tritium. · 

One simple expedient which is useful when 
the portable units have to be operated in an 
extremely high gamma field which is inter
fering with the instrument performance is to 
switch off the circulating pump in the location 
of interest and remove the instrument while it 
still contains a representative sample to a lower 

water bound by sundry mechanisms to 
the interior surface of the ion chamber, 

(b) The time taken for tritiated water con
tained in field free regions (and in draft 
free regions) such as the joints between 
insulators and metal surfaces to escape 
into the main volume of the chamber and 
be flushed out. 

The memory effects are important in the 
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portable monitors which may be used in quick 
succession in locations of widely differing tritium 
concentration. 

The response to a pulse of tritiated water is 
shown in Fig. 5. One way of speeding up the 
recovery time is to clean out the chamber with 
humid air. By increasing the water content of 
the air the reduction of the activity of the 
bound water on surfaces is accelerated. The 
recovery obtained when air is passed through a 
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amplifier (Nexus Type SA-l) when driven 
from a 1200 cc chamber can yield a full scale 
maximum sensitivity of 3(MPC)a. One tenth 
of this concentration would be measurable. The 
input resistor had a value of 2 X 1013.Q and 
drift of the circuit over one day periods corres
ponded to a tritium concentration of less than 
0.3(MPC)a. 

Organic scintillators in the form of crystals, 
liquids, or plastics, are well established as 
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Fw. 5. Response of portable monitors to 10 min pulse of tritium. 

water bubbler is also shown in Fig. 5. It is 
quite a simple matter for the operator of the 
portable monitor to carry a small water bubbler 
to be used as needed. 

Future developments in ionization chamber 
methods should be directed towards simplifi
cation of the electrometer unit which is expen
sive. An attractive possibility is the use of a 
metal oxide semi-conductor field effect tran
sistor in a simple d.c. electrometer circuit. 
With this device both cost and weight might be 
significantly reduced. Tests have shown that 
a 2N3610 transistor feeding an operational 

detectors of tritium. Because of the low energy 
of tritium beta particles the resultant pulses 
from the photomultiplier are comparable to 
those from thermal noise and the associated 
electronics has been complex and quite bulky. 
Tritium assay by scintillation methods has 
therefore been a technique for the counting 
room operator rather than the applied health 
physicist in the field. The development of sen
sitive discriminators using tunnel diode circuits 
greatly simplified the pulse amplifier require
ments and the simultaneous development of a 
suitable scintillation detector for tritium in 
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air has led to a portable air monitor. <4 > The 
detector in its original form consists of a double 
spiral of plastic scintillator enclosed in a cylinder 
of about 5 em dia and 5 em length (Fig. 6) .. 
The double spiral arrangement p'ermits an air 
flow path over all the surfaces of the scintillator 
with an entry and exit port on the side of the 
enclosing cylinder. Photomultipliers are cou
pled to the end windows of the cylinder and 
collect light pulses which reach the windows 
by internal reflection from the scintillator sur
faces. The photomultipliers are operated in 

inevitably results in a loss of some pulses caused 
by tritium. The intermediate level discriminator 
defines the upper level of the tritium channel. 
A fraction of the count rate above this dis
criminator is subtracted from the output of the 
tritium channel and for a monoenergetic back
ground this correction would be sufficient. In 
general, background is not of constant quality 
but by adding a fraction of the output above 
the highest discriminator to the tritium channel 
an effective compensation is achieved. The 
constants of these compensating circuits are 

Fra. 6. Spiral-flow tritium detector. 

coincidence and are connected to a pulse height. 
discriminator. The principal design objective is 
to minimize the total mass of scintillator since 
only a surface layer a few microns thick is 
required to absorb the tritium beta rays and 
any additional thickness only causes unwanted 
gamma sensitivity. However it is not practical 
to manipulate plastic scintillators in sheets 
having a thickness less than about lOO,u so 
gamma compensation is provided electronically. 
Three pulse height discriminators provide out
puts from which a background-free signal is 
obtained. The lowest discriminator suppresses 
random coincidences due to thermal noise and 

chosen so that the monitor is insensitive to 
backgrounds from Cs-137 and Co-60. 

Compensation by electronic techniques is 
assisted by a small amount of lead shielding 
around the scintillator unit. 

Such an apparatus whose output is a logarith
mic rate meter has been operated with a sensi
tivity extending from O.Z(MPC)a to l0 3(MPC)a. 
In an external gamma field of lmR/hr the 
monitor reads 0.6(MPC)a. 

Fabrication of the plastic scintillator spiral 
has presented certain difficulties and we are 
developing a labyrinth of flat square sheets of 
plastic scintillator to replace it. 
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The problems of memory effects in these 
devices are similar to those in ion chambers 
with the additional complication of hairline 
cracks in glued joints between the scintillator 
and the windows to the photomultiplier. In 
addition, rough handling of the scintillator 
strip while forming it into a spiral shape may 
cause surface crazing, again providing a reser
voir for trapped moisture. A typical recovery 
characteristic of a spiral unit is shown in Fig. 7. 

With all of these methods concentrations of 
tritium in air can be measured down to the level 
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sampling period. The scintillator may then be 
flushed out with clean water and sampling 
resumed. However, chronic exposure of workers 
to fractional (MPC)a's is quite acceptable and 
it is sufficient to monitor such a working en
vironment by occasional sampling or integration 
of total exposure over extended periods such as a 
whole working day. Such a monitoring facility 
can be provided by drawing air through a water 
bubbler and assaying the water for tritium 
using facilities which exist for other routine 
functions such as bioassay. 
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FIG. 7. Response of spiral scintillator detector to tritium pulse. 

of about 1 (MPC)a. More sensitive techniques 
are easily conceived but it is questionable 
whether apparatus with better sensitivity is 
needed for continuous monitoring. Thus it 
can be arranged for a cooling device to provide a 
continuous supply of condensed atmospheric 
water for assay in an automatic scintillation 
spectrometer using either liquid scintillator or a 
bed of organic scintillator crystals. <6 l Another 
approach which avoids a bulky condenser is 
to use a bed of moist anthracene flakes as an 
exchanger. We have found that the counting 
rate from such a system can be made propor
tional to the total activity in a thirty minute 

The integral exposure over a work day of 
eight hours could be estimated by continuous 
sampling with the bubbler during this period. 
A flow rate of 2 litresfmin (and a total sampled 
volume of one cubic metre) would be suitable 
and would not lead to important losses from 
the bubbler. Such losses can anyway be esti
mated by sampling sequentially through two or 
more bubblers. 

A typical liquid scintillation counter will 
accept a 1 g water sample, count its tritium with 
an efficiency of 25% and have a background 
count rate of perhaps 40 counts/min. With such 
apparatus the background count rate corres-
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ponds to an average tritium concentration in 
the air passed through the bubbler of 0.005 
(MPC)a. Clearly greater sensitivity may be 
achieved by condensing atmospheric moisture 
rather than by bubbling and immediately a 
factor of 20 improvement can be made. In 
addition the selection of source count rate equal 
to background count rate is a conservative 
estimate of the limiting sensitivity of a counter, 
and a further improvement in performance 
could be realized. A comparative listing of the 
sensitivities of several techniques is shown in 
Fig. 8. 

in such matters as cosmic radiation effects and 
radioelement dating techniques. 

It is important to note however that such 
sensitivities are far beyond the needs of health 
physics and properly belong to those interested 
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A PULSE ANALYSIS SYSTEM AND COMPUTER PROGRAM 

FOR THE ROSSI LET COUNTER* 

ROBERT F. DVORAK 

Argonne National Laboratory, Argonne, Illinois, U.S.A. 

Abstract-Acceptance of the Rossi LET counter for routine health physics use depends 
upon the degree to which data collection and analysis can be simplified. This paper describes 
an electronic system for recording counter events and a computer program prepared for data 
analysis that contribute toward this end. 

In developing this system, we found that spectral stability is significantly affected by voltage 
and gas purity through the mechanism of varying ion collection time. Circuitry has been 
developed which delays sampling of the pulse height until full charge collection has been 
achieved. Operation as a sealed chamber has thereby been achieved over useful periods. 

Since the spectra realized are typically exponential in shape, extremely long data collection 
times are required to achieve statistical significance for the large pulses. To ameliorate this 
problem, an analog pulse height computer is used to compress the high energy deposition 
end of the spectrum according to a selectable power function before pulse height analysis is 
performed. 

The data analysis program has been made as flexible as possible to allow further studies in 
interpretive procedure. The raw data for both radiation field and background (where applic
able) are smoothed before determining net counts. The technique used has a minimum of 
bias as to the spectrum shape. The smoothed spectrum is then analyzed and a probable LET 
spectrum determined. Since the energy loss spectrum due to mono-LET particles traversing 
the chamber depends on questionable assumptions, options are included for triangular, ex
ponential, and square stripping functions. From the LET spectrum, the dose and dose equiva
lent are calculated, and the LET spectrum is smoothed and plotted. Examples are given of the 
results produced by the system for typical radiation sources. 

INTRODUCTION 

An instrument capable of measuring the dose 
equivalent in a radiation field where nothing 
is known or assumed about the nature of the 
field would be an extremely valuable tool to the 
biologist, biophysicist, and health physicist. If 
this tool is to be useful, it must meet some rea
sonable requirements involving simplicity and 
reliability. The Rossi LET chamber, <1 > with 
associated gas supply system, electronics, and 
calculation techniques as employed today are 
too complex for routine use in applied Health 
Physics. This paper describes the work we have 
done at Argonne National Laboratory to sim-

* Work performed under the auspices of the United 
States Atomic Energy Commission. 

plify the necessary systems to a point where the 
Rossi L'ET chamber can be used reliably and 
with greater convenience by a health physicist. 
Utilization of the detector and supporting com
ponents must still be restricted to situations 
where the need for information is sufficiently 
important as to warrant the cost and time 
incidental to the use of this instrument. 

LET CHAMBER 

The Rossi LET chamber is a proportional 
counter in spherical geometry having a tissue 
equivalent wall and utilizing a tissue equivalent 
fill gas. Figure 1 is an X-ray photograph of the 
8-in. diameter counter fabricated for us by 
Dr. H. H. Rossi. In the photograph, the 0.25 in. 
thick wall of muscle equivalent conductive 
plastic< 2 > is seen enclosing a 4100cc chamber 

295 



296 ROBERT F. DVORAK 

FIG. 1. X-ray photograph of 8-in. diameter LET counter. The opaque object at the 
upper right is a source holder, objects near bottom are gas inlet and outlet. 

cavity. A rather complex sub-assembly pene
trating the top and bottom of the sphere supports 
the 0.25 in. thick diameter grid coil of 0.010 in. 
diameter stainless steel wire, and accurately 
locates and supports a concentric 0.0005 in. 
diameter anode of the same material. 

In use, the outer wall is at ground potential, 
the anode is at a pressure dependent positive 
potential, and the grid coil is fixed at 50% 
of the anode potential by a resistive divider. 
The following sequence of actions occurs in the 
two regions of the counter. Electrons liberated 
in the cavity by an ionizing event drift toward 
the grid under the influence of the electric field. 
In the region of the grid, the electrons are 
accelerated toward the anode by the anode 
field. Proportional multiplication is achieved in 

a small volume surrounding the anode. The 
grid serves the dual function of ( 1) gathering 
electrons and negative ions and (2) accurately 
defining the potential gradient in the propor
tional region of the counter. 

The physical analogy simulated by this 
chamber when it is placed in a radiation field 
is not entirely clear, but for considerations of 
radiation equilibrium, the event spectrum 
should be similar to that at the geometric center 
of a tissue slab 0.5 in. thick and 8.5 in. in 
diameter. In setting up the mathematical 
expressions for the probable cavity path dis
tributions, one must remain with the physical 
reality (for the chamber described) of a spherical 
8 in. diameter cavity that is filled with tissue 
equivalent ga'l at low pressure, and is surrounded 
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by a 0.25 in. thick tissue equivalent wall of 
approximately tissue density. 

Since calibration of energy loss is not direct, 
but rather is achieved by projecting a collimated 
beam of alpha particles across a chamber dia
meter, one is forced to accept the calibration 
constant 

K = LET"' X chamber diameter 

pulse height 

as determined with alpha particles to be the 
same for protons, mesons, electrons, etc. As 
has been indicated elsewhere, <3 > there are a 
number of additional complications at low 

ELECTROMETER 

TRANSDUCER 

GAS HANDLING SYSTEM 

The Rossi LET chamber is generally used in 
a continuous gas flow mode to minimize the 
effects of possible minor leaks, preferential 
diffusion of fill gas constituents into the plastic 
wall, and outgassing of detrimental gases and 
vapors from the wall. The gas system used by 
Rossi has been illustrated in the literature. <4 > 

It was decided at tht: beginning of this 
development project that the proportional 
counter would have to be liberated from the 
gas flow system if any reasonable flexibility of 
use was to be achieved. When the chamber is 
used in a periodic-fill mode, the gas handling 

FIG. 2. Schematic of gas handling system for periodic-fill operation. 

particle energies and small effective cavity 
diameters that can lead to errors in the spec
trum, dose, and dose equivalent calculations. 
However, these errors are probably minor in 
view of the uncertainties in the LET effect of 
radiation on biological systems at and below 
the diameter of a single cell, and the relationship 
between sub-cellular damage and over-all 
radiation effect to systems containing a large 
number of cells. 

If one can accept these limitations to accuracy, 
it is possible to calculate a dose and dose equiva
lent for the radiation field at the chamber 
location for the tissue geometry simulated by 
the chamber. 

system is greatly simplified. A schematic of 
our system is shown in Fig. 2. The transducer 
for pressure measurement is a simple ionization 
chamber having the cathode coated with about 
500 fLC of promethium-147, a fairly low energy 
beta emitter. Current from the chamber anode 
is measured by a vibrating reed electrometer. 
The transducer must be calibrated for the 
specific fill gas against appropriate mechanical 
gauges. This method of pressure measurement 
has no particular advantage over the use of 
mechanical gauges except in range of measure
ment, which is from atmospheric down to 
approximately 0.1 mm. A photograph of the 
cart-mounted fill station is shown in Fig. 3. 
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The fill gas used at present has a composition: 
54.90% methane 
40.91% carbon monoxide 

2. 72% nitrogen 
1.47% argon 

This mixture has an advantage over the more 
common methane-carbon dioxide-nitrogen mix-

Fw. 3. Cart-mounted gas handling system, 
showing 2-in. LET chamber and preamplifier in 

filling position. 

ture< 6 > in that all components have very similar 
coefficients of diffusion into the Shonka plastic. 
It is less than half as expensive as the ethane, 
ethylene, nitrogen, and neon mixture used by 
Kastner, Rose, and Shonka, <6 > and retains a 
significant number of oxygen atoms. 

When this gas was used under periodic fill 
conditions, it was found that the multiplication 
is not completely stable with time, even with 
extended outgassing prior to filling. The multi-

plication for the first 8 hr after filling proved to 
be essentially stable, as shown in Fig. 4. How
ever, an initial aging period of at least 10 min 
is required during which the multiplication 
shows a decrease of l-2%. Mter 72 hr, the 
multiplication decreases an additional 6% with 
no apparent resolution loss. Changes in am
bient temperatures appear to be more trouble
some, although no quantitative evaluation has 
yet been achieved. 

Under reasonable thermal conditions, the 
change in proportionality (and hence the 
calibration constant) is less than l% in 8 hr. 
We feel that this does not lead to excessive 
data error. The data shown here were taken 
with the 8-in. diameter chamber. With the 
2-in. chamber, stability appears to be better. 

ELECTRONIC SYSTEM 

Several mechanisms have been found which 
affect the detector pulse shape. First, the time 
required for full ion collection becomes steadily 
greater as the gas ages, beginning at l or 2 
p.sec for fresh gas, and eventually exceeding 
20 p.sec. Second, this collection time is a 
function of the collection (grid) voltage. Third, 
at any particular time there will be variations 
as great as a factor of two in ion collection 
time, probably depending on location of the 
ionizing particle track segment within the 
chamber. Under the described conditions, it is 
clear that differentiation of the signal pulse 
cannot be tolerated, and sampling of the pulse 
height must be delayed until full charge collec
tion is achieved if maximum system stability 
is to be attained. 

This electronic system is designed to take these 
restrictions into account, and is shown schema
tically in Fig. 5. The voltage sensitive pre
amplifier, which serves as a mechanical base 
for the detector, is a highly modified Oak Ridge 
design featuring a very low input noise level 
and very long time constants throughout. The 
response of the preamplifier to a step function 
input signal is an output pulse with a rise-time 
of 80 nsec, and a decay time of 6.8 msec. The 
gain is 25. In our application, the voltage 
pulse from the preamplifier is the integral of 
the charge collected on the input capacitance. 

Since, at useful pulse repetition rates, long 
duration pulses such as these would cause 
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disturbing bias shifts through pulse pileup, the 
next circuit element is the Argonne PA 95-B 
delay line clipper. The pulse may be terminated 
by reflection at 4, 8, 12, or 16 p.secs, the choice 
being determined by the conditions under which 
the measurement is to be made. 

Final pulse amplification is performed by the 
Argonne LPA-5 amplifier. The over-all system 
response to a step function input signal is an 
amplifier output pulse with a rise-time of 0.45 
p.sec and a decay time of 800 p.sec that is termi
nated by the clipper reflection after the selected 

FIG. 5. Schematic of LET system electronic 
components. 

TIMING 
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delay interval. The overall gain of the pre
amplifier, clipper, and linear amplifier is 1460. 

A serious problem with a detector of this 
type is that the typical pulse height spectrum is 
roughly exponential in shape. The number of 
small pulses taxes the memory capacity of the 
multichannel pulse height analyzer during the 
time that the number of large pulses per analy
zer channel is still statistically very low. It is 
our feeling that improved statistical accuracy 
in the number of these high energy loss events 
is more important than precision in the energy 
loss determination for each event. 

An analog pulse height computer is now 
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Fro. 6. Schematic of elements used in analog 

pulse height computer. 
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available <7> which can perform a spectrum 
compression that materially aids in this data 
collection problem. The combination of ele
ments that has been most useful to us is shown 
schematically in Fig. 6. In our application, the 
output pulse of the LPA-5 amplifier is analyzed, 
and a computer output pulse is generated having 
an amplitude that is a power function of the 
input pulse height. The pulse shape is square, 
about 1.5 p.sec long, and between zero and 
+ 10 V in height, compatible to almost any 
pulse height analyzer. 

erally use one quadrant (100 channels) of the 
memory, and hence can store a total of four 
separate runs before readout must be made. 
For measurements of pulsed sources, as at the 
Argonne Zero Gradient Synchrotron, a routing 
circuit controls the analyzer. This circuit is 
triggered by a pulse from the accelerator at the 
approximate time of proton injection into the 
ring. The analyzer is gated on and pulses are 
routed to the first memory quadrant for a 
preselected interval of time sufficient to cover 
the entire machine spill period. The analyzer 

FIG. 7. Component of LET system as used in field measurements. Rack cabinet 
contains, from top to bottom, the 400 channel pulse height analyzer, the ETC 
chassis containing amplifier, clipper, router and preamplifier power supply, the 

analog computer, a high voltage power supply, and a test pulse generator. 

The exponent function normally used, 0.5, 
is near the computer's lower limit of 0.4, and 
is chosen for simplicity in system calibration. 
For any exponent less than one, the desired 
expansion of energy scale for low energy loss 
pulses and compression of high energy loss 
pulses is achieved. 

The pulses are fed to a 400 channel Victoreen 
PIP analyzer which has a memory capacity of 
1 08 events per channel. In measurements of 
continuous emission radiation sources, we gen-

then is held off for a second preselected interval 
during which routing is changed to the third 
memory quadrant. Background then is counted 
for the same length of time as was selected for 
the machine spill period. The analyzer finally 
is gated off until the next accelerator timing 
pulse. In this fashion, the contribution by 
background events is minimized in the "machine 
on" memory quadrant and an additional run 
with accelerator off is not required for back
ground determination. A second pair of runs 



A PULSE ANALYSIS SYSTEM 301 

can be made in quadrants two and four before 
readout is required. 

The data is delivered in two forms. The total 
events per channel are simultaneously recorded 
by tabulated typewriter printout and punched 
paper tape in ASCII format. The paper tape 
is then used to prepare the data deck of IBM 
cards in a format compatible to the computer 
program. A photograph of the entire system is 
shown in Fig. 7. 

COMPUTER PROGRAM 

The most tedious and time-consuming aspect 
of LET counter utilization is the data analysis. 
To make application of the counter more attrac
tive to health physics personnel, a computer 
program was included as part of the instrument 
development program. A successful program, 
which requires less than one minute of CDC 3600 
computer time has been prepared. In practice, 
full processed results are available in about 
2 hr. The program consists of six steps, of which 
a number are superfluous to the end point but 
necessary for careful evaluation of the data. 

1. Input data constants are printed out pro
viding run identification, analog computer 
power function, a channel calibration constant 
relating channel number to energy loss for the 
event, keV to ergs conversion constant, fill gas 
weight, diameter of chamber cavity in terms of 
equivalent tissue thickness, the exponent for 
exponential stripping option, the time over which 
the source data was taken, and the time over 
which the background data was taken. 

2. The raw input data is smoothed using 
the following technique: To smooth the point K 
we must consider the sequence of points from 
K - 2 to K + 3. We postulate first that data 
shall be conserved and that any correction made 
to K will be compensated in the adjacent chan
nels K- l and K + 1. We also postulate that 
no correction will be made unless the necessary 
compensating correction to K - 1 brings it 
closer to the average of K - 2, K - I, and K 
and the correction to K + I bring it closer to 
average of K, K +I, and K + 2. 

The magnitude of the correction is deter
mined by fitting to a cubic curve through 
construction of a difference table, as indicated 
in Fig. 8. Setting the fourth differences, 
'il4(K) and V4(K + 1) equal to zero, one can 

solve for both {3 and A and the best correction 
to a cubic curve can be calculated. In the 

computer program, corrections of only 2 ~ and~~ 

are applied successively to each K in the spec
trum. This smoothing cycle is repeated l 00 
times. 

The raw and smoothed values of both the 
source and background spectra, as well as the 
difference between smoothed source and 
smoothed background spectra are printed out 
in parallel column format for inspection. 

3. The effect of the smoothing program is 
examined in a rather crude fashion to determine 

Original Corrected 
Paints Points _s._ :!1.. .:2. 'V4 

IK • 21 IK • 21 
I I 

IK • II IK ·II • {31:>. ( I 
I ) I I 

IKl IKI+ 1:>. I ) 'V41Kl 
I ) I I 

IK + 1l IK + 11 • li:>.·fJt:>.i I ) 'V4(1( + II 
I I ( I 

IK + 21 IK + Zl ( I 
I I 

IK + 31 IK + 31 

Setting "74IKI • 'V4tK + II • 0 

1:>. • -IJ.IIK + 21 + 0.41K + II • 0.6(1(1 + 0.41K • II • 0.1(1( • 21 

{31:>. • -0.21K + Jl + 0.61K + 21 • 0.41K + II + 0.41Kl + 0.61K • 11 - 0.2(1( • 21 

Fw. 8. Conceptual schematic of technique for 
smoothing a point K. The difference table is 
indicated and the equations for magnitude of 
and distribution of the correction are explicitly 

stated. 

where the smoothing has altered a point outside 
a normal statistical error from the initial data. 
The first column is the channel number; second 
column, the square root of the raw event count; 
third column, the difference between the raw 
event counts and the smoothed counts; fourth 
and fifth columns, the same as the second and 
third except applied to the background counts. 
In the sixth column, the symbol ( 1) appears 
where the difference between smoothed and raw 
counts exceeds in magnitude the square root of 
the raw counts for either events or background, 
and the symbol (2) where the difference is 
greater than twice the square root of the raw 

counts. 
4. The smoothed data points are normalized 
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to the proper unit time and analyzed by a 
subroutine in which the energy loss by events 
in each energy loss interval is computed and 
summed. The printout consists of interval num
ber, source counts per unit time, background 
counts per unit time, energy in keV at the upper 
limit of the interval, energy in keV at the center 
of the interval, deposited dose rate for the 
interval, and cumulative dose rate. The deposi
ted dose rate for the run is the value of cumul
ative dose rate for the highest K interval. 

5. The distribution of events in LET is 
now determined and from this the dose and 
dose equivalent distributions in LET are cal
culated. 

Before a calculation can be started, a decision 
must be made as to the most probable distri
bution in path lengths for an ionizing particle 
traversing the chamber. In general, one has 
no knowledge as to where (in the gas, wall, or 
exterior environment) a particular event origi
nated and what its actual path length was in the 
chamber. Rossi and Rosenzweig, <1 l and more 
recently Caswell, <8 l have presented arguments 
leading to a triangular distribution in path 
lengths for events originating in the cavity wall 
and traversing the chamber, where the probabi
lity per unit path length is directly proportional 
to the path length. My own feeling is that the 
assumption of a square spectrum (all path 
lengths equally probable) also is logically 
supportable, and that particular cases ranging 
from square through exponential distributions 
of the form A(l - e - ~') to triangular can be 
demonstrated. In addition, a superimposed 

Mij • Number of Events in LET Interval j Which Traverse the Chamber 
with an Energy loss In the Interval i 

[
N· N"+1] Mi1· • a 1 ~- '"J.':.lc 
dj 2ij+l 

For Square Path Distribution f>t • Et - E.!-1 

Triangular Path Distribution t.t • Q - E). 1 

Exponential Path Distribution t.t • [lEt - E.!-!1 - !(e~Ei-1 - e~Ei-1)] 

Where Nt • Number of Events in Energy Loss Interval t Which Has 
Upper Bound Et Lower Bound E.!-1· 

FIG. 9. General equation describing the num
ber of events in a given energy deposition 
interval due to events in a specified LET 

interval. 

i·j 
Events in LET Interval j • 2: M·· 

i•1 IJ 

i•j 
Dose in LET Interval j • 2.. 2: ~Mij 

m i•1 

Dose Equiv. in LET Interval j • g(jl ~ r. fiMij 
1•1 

where p • constant • 1.60 x w-Q ERGS/KEV 

m • weight of gas in cavity IGMI 

Ej • average energy of energy loss interva I i IKEVI 

gljl • quality factor associated with LET interval j. 

Fw. 10. General equations used in calculating 
the event, dose, and dose equivalent distribution 

in LET. 

and different distribution due to events ongi
nating in the cavity gas, is to be expected. <8 l 

With this uncertainty in mind, the computer 
program was set up to make the determination 
using square, triangular, or exponential dis
tribution assumptions, and we routinely cal
culate all data with both square and triangular 
assumptions. Techniques for including the 
noncrossing events are being studied for inclusion 
in the program. 

The computational technique differs some
what from that of Rossi and Rosenzweig and is 
similar to spectrum stripping. For an example, 
let us select the square distribution assumption 
and no electronic compression. If, in the 
highest energy loss channel i there are Nt events 
recorded, then according to the assumptions 
there are equal numbers of events in each of the 
lower channels due to particles traversing the 
chamber on shorter gas paths and having the 
same LET. Hence, the total number of events 
of this LET is equal to iNt. The number Nt 
is stripped out of each of the t channels, and 
the process is repeated for the next lower chan
nel. The general equations describing the 
number of events in a given energy deposition 
interval due to the events in a given LET inter
val and the equations for calculating the event, 
dose, and dose equivalent spectrum are shown 
in Figs. 9 and 10. 

The printout for this step is as follows. The 
first column is the LET interval, and has direct 
correspondence tp the energy loss interval 
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in the original data. The second, third, and 
fourth columns are the number of events, 
deposited dose, and dose equivalent for the LET 
interval and the time normalization pro
grammed. The fifth, sixth, and seventh columns 
are cumulative totals for the same quantities, 
and the significant cumulative quantities ap
pear in the highest LET interval, being the 
totals for the run. 

6. A third subroutine, primarily for plotting 
purposes, can be applied selectively to the event, 
dose, or dose equivalent rate distributions for 
each of the stripping assumptions programmed. 
The functions of this subroutine are to deter
mine the average LET for each interval, to 
normalize the data to unit LET interval, to 
further smooth from the data some of the 
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Fw. 11. Plot of output data from computer 
program. This is the event distribution in 
LET for a 50 channel spectrum due to Pu-Be 
neutrons. A total of 130,529 events were ana
lyzed using a square root spectrum compres
sion and assuming a square path length distribu
tion. The typical distribution of data· points 

and degree of smoothing is shown. 
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Fw. 12. Dose distribution in LET for pluto
nium-beryllium neutrons. A total of 107,373 
events in 100 channels was analyzed using 
square root compression, and assuming a 

square distribution of path lengths. 

irregularities resulting from the stripping pro
gram, and to provide various scale information 
needed by the automatic plotting equipment. 
A hand-drawn plot of typical output data is 
in Fig. 11. The case shown is for a 50 channel 
plutonium-beryllium source spectrum taken 
with analog computer power funtion of 0.5. 

EXAMPLES OF RESULTS 

The following examples of results produced 
by our system are offered. In each case, the 
8-in. diameter chamber was used, the effective 
cavity diameter was 2.1 microns, and the anode 
voltage was 660 V. 

1. The dose distribution in LET for a plu
tonium-beryllium source is shown in Fig. 12. 
The exposure is 80 min at 50 em from a 4 X I 08 

nfsec source. The total dose is 2.91 mrad as 
measured with a tissue equivalent ion chamber 
of the same dimensions, and a total of 107,373 
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events were r.ecorded above a 27.2 keV energy 
loss discriminator level. 

2. The dose distribution in LET shown in 
Fig. 13 is taken under identical conditions to 
the previous run except that the exposure time 
was 4 min, resulting in a total dose of0.145 mrad 
and a total of 5207 events. As can be seen, the 
distributions differ only in detail. 

3. The dose distribution in LET for a cobalt-
60 gamma source is shown in Fig. 14. The 
exposure is 5.51 mrad for the 40 min run as 
measured by the ion chamber, resulting in 
507,229 events above the 2.0 keV discriminator 
level. Analysis of the results yields an effective 
quality factor of 1.09 for this radiation. Since 
the secondary electrons causing these events 
do not generally travel in straight line paths 
across the chamber, the results shown here 
certainly cannot be accepted at face value. 

5 

~ 

,-

j-

10 100 1000 

KEY/MICRON 

Fw. 13. Dose distribution in LET for pluto
nium-beryllium neutrons. A total of 5,207 
events in 100 channels were analyzed using 
square root compression and assuming a square 

distribution of path lengths. 
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Fw. 14. Dose distribution in LET for cobalt-60 
gamma rays. A total of 507,229 events were 
analyzed using square root compression and 
assuming a square distribution of path lengths. 

4. The ·dose distribution in LET for a mea
surement at the Argonne Zero Gradient Syn
chrotron is shown in Fig. 15. The radiation 
source was 12.7 BeV protons on a 0.5-in. 
thick copper target. The detector was placed 
at a scatter angle of 60° and the shielding at this 
angle was 5.2 ft of concrete. The detector was 
located on top of the external proton beam 
shield. The total dose was 2.25 mrad, measured 
as before, and resulted in 153,677 events in 
the 12 min exposure period above a 22.1 keV 
discriminator level. Analysis of the data indi
cates an approximate value of 3 for the quality 
factor. 

CONCLUSIONS 

An electronic system and computer program 
has been described which, when utilized with 
the Rossi LET chamber, produces an assessment 
of dose, dose equivalent, and quality factor for 
a radiation field. In addition, distributions in 



A PULSE ANALYSIS SYSTEM 305 

~ 
1\ 
~ 

~ 
-

IV 

6 ,-

7 -

8 

10 100 1000 

KEV /MICRON 

FIG. 15. Dose distribution in LET for radiation 
from Argonne Zero Gradient Synchrotron. A 
total of 153,677 events were analyzed using 
square root compression and assuming a square 

distribution of path lengths. 

LET of the events, dose, and dose equivalent 
are generated for reasonably small values of 
dose and consequently short exposure times. 

While the system must still be operated by 
well-trained personnel and the amount of 
equipment needed to make the measurements 
is quite impressive, I feel that this system 
represents a considerable advance in con-

venience over the currently used systems, and 
that it attains such improvement without loss in 
accuracy. 
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MEASUREMENTS ON SLOWING DOWN SPECTRA OF 

SECONDARY ELECTRONS IN ALUMINIUM AND 

COPPER FROM 6°CO r-RADIATIONS 

N.ODA*andJ.T.LY~ 

Lawrence Radiation Laboratory, University of California, Berkeley, California, U.S.A. 

Abstract-Spectral distributions of the fluxes of secondary electrons produced by a colli
mated beam of 6°Co y-rays, inside media such as aluminium and copper for five different 
angles-30, 60, 90, 120, and 150°-relative to the incident direction of y-rays, were experi
mentally determined using a lithium-drifted silicon detector. 

Targets of the spherical cavity were used, having a circular opening exit on the cavity wall. 
Secondary electrons inside the cavity were extracted through the exit and absorbed in a silicon 
crystal. The target wall was of the thickness sufficient to ensure the electron equilibrium 
inside the cavity. 

In order to subtract the background due to various sources, dummy targets were also used, 
which were of the same weight as the spherical targets and of the doughnut shape, for secondary 
electrons from the dummy targets not to reach the detector. The target and detector assembly 
was built in a vacuum chamber and the silicon crystal was cooled by liquid nitrogen. 

The spectra were corrected for the spectral distortion due to the backscattering of incident 
electrons from silicon crystal, by using the back-scattering data obtained with an air core 
magnetic spectrometer over the energy range measured (25-1100 keV). 

The results show that the electron spectra slightly differ between aluminium and copper 
and remarkably depend on the angles, that is, the higher energy components increase with 
the decrease of angles. This result is considerably of interest for the reason that the observed 
spectra are a kind of the black body radiation and was expected to be nearly isotropic. 

* Present address: Research Laboratory ofNuclear Reactor, Tokyo Institute ofTechnology, Ookayama, Tokyo 
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DISCUSSION 

D. BLANC (France): 
1. Quelle est votre opm10n concernant l'emploi 

possible de detecteurs de silicium a barriere de surface 
et diffusion de lithium? Ils sont utilisables a Ia 
temperature ambiante et semblent pouvoir donner 
de bans resultats dans certaines des mesures dont vous 
avez parle. 

2. Pourrais-je avoir des details concernant votre 
technique de fabrication des detecteurs a cavite du 
type "puits"? 

J. LIPPERT: 

1. Due to the low photopeak efficiency this will not 
be advisable except in the low energy range up to 
about 50 keV. I do not see however any reason to use 
silicon detectors, as germanium detectors with thin 
windows will be available in the near future. 

2. You will find information on fabrication methods 
in the literature. 

K. J. VoGT (Germany): 
Fi.ir die praktische Anwendung bei der Abschat

zung von Gefahren, die in Verbindung mit den 
Freisetzungen radioaktiver Abluft von Reaktoren in 
die Atmosphare entstehen, stellt das Modell der 
homogenen Kugelquelle eine zu grosse Verein
fachung dar. Hierbei muss die tatsachliche Verteilung 
der Radioaktivitat der Wolke oder Abluftfahne auf-
grund der meteorologischen Bedingungen beriick
sichtigt werden. Es soil in diesem Zusammenhang 
auf die Arbeiten von Holland und anderen Autoren 
verwiesen werden, bei denen die Vielfachstreuung 
tiber den Aufbaufaktor beriicksichtigt wird. Die 
Bedeutung der vorliegenden Arbeit besteht nach 
meinem Verstandnis darin, die Zulassigkeit dieser 
Prozedur zu bestatigen. 

A. SCHMIDT (Germany): 
Das Ziel der Arbeit war die Uberpriifung der 

Genauigkeit des Dosiswertes, der mit Hilfe des Build
up-Faktors berechnet wird. Hierbei zeigte sich, class 
der mit dem Build-up-Faktor berechnete Dosiswert 
mit grossen Fehlern behaftet ist, wenn die Entfernung 
der Wolke vom Beobachtungsort klein ist, d.h. in Luft 
kleiner als etwa 300 m. In der Literatur wird der 
Build-up-Faktor auch zur Berechnung der Dosis fiir 
Volumenquellen in geringer Entfernung benutzt. 
Die betrachtete Geometrie ist eine starke Verein-

fachung dP.r wirklichen Geometric. In meiner 
weiteren Arbeit werde ich vorhandene Grenzen und 
Grenzschichten zwischen mehreren Medien beriick
sichtigen. 

P. CANDES (France): 
Quelle est la proportion de la dose due au rayonne

ment diffuse, par rapport au rayonnement direct, a 
quelques km de la source? 

A. ScHMIDT (Germany): 
Die durch die direkte Strahlung verursachte Dosis

leistung ist sehr viel kleiner als die Dosisleistung der 
gestreuten Strahlung, falls die Entfernung gross ist, 
Bei einer Entfernung von 1000 m-2000 m in Luft, d.h. 
ca. 10 mfp bei einer Energie von ca. 1,5 meV, ist die 
Dosisleistung der direkten Strahlung ca. 15% der 
gesamten Dosisleistung. 

F. BERTHOLD (Germany): 
There exists another solution to the problem of con

tinuous tritium monitoring, including gamma
compensation. A flow-through proportional counter 
may be used, constructed similarly to those used 
for age determination. An inner sample-counting 
volume is surrounded concentrically by a multiple
wire guard-counter volume, the two volumes being 
separated only by a cathode grid. The total volume is 
1·3liters, sample volume about 30%. A I :1 mixture 
of the air to be measured and methane is pumped 
through the detector, and using an anticoincidence 
circuit only those pulses occurring in the sample 
counter itself are registered. This ensures that only 
particles with very short range are measured, and 
therefore the system is highly selective for tritium, 
and has very low background (I 0 cpm behind 1 em 
oflead, less than 1 cpm behind I 0 em of lead). This 
instrument is similar to one described earlier by R. 
Ehret, H. Kiefer and R. Maushart, in "Direct In

formation" of the ESGJESRP/SEPCR, 2/63. With 
coaxial construction the counting gas consumption is 
now considerably reduced. In both systems the 
sample counter "walls" consist only of an array of 
thin wires, thereby virtually eliminating memory 
effects, even for HTO. Gamma-compensation is 
achieved by subtracting from the anticoincidence 
count-rate a small and adjustable part of the count
rate of the guard-counter in a difference ratemeter. 
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A theoretically better approach would be to use the 
rate of coincident pulses for gamma-compensation 
because in this case one would not also subtract some 
of the pulses produced by tritium in the guard
counter. However, the performance of this simple 
gamma-compensation method has been proven to be 
practically equivalent. 

A concentration of I0-7 p. Cijcm3 can be detected, 
this being well below the MPC for tritium. 

The complete tritium-monitor with detector, gas 
flow regulation and electronic system (consisting of 
standard transistorized modules according to the 
ESONE-system) and recorder is contained in three 
19 in. racks, and it is already used successfully in a 
number of nuclear installations. 

]. A. AUXIER (U.S.A.): 
In view of the difference of opinion between experts, 

relative to whether the pulse height distribution for a 
given LET should be triangular or square in shape, 
I wonder if an empirical relationship of pulse height 
and QF would not only be justified, but desirable 
from an application point of view. 

R. F. DvoRAK: 
I will answer this in two parts. First, we had 

studied these spectra using both triangular and 
square distribution assumptions. The numerical 
values for dose equivalent turn out surprisingly close, 
differing by perhaps 30% and depending on the 
spectrum studied. The LET distributions are also 
found to be very similar. It would seem that the 
choice is not crucial. 

Second, Dr. Baum at Brookhaven has been working 
on just this question and mathematically at least there 
is such a relationship. 

]. Booz (Euratom): 

I have a question on the CO that has been used. 
What about the electronegativity of this gas? I 
wonder if you might lose some electrons and what 
might be the influence on the measured spectrum. 

R. F. DvoRAK: 
Certainly many electrons are lost. All of the better 

tissue equivalent gases are quite electronegative. For 
the purpose of achieving stability it seems better to 
start with the more electronegative gas which is stable 
rather than a better gas and have rapidly changing 
multiplication. 

N.OnA: 
The slowing-down spectra of secondary electrons 

just inside the medium irradiated by Co60 y-rays were 
measured for angles 30°,60°,90°, 120°, and 150° with 
Li drifted Si detectors. Specially careful considera
tion was required to set up the collimators which con
sist of the lead one and the U 238 depleted metal. The 
backscattering effect of the Si detector was corrected 
for with the use of the data obtained with mono
energetic electrons coming from the air-core magnetic 
,$-spectrometer. The results show that the difference 
between a copper target and an aluminium one were 
not remarkable, but the spectra shapes change remark
ably with the angle relative to the incident y-ray. For 
aluminum, one can see the traces of plural scatter
ings of the Compton peak electrons for small angles. 



ACCURACY CONTROL IN LOW-LEVEL MEASUREMENTS 

M. M. FERRARIS and D, MERTEN 

International Atomic Energy Agency, Vienna 

Abstract-One practical way to determine the accuracy of low-level measurements consists 
in organizing series of inter-comparison measurements amongst the largest possible number 
of qualified laboratories. These measurements should be executed on samples possessing 
the same characteristics as those which are routinely employed, and following the same 
measurement techniques. The IAEA has been organizing inter-comparison measurements 
since 1964 and the results of these two years confirm the necessity of this inter-comparison. 

The following samples have been analyzed: milk, soil, rice, meat, bone, different kinds of 
vegetables and a mixture of dried food. 

The following radionuclides have been determined: 90Sr, 137Cs, 226Ra, 210Po, and the stable 
elements calcium, strontium and potassium. 

The results obtained cover a wide range. Statistical analysis proves the existence of system
atical and accidental errors, the first being easier to identify than the second. 

It has been observed that some laboratories which at the beginning of the measurement series 
gave results which were far from the average, have little by little improved their findings after 
the results of other laboratories were made known to them. 

The participation, except for some items and some radionuclides, has been quite remarkable, 
about 80 laboratories in 27 countries. It is hoped that the number oflaboratories participating 
in this inter-comparison will still increase, so that all data in relation to the environmental 
radioactivity may be comparable. 

INTRODUCTION no questionnaires on the analytical methods 
It is well known that laboratories may at and the standards adopted were used for this 

times experience difficulties in the determination first inter-comparison run. The reason for 
of the accuracy of their low activity measure- possible errors is therefore unknown. The data 
ments. The use of suitable standards provides obtained from this first run indicated that of 
means for reducing these difficulties, but the 70 laboratories which submitted results of 
most practical way consists probably in analyses of 90Sr, 26 were always correct, 8 gave 
organizing a series of inter-comparison mea- results containing systematic errors, and 36 with 
surements amongst the largest possible number accidental errors. Of 51 laboratories which 
of qualified laboratories, with samples of the submitted results of analyses of 137Cs, 24 were 
same matrix as those which are employed always correct, 3 gave results containing sys
routinely. This method has also the advantage tematic errors, and 36 results with accidental 
of giving a general picture of the accuracy errors. Of 51 laboratories which submitted 
of such types of measurements, accuracy which results of analyses of 137Cs, 24 were always cor
is quiet often overestimated. rect, 3 gave results containing systematic errors, 

The IAEA carried out a first small-scale and 24 results with accidental errors. We 
inter-comparison run in 1962/3. <1• 2 > The results come therefore to the conclusion that less than 
were so discouraging that it became necessary 50% of low-activity measurements are correct 
to carry out the project on a larger scale. Table within ± 15% error, and the remaining are 
1 summarizes the results of inter-comparison doubtful. 
runs in 1964/5. (z, 3 > It will be seen that a wide On looking at these results it could be argued 
range of results was obtained. Unfortunately that the samples submitted for analysis could not 
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Table 1. Value in pCijkg 

I 
No. of 

No. of 
General mean Best verified 

No. oflabora-
Nuclide Matrix 

results 
labora-

(95% C.L.) values (95% C.L.) 
tories giving 

tories the best 
v~rified value 

90Sr Bone ash 181 31 6450 ± 1600 6560 ± 930 25 
Bone ash 125 26 185,000 ± 66,000 181,000 ± 28,000 18 
Meat dry 159 32 18.9 ± 40 7.6 ± 2.8 17 
Meat ash 177 27 4470 ± 30,000 1620 ± 300 20 
Milk powder 342 56 57± 28 53± 8 34 
Vegetation 167 34 804 ± 680 837 ± 152 18 
Vegetation 117 23 2333 ± 1700 2522 ± 327 15 
Soil 90 19 254 ± 600 193 ± 41 14 
Rice 

I 98 15 64 ± 17 62 ± 8 10 
1a1cs Meat dry I 138 30 86 ± 128 51 ± 13 16 

Meat ash 174 28 57,000 ± 19,000 57,000 ± 8000 22 
Milk powder 194 37 2220 ± 1170 2400 ± 400 29 
Vegetation 146 33 BOO± 745 674 ± 145 21 

22aRa Bone ash 40 8 290 ± 1200 114 ± 45 6 
Milk 33 

I 
8 193 ± 1000 1.33 ± 45 5 

Vegetation 23 5 140 ± 630 9.7 ± 2.7 3 

Table 2. Value in pCijkg or gjkg 

No. of 
No. of 

General mean Best verified 
No. oflabora-

Nuclide Matrix 
results 

labora-
(95% C.L.) values (95% C.L.) 

tories giving 
tories the best 

verified value 

137Cs Mixed diet 177 35 355 ± 170 350 ± 36 18 
90Sr Mixed diet 172 31 139 ± 34 136 ± IS 23 
22aRa Mixed diet 37 7 5.16± 7.90 2. 93 ± 1.06 4 
K Mixed diet 179 34 7.06 ± 2.48 7.26 ± 0.44 21 
Ca Mixed diet 150 31 3.48 ± 1.36 3.58 ± 0.34 18 
Sr Mixed diet 49 12 (7.7 ± 15.6) X (5.6 ± 4.8) X 10 

IQ-8 IQ-3 

21op0 Tobacco 27 5 1257 ± 2100 775 ± 435 3 
21op0 Meat 18 4 31 ± 24 - -
210Po Bone 19 5 169 ± 285 242 ± 58 4 
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have been well homogenized. This, however, 
can reasonably be excluded since of 100 samples 
submitted 10 were completely analyzed and 30 
were controlled by gamma spectrometry in 
the IAEA laboratory to ensure that the mea
surements were within ± 5%. It could also be 
argued that because the precise weights of the 
samples distributed were not reported, and the 
results were required in pCijkg of original 
matter, it is possible that differences in the 
humidity content could have affected the results 
to a small extent. From now on all samples 
contain the indication of the original weight. 
To eliminate this possible source of error, in 
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measurements of 226Ra and 910Po. Unfortunately 
the percentage of laboratories which sub
mitted the results of their analyses is very low: 
less than 20% for nuclides such as 226Ra and 
210Po, and about 40% for the others. 

Figure 1 relates to 137Cs in mixed diet. In this 
figure, as in all others, they-axis indicates the 
number of laboratories and the x-axis the 
r·eportcd specific activiti~s. The plotted step
curve indicates the number of those laboratories 
which accept as a result, within the standard 
error limit (95% C.L.), the corresponding 
specific activity values. This way of presenting 
data is made so as to give an idea of the 

400 500 600 700 pCijkg 

Fw. l. Distributions of results of the analysis of 137Cs in mixed diet. 

some cases we also request data concerning 
other nuclides in the same sample. 

Data are elaborated by means of analysis of 
variances with several criteria of sorting <4• 5) 

nuclide, matrix, methods, etc. In this way data 
are classified in consistent groups which may be 
observed in the tables. 

RECENT RESULTS 

Table 2 contains data obtained after the 
1965/6 run (until 5 August 1966). It will be 
observed that these results are more homo
geneous than those of the former run. It must 
be noted, however, that most of these results 
come from laboratories which gave already the 
more homogeneous results in the former run. 
Only very few results have been received for 

frequency of the different values, independent as 
much as possible of the number of results 
submitted by each laboratory. Table 3 shows 
the results after a statistical analysis. As may 
be observed, apart from two laboratories which 
have submitted "extreme" results, the others 
are sufficiently in agreement, even if they could 
be divided into four distinct groups. Nine 
analytical methods are adopted by the labora
tories, the most common of which are: 

(a) ashing of the sample followed by a gam
ma spectrometry of the ashes, this method 
is adopted by 11 laboratories, 8 of which 
are in the range 350 ± 36; 

(b) gamma spectrometry of the original 
sample, adopted by 8 laboratories, 3 of 
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Table 3. 131Cs in Mixed Diet, pCifkg 

No. of No. of No. of Mean 
laboratories countries results (95% C.L.) 

1 1 5 120 ± 107 
4 4 23 270 ± 52 
5 4 26 298 ± 35 

lH 8 97 350 ± 36 
8 4 31 414 ± 52 
I l 5 689 ± 157 

35 

I 
12 177 355 ± 170 

which are in the range 350 ± 36 and 4 
in the range 414 ±52; 

(c) Cs separation by means of AMP fol
lowed by gamma spectrometry adopted 
by 4 laboratories, 1 of which is in the 
range 350 ± 36, 2 in the range 414 ± 
52, and 1 in the range 298 ± 35; 

(d) Cs separation by means of AMP fol
lowed by beta counting adopted by 4 
laboratories, 3 of which are in the 
range 350 ± 36 and 1 in the range 
689 ± 157 (most probably this last one 
was still contaminated by K). 

The other methods are adopted by one or two 
laboratories. 

As can be seen, no method may be rejected 
a priori. The comparatively high number of 
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laboratories adopting the gamma spectrometry 
of the original sample giving results slightly 
over the probable true value is surprising. It 
could be argued that the other laboratories 
may have lost some Cs during the ashing, but 
this is hardly credible. It is more probable 
that some errors may come from background 
subtraction or from the geometry of the sample. 

Figure 2 relates to 90Sr in mixed diet. The 
relevant data (after statistical analysis) are 
summarized in Table 4. It will be observed 
that the homogeneity of the results is better 
than for 137Cs. This happened also in the 
previous inter-comparison run. It is surprising 
if one thinks that the 90Sr analysis involves 
generally a higher number of chemical mani
pulations than 137Cs. Nineteen laboratories 

Table 4. 90Sr in Mixed Diet, pCijkg 

No. of No. of No. of Mean 
laboratories countries results (95% C.L.) 

1 1 5 93 ± 13 
2 2 12 121 ± 13 

23 11 125 136 ± 15 
5 4 27 158 ± 16 
2 2 12 175 ±55 

31 12 172 139 ± 34 

150 200 250 pCif kg 

FIG. 2. Distributions of results of the analysis of9°Sr in mixed diet. 
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FIG. 3. Distributions of results of the analysis of K in mixed diet. 

have adopted the fuming nitric acid sep
aration of Sr followed by Y separation and 9oy 
beta counting (there are, however, some dif
ferences in the determination of chemical yield 
of Sr separation). Fifteen of these laboratories 
are in the 136 ± 15 range. Two laboratories 
have adopted the nitric separation for Sr 
but do not separate Y and count 90Sr + 90Y. 
Both are in the 136 ± 15 range. Two other 
laboratories used the Sr separation by means 
of ion exchange, Y separation and beta counting 
of 90Y. One of these two laboratories is in the 
range of 136 ± 15 whereas the other is in the 
121 ± 13 range. Four laboratories used other 
methods for Sr separation, three of which are 
in the 136 ± 15 range. Only two laboratories 
do not use anticoincidence counting, and both 
have the results in the 136 ± 15 range. From 
the foregoing it can be stated that all methods 
are good. 

As regards the measurements of 226Ra in 
mixed diet (Table 2) it is interesting to compare 
the results with those shown in Table 1. The 
range of measurements is reduced and there 
are no more differences of order of magnitude. 

Figure 3 relates to normal potassium in 
mixed diet. One laboratory gave results in the 
range of 0.81 ± 0.30, which are not included 
in the figure. Data (after statistical analysis) 
are shown in Table 5. As regards the analytical 
methods used, 18 laboratories employed gamma 

spectrometry, 15 flame photometry and one 
used tetraphenylborate. All methods gave 
equivalent results. Figure 4 concerns normal 
calcium in mixed diet. One laboratory's results, 
in the 0.09 ± 0.08 range, are not included in 
the figure. Table 6 shows the relevant data 

Table 5. Kin Mixed Diet, gfkg 

No. of No. of No. of Mean 
laboratories countries results (95% C.L.) 

1 l 6 0.81 ± 0.30 
2 2 lO 6.30 ± 0.20 
6 4 36 6.65 ± 0.36 

21 10 93 7.26 ± 0.44 
5 4 27 7.85 ± 0.39 
3 3 14 8.38 ± 3.54 

34 11 179 7.06 ± 2.48 

(after statistical analysis). Also in this case all 
methods used gave equivalent results. For the 
measurements of Sr it can be seen from Table 2 
that with concentrations in the order of 1 00 mgf 
kg the accuracy of the measurements is not better 
that ± 100%. Only two laboratories gave 
results out of this range. It is possible to justify 
this poor result because in all likelihood, the 
analysis was carried out with small quantities 
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FIG. 4. Distributions of results of the analysis of Cain mixed diet. 

of original matter. It is very surprising that 
classical analysis like those for potassium and 
calcium should give results covering so wide a 
range. 

Figures 5 and 6 concern the ratios pCi 1370s/ 
gK and pCi 00Sr fgCa in mixed diet. Tables 7 and 

Table 6. Ca in Mixed Diet, gfkg 

No. of No. of No. of Mean 
laboratories countries results (95% C.L.) 

1 1 6 0.09 ± 0.08 
2 1 7 2.97 ± 0.83 
5 5 28 3.32 ± 0.23 

18 7 85 3.58 ± 0.34 
6 4 38 3.88 ± 0.18 
2 1 6 4.37 ± 0.95 

31 11 150 3.48 ± 1.36 

8 contain the relevant data (after statistical 
analysis). From these ratios it can be seen that 
only three laboratories gave results which were 
affected by errors in the same direction; this 
is a confirmation of the homogeneity of the 
samples sent by IAEA. 

Unfortunately no conclusion may be drawn 
from the measurements of 210Po in tobacco, 
meat and bones. As may be seen from Table 2 
the range of measurements is of the order of 

Table 7. pCi 137Csfg Kin Mixed Diet 

No. of No. of Mean 
laboratories countries (95% C.L.) 

1 1 14.3 ± 32.6 
4 4 36.3 ± 6.7 
4 4 39.4 ± 6.4 

18 7 48·6 ± 5.8 
10 5 54.4 ± 4.4 
1 1 64.1 ± 9.3 
1 1 93.5 ± 34.5 
1 1 470 ± 540 

34 11 61.4 ± 146 

Table 8. pCi 90Srfg Cain Mixed Diet 

No. of No. of Mean 
laboratories countries (95% C.L.) 

I 1 20.4 ± 4.3 
9 6 33.5 ± 3.7 

17 7 39.8 ± 5.0 
5 3 46.1±3.1 
I I 50.3 ± 135 
1 I 1922 ± 358 

30 11 101.2 ± 690 
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Fro. 5. Distribution of ratio pCi 137Csjg K in mixed diet. 
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Fro. 6. Distribution of ratio pCi 90Sr/g Ca in mixed diet. 
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± 100%. It cannot be admitted that these 
differences are due to a different grown-in 
of 21°Po since all samples are older than one 
year, and the equilibrium between 210Pb and 
2aopo is attained. 

THE PRECISION OF MEASUREMENTS IN 

V ARlO US LABORATORIES 

For 1 37Cs and 90Sr the average standard 
deviation is about 4% and 5% respectively. 
There are two laboratories giving results for 
137Cs and one for 90Sr which give a 5tandard 
deviation of less than 1%. On the other hand 
there are three laboratories giving results for 
137Qs and one for 90Sr which give a standard 

deviation higher than 15%, and in one case 
even 33%. The average standard deviation 
for the analyses of potassium and calcium is 
about 1.5%. That is a little too optimistic 
after this intercomparison. There is one labora
tory which gives a standard deviation for both 
elements higher than 15%. 

Over 10% of all laboratories made errors in 
calculation. When we received results far 
from the normal range of measurements we 
requested that they check their calculations 
and often detected errors. 

A comparison of the results of the laboratories 
participating in the inter-comparison run 1964/5 
and 1965/6 has shown that seven laboratories 
are improving the measurements of 90Sr, and 

two the measurements of 137Cs. The total 
number of laboratories participating in this 
inter-comparison is about 80 in 27 countries. <6 l 
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DETERMINATION OF 226Ra IN NATURAL SAMPLES 
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Abstract-The natural content of 226Ra in environmental samples was determined by the 
emanation technique. The reliability and sensitivity of the method made measurements 
possible at a very low level. Analyses of human teeth could, for instance, be performed satis
factorily and the concentrations obtained, ranging from 0.008 to 0.138 pCi/g ash, are in agree
ment with the literature data. The highest 226Ra contents found are of the order of l, 2 and 
6 pCi per gram of calcined material. 

The chemical preparation of the different samples such as milk, bones, teeth and minerals 
are described. Detailed description of the apparatus with schematic diagram and of the mea
surement technique is also given. The equation used for the calculation of the activity expressed 
in pCi 226Rajg ash or pCi 226Rafl., is shown. 

INTRODUCTION 

The natural radiation background may vary 
greatly from locality to locality. In order to 
know the differences in population exposure it 
is, therefore, necessary to monitor as many areas 
as possible. The aim of the present study is to 
provide data on levels of radioactivity due to 
natural radium in human environment. Numer
ous samples such as water, milk, animal bones 
and teeth, bovine flesh and soil, were collected 
for the determination of 226Ra content. When 
available, human teeth from the monitored 
areas were also analyzed in order to have an 
indication of local skeletal burdens. <1 > 

MATERIAL AND METHODS 

I. Preparation of Samples 

The methods used to prepare the samples for 
the 226Ra analysis by the emanation technique, 
varied with the nature of the material collected. 

1.1. Water. Water samples from fountains, 
springs and rivers received pre-analysis treat
ment only by the addition of 2 ml of con centra-

ted HN03 to keep the radium in solution and 
also to avoid the formation of algae. In case 
of presence of suspended matter, a filtration, 
followed by a separate analysis of the filter 
content, was performed. 500 ml were generally 
used for the measurements. For low activities 
it was advisable to use larger volumes reduced 
by evaporation to 500 ml. 

1.2. Milk. Milk samples were slowly evapor
ated to dryness in large beakers. The dry 
residues were then ashed in a muffle at 600°C 
for 8-10 hr. Amounts ranging from 5 to 10 g 
of the powdered milk ashes were dissolved in 
the minimum volume of concentrated HN03 

in a 50 ml centrifuge tube by using an electric 
stirrer, and the clear solutions brought to a 
final volume of 500 ml with 1 N HN03 • 

1.3. Animal bones and teeth. A more complex 
procedure was followed for the preparation of 
bone and teeth solutions. The samples, sawn 
into small pieces (2-3 em of length), were 
scraped, and cleansed from residues of blood 
and soft tissue by boiling them several times in 
ethylene diamine and then in distilled water. 

* Present address: cfo Euratom Joint Nuclear Re- After drying in an oven at 120°0 the bones were 
search Center, Biology Dept., Ispra (Varese), Italy. ashed at 600°0, whereas a temperature of 
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950°0 was required for the ashing of teeth. The 
ashes, ground in an agate mortar, were dis
solved in concentrated HN03 and solutions of 
,......, 500 ml were obtained by diluting with 1 N 

HN03 • 

1.4. Bovine flesh. The ashing of soft tissues is 
somehow more delicate than for other samples. It 
was performed in a platinum dish by increasing 
the temperature of a muffie furnace in steps of 
,......- 25°0 so that the organic matter burned 
gradually without sudden outburst and con
sequent loss of substance. The final temperature 
of 600°0 was maintained for about 10 hr. A 
residue of only I% of the fresh weight was 
generally obtained, therefore it was necessary 
to use considerable amounts of material if a 
few grams of ashes were desired. The nitric 
solutions were prepared as for the other samples. 

1.5. Mineral samples. Suspended matter from 
water samples, soil, and muds were analyzed 
not only to obtain information concerning a 
specific type of environment, but also to estab
lish a suitable routine procedure for the 
radium determination of ores, silts, river muds 
and dry food items. 

Dissolution of the mineral substances was 
preferred to leaching with inorganic reagents 
in order to assure the passage into solution of 
all the radium. The dry samples, finely ground 
in a porcelain mortar, were calcined at,....._ 600°0 
for the elimination of any organic matter present. 
H 2S04 and HF (2 : 1) were added, with 50 mg 
ofBa+ +as carrier, to a weighed amount (1-5 g) 
of ashes in a Pt crucible. A slow evaporation on 
a steam bath was then performed with complete 
elimination of white fumes of S03 until dryness. 
For material with high silica content the treat
ment with H 2S04 and HF was repeated several 
times. An extra addition of HF was oc
casionally necessary. H 3PO 4 was then added 
to the residue and the crucible heated over a 
burner. When a clear fused mass was obtained, 
it was allowed to cool and then dissolved in 
concentrated HN03 and the excess of acid 
evaporated. A final solution of "' 500 ml was 
prepared diluting with 1 N HN03• Instead of the 
acid treatment a fusion of the samples with an 
alkaline flux followed by a dissolution of the 
melt in acids <8 > may be performed. 

Samples of suspended matter from river water 
received a different treatment. After the filtra
tion the dry filter was burnt in a Pt crucible, 
HN03 and HF ( 1 : 2) were added to the residue 
and the crucible heated on a sand bath at 
200°C until dryness. The acid treatment was 
repeated and, after elimination of fumes of HF, 
a clear nitric solution obtained. Dilution to 
,..._, 500 ml was then performed with 1 N HN03• 

This procedure may be followed for samples of 
known low silica content. 

1.6. Human teeth. Because of their low radio
active content human teeth need to be handled 
with special care to avoid contamination. Pt 
crucibles and glassware require very thorough 
cleaning by repeated washing with warm decon
taminating solutions or warm diluted HN03• 

The crucibles must previously be cleaned with 
purified sea sand. Samples having blood resi
dues were boiled, as were bovine teeth, in 
ethylene diamine and distilled water. Metallic 
fillings, when present, were removed before the 
ashing at 950°0. The ground ashes, always 
73-75% of the fresh weight, were then dissolved 
in nitric acid and final solutions of ,..._, 500 ml 
were prepared by diluting with 1 N HN03 • 

2. Technique of radon measurements 

All the solutions prepared by the different 
procedures described in the previous paragraphs, 
were transferred into emanation flasks and 
flushed for about 20 min with nitrogen for com
plete removal of radon. The flasks were then 
sealed and the time recorded ( tl> beginning of 
radon ingrowth). According to the levels of 
radioactivity the solutions were allowed to stand 
for a minimum of 5 days to a maximum of 30; 
at the latter time radium and radon are in 
equilibrium and no further build-up of the 
gas takes place. The accumulated Rn was 
then transferred to a trap containing charcoal 
and from this to the detector for counting. 

The scheme of the emanation technique 
apparatus* set up for this study .is shown in 

* Apiezon grease, type M, AEI (Manchester) 
Ltd., England, is used to connect the spherical joints; 
type T to seal the flasks. Silicone grease is used for the 
stopcocks. 
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Radon collection system 

6 5 4 3 2 

Traps for .N 2 

purification 

Overall length apprax. I· 5 m 

1. 

4. HzO traps 
5 

3. Emanation flask 2. 

6
Charcoal traps 

I atm. Radon transfer system 

Manometer 

t Stopcocks 

-< <- Spherical joints 

6 

~1-h-
1 He . He tank 
1 reservo~r 

' Vacuum 
pump 

Adjustable 
furnace 

Overall length opprox. 1·2 m 

6.Charcool trap. 7. H2 0 trap. 8. Latex tubing. 9.Rn detector 
(see Rn collection 

system) 

Fro. I. Apparatus for emanation technique (scheme). 

Fig. l. The nitrogen used for the removal of 
radon from the flasks during the measurements 
was dried and purified (radium in the tank steel 
may cause contamination) by means of a water 
trap and a charcoal trap cooled to ,..._, - 80°0 
with dry-ice and acetone and allowed to bubble 
in the solution contained in the emanation 
flask (Fig. 2) for 12 min at a flow rate of 45 1/hr. 
The randon removed by the nitrogen passing 
through two cooled water traps was absorbed 
on activated charcoal* also cooled to ,..._, - 80°0. 

The model of the trap containing a weighed 
amount (always 7 g) of degassed charcoal, 
used for the purification of nitrogen and for 

*Activated coconut charcoal. 6-14 mesh. Burrell 
Corporation, Pittsburgh, U.S.A. 

the absorption of radon, is shown in Fig. 3. 
When de-emanation was complete the flask 
was sealed again and the time recorded ( t9 , 

beginning of decay of removed radon and also 
beginning of a new radon ingrowth in the flask). 
The charcoal trap on which the gas had been 
absorbed was evacuated, while still at low 
temperature, without removing it from the sys
tem. The trap placed then in the second section 
of the apparatus shown in Fig. 1, was heated at 
500°0 by means of a cylindrical furnace which 
could be raised and lowered. The Rn liberated 
from the charcoal, passing through a cooled 
water trap, was transferred to the detector, a 
cell with a scintillating layer of ZnS at the 
interior. Helium was used as carrier gas at a 
continuous slow flow obtained with two needle 
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cf>t,s-2mm 

Fw. 2. Emanation flask. 

valves* at the exit of the tank. A digit pumpt 
facilitated the filling of the detector until 
atmospheric pressure was reached, usually in 
about 8 min. The latex tubingt used with the 
pump (see Fig. 1) was replaced after high count
ing rate measurements. By means of mechanical 
pumps the vacuum ( l"o.J 2 X 10 -z Torr) could 
be obtained in each section of the apparatus, 
radon collection system and radon transfer 
system, before the passage of the nitrogen and 
of the helium, in order to avoid any contamina
tion due to air from the exterior. Mter the 
complete transfer of the Rn to the detector the 
charcoal traps were evacuated, while still heated 
at 500°0, before using them again. Except 
when promptly re-used they were evacuated 
and heated again at the moment of a new analy
sis. The detectors containing the radon were 
counted four hours after the end of the de-

*Model Osid; Edward High Vacuum Ltd., 
England. 

t Model T -6S; Sigmamotor, Inc. Middleport, 
N.Y., U.S.A. 

t Latex Surgical Tubing 0.5 em ID., 0.25 em Wall 
Amber; Rubber Latex Products, Inc., Cuyahoga 
Falls, Ohio, U.S.A. 

emanation of the solution, when equilibrium 
between Rn and its daughters ( 218Po and 214Po) 
was reached. Counting times differed according 
to the radioactivity which had to be detected. 
For low levels, the samples were usually counted 
for not less than 16 hr. 

Two types of scintillation detectors were 
used for the present study. One made of stain
less steel with quartz window< 3) for activities 
> 10-13 Ci of 226Ra and one of lucite, which 
has been described elsewhere, <4 > for levels of 
the order of 10 - 14 Ci. The calibration of the 
system was performed with the metallic and 
the plastic detectors measuring the radon from 
standard solutions of 11.1 X 10-12 and 1.57 
x 10-12 Ci of 226Ra. Over-all efficiencies of 

80 and 75 ± 2% were obtained. The decay 
of the radon emanated from each standard 
solution was followed observing the counting 
rates given by the two different detectors during 
2 weeks; a halflife of 3.8 days was found. There
fore no radon diffusion, suspected especially 
for the porous lucite, occurred through the detec
tor walls. 

CALCULATIONS 

The radium content of the samples analyzed 
was calculated by means of the equation: 

A ( 226Ra) = 

C1 X Cz X R X Q X 3. 7 X 10- 2 X 3 
pCijg ash or pCijl. 

where A ( 226Ra) =activity expressed in pica
curies of 226Ra per gram of 
ash or per liter; 

Ns =total counts obtained for the sample; 
Nb = total counts obtained for the back

ground; 
t., tb = counting times in seconds for samples 

and for background; 
cl = radon growth coeffic,ient (fraction 

of radioactive equilibrium): I - eUg; 
tg = days elapsed from beginning of 
radon in growth to de-emanation 

(ta - t1); 
C2 =radon decay coefficient: e-.l.t4 ; ta = 

time elapsed from de-emanation to 
the half of the counting interval; 

R =over-all efficiency: 0.80 or 0.75; 
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FIG. 3. Charcoal trap. 

Q = weight of ashes in grams or volume 
of sample in liters; 

3. 7 X 10 - 2 = conversion factor to picocuries; 
3 = correction due to the fact that at 

equilibrium for each radon disinte
gration three a-particle~ are detected, 
one from Rn, the others from its 
two daughters 218Po and 214Po. 

RESULTS 

Tables 1 and 2 show results obtained for 
water, milk, animal samples and minerals. 
Since the present paper is concerned mainly 
with the description of the method of analysis, 
it was considered unnecessary to list all the 
numerous samples analyzed and their radium 
content. The data contained in the tables are 
sufficient to show the different levels of natural 
radioactivity due to 226Ra observed in the course 
of the work, even in samples of the same nature. 
Radium concentrations of human teeth from 

normal environments are summarized in Table 
3. The values given in the three tables are 
averages of two analyses on the same solution, 
in agreement within the statistical counting 
error which is at maximum ,..._, 15%. Blank 
determinations were regularly performed analy
zing reagents and distilled water, especially 
before measurements at very low level. The 
counting rates obtained, ranging from 0.0015 
to 0.0035 counts/sec were always subtracted 
from the counting rates given by the samples. 
The high sensitivity of the method permitted 
the determination of the radium content even 
of a single human tooth. Nevertheless a pool 
of teeth of the same origin and same formation 
time should be made, if possible, for better 

· statistical results. 
The analyses of the two bovine mandibles 

complete with teeth confirmed the results 
obtained in the course of a previous research. <6 > 

A good agreement exists between the radium 
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Table 1. 226Ra in Water, Milk and Minerals 

Sample 
identification Type of sample Volume (in 1.) 

and origin 

E 1 78 Belgium river water 0.500 
E 182 

" " " " Al 
" 

drinking water 
" Is 1 Italy 

" " 
0.230 

Is 2 
" " " " Is 3 
" 

thermo mineral 0.300 
water 

Is 4 
" " 

0.600 
64 Belgium milk 0.980 
65 

" " 
1.000 

22 
" " 

1.200 
6 9 

" " 
1.302 

21 
" " 

1.080 
14 

" " 
1.410 

Rl 
" 

mineral -
R2 

" " 
-

B4 
" 

river mud -
Is 10 Italy thermal mud* -

Range of estimated error = ± 0. 015-0. 185 pCi/1. or pCi/g ash. 
* Collected near the spring of sample Is 3. 

Ash weight 
(in g) 

-
-
-
-
-
-

-
6.539 
6.635 
7.356 
9.377 
7.572 

10.080 
1.108 
1.053 
1.000 
1.288 

Table 2. 128Ra in Animal Bones and Teeth 

Sample 
Fresh weight 

identification Type of sample 
(in g) 

and origin 

65 Belgium rabbit bone 1.055 
84 

" " " 
6.829 

1 B 
" 

cow bone 11.725 
1 B 

" 
cow tooth I4* 2.022 

1 B 
" " " 

pl 2.589 
lB 

" " " 
Pa 10.799 

2B 
" 

cow bone 11.626 
2B 

" 
cow tooth I4 5.088 

2B 
" " " 

pl 2.264 
2B 

" " " 
Pa 7.605 

2B 
" 

bovine flesh 144.130 
2 Ct U.S.A. cow bone 1.502 
23 CtU.S.A. 

" " 
4. 790 

Range of estimated error = ± 0. 020-0. 250 pCi/g ash. 
* 14 =fourth incisor; Pb P2, P3 =first, second, third premolar. 
t Samples analyzed also at ANL (see ref. 5). 

Ash weight 
(in g) 

0.633 
4.097 
7.841 
1.410 
1.961 
8.188 
7.769 
3.822 
1.683 
5.772 
1.423 
0.982 
3.066 

pCi/1. or 
pCi/g ash 

0.440 
0.783 
1.459 
0.011 
0.036 
0.037 

0.345 
0.017 
0.025 
0.032 
0.049 
0.073 
0.190 
0.763 
1.088 
2.238 
0.669 

pCi/g ash 

0.154 
6.493 
0.184 
0.177 
0.255 
0.240 
0.318 
0.311 
0.265 
0.255 
0.378 
0.171 
2.381 
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Table 3. 226Ra in Human Teeth 

Sample 
Fresh weight Ash weight 

identification Type of sample pCi/g ash 
and origin 

(in g) (in g) 

208 Belgium 2 premolars 1.847 1.681 0.0093 
236 

" " 
1.514 1.396 0.0098 

154 
" 

3 incisors 2.884 2.535 0.0141 
144 

" 
1 molar 2.33I 1.939 0.0142 

1K 
" 

I incisor 1.05I 0.771 0.0153 
2K 

" 
1 

" 
0.505 0.373 0.0183 

153 
" 

4 premolars 3.767 3.348 0.0187 
225 

" 
2 

" 
I.863 1.685 0.0198 

304 
" 

3 incisors 3.496 2.483 0.0285 
303 

" 
1 molar 1. 786 1.460 0.0451 

305 Italy 1 
" 

1.935 1.560 0.0082 
309 

" 
1 

" 
2.067 1.630 0.0102 

312 
" 

1 
" 

1.952 1.520 0.0132 
302 

" 
1 

" 
0. 703 0.614 0.0138 

310 
" 

1 premolar 0.739 0.553 0.0148 
307 

" 
I molar 1.077 0. 779 0.0234 

313 
" 

1 
" 

1.663 1.335 0.0246 
311 

" 
1 premolar 0.559 0.409 0.0449 

308 
" 

1 molar 1.855 1.340 0.1380 

I 

Range of estimated error = ± 0. 0020-0.0150 pCifg ash. 

concentrations in bone and teeth, especially 
those with late formation time. This fact 
justifies again the use of teeth to estimate skeletal 
burdens when bone samples are not available. 

The concentrations found in human teeth, 
despite their different origin, are very close to 
those found in teeth or bones from normal 
environment by several authors and among 
others by Walton et al., (s) by Lucas, <1 l Hursh 
and Lovaas, <7 l Holtzman, <8 l Owers and Par
ker. (D) Hence, since the skeletel radium content 
is due to the radium ingested with drinking 
water and food, <1 l whenever a systematic abnor
mal Ra intake is suspected, intensive deter
minations of body burdens (through analyses 
of bones and teeth) could be very useful for the 
study of possible cumulative effects of low level 
radiations over long periods of time. 

of the modified radon apparatus and to the con
struction of the metallic detectors. Thanks are 
also due to Mr. J. Mermans for his frequent 
help during the execution of the work and for 
the preparation of the lucite detectors. 
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RAPID AND SENSITIVE MEASUREMENT OF URANIUM 
IN URINE (WITHIN 15 MINUTES AND DOWN TO 

0.010 p.gjl). METHODS AND RESULTS 

HUB. WIJKER and M. H. BILLUM 

Nuclear Reactor Development Laboratory, N.Y. Kema, Arnhem, Netherlands 

Abstract-A fluorimetric method is outlined for the determination of the uranium concentra
tion in urine in technical report No. 173 of the World Health Organization (1959). By intro
ducing stringent requirements to apparatus and sample preparations, the sensitivity was largely 
improved so that concentrations down to 0.010 p.g/dm 3 could be determined with an accuracy 
of about 30 per cent. These requirements will be discussed. The strict standardization of the 
sample preparation and the rigorous constancy of the operation of the fluorimeter is required 
because the slope of the calibration curve log i vs. log c (i = indication, c = concentration) is 
very small in the region below lO 1-'g/dm3 (0.077, to be compared with 0.41 fore> 100 p.g(dm3). 

The worth of measuring very sensitively is twofold: 
(a) in the KEMA laboratories much of the work is done with a mixture of U02 and Th02 

in a constant ratio of 15 to 85. The Th-inhalation is much more dangerous and difficult to 
detect than the U-inhalation. In a number of our cases the most sensitive indication of Th
inhalation is the U-excretion, provided very small quantities of the latter can be measured; 

(b) in many cases the U-excretion appeared to be the most sensitive method to detect in
correct working procedures. Some examples of these will be discussed. 
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DETERMINAZIONE DI URANIO ARRICCHITO E DI 

TORIO NATURALE IN CAMPION! BIOLOGIC! 

MEDIANTE ESTRAZIONE CON OSSIDO DI 

TRI-N-OTTIL-FOSFINA (TOPO) 

A. FRANCESCHINI, C. GANDOLFI e S. TODISCO 

Centro Ricerche Nucleari SORIN, Saluggia (Italy) 

SomJDario-1 due metodi illustrati nel presente rapporto per l'analisi di U arricchito e di 
Th naturale in campioni biologici sono del tutto simili uno all'altro per quanto si riferisce 
all'isolamento dei metalli, differiscono invece quanto alla tecnica dimisura. 

Il campione da analizzare (urina od altro) in entrambi i casi viene mineralizzato con 
appropriate miscele acide, quindi diluito e parzialmente neutralizzato in modo da raggiungere 
le condizioni ottime per l'estrazione. L'estrazione viene effettuata mediante una soluzione di 
TOPO in benzene. Si riestrae poi con HCl nel caso del torio, con HCl + SnCl2 nel caso 
dell'uranio, che viene cosi ridotto alia valenza quattro. La successiva evaporazione dell'estratto 
cloridrico fornisce il campione finale: su di esso nel caso dell'U si conta l'attivita alfa, mentre 
nel caso del Th si effettua la determinazione spettrofotometrica del suo complesso con il toron. 

Le rese chimiche dei metodi di analisi descritti sono elevate. Nel caso dell'urina l'analisi in 
parallelo di U o Th su 5 campioni richiede in totale circa 8 ore, delle quali una buona parte non 
impegna l'analista. Si riesce a determinare in un campione di 500 em•, con una deviazione 
standard intorno al 50 per cento, 1,5 pCi diU arricchito e 0,5 P-g di Th, pari al lO per cento 
della concentrazione massima ammissibile nell'urina, se si adottano per essa i valori di 30 pCijl 
nel caso dell'U e di 10 P-g/1 nel caso del Th. 
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RADIOCHEMICAL ANALYSIS USED AT CEN-MOL 

FOR THE DETERMINATION OF a-EMITTERS 

IN BIOLOGICAL MATERIALS 

N. M. VALENTIN, C. WEYERS and J. LUYSTERBORG 

Centre d'Etude de l'Energie Nucleaire, Mol, Belgium 

Abstract-The radiochemical analysis used at CEN (Mol) for the determination of a-emitters 
in biological materials are of 2 types: the routine and the incident procedures. Three a

emitters are routinely detected in urine samples. These are uranium, plutonium and ameri
cium. The uranium is analyzed by a fiuorimetric method using a mixture of NaF-LiF. The 
sensitivity of the method is 0.6 p.g U /24 hr urine. Plutonium and americium are determined by 
a method involving the following steps: phosphate precipitation, ashing, ion exchange separa
tion, electrode position and counting with a ZnS scintillator. The yield of recovery for each 
a-emitter is 75 ± 4 per cent (95 per cent confidence) and the sensitivity of the method is 
0.06 dpm/24 hr urine. In the case of an accidental contamination, nose blow, feces and urine 
samples are collected. Uranium, plutonium and americium can be determined in nose blow 
samples with an efficiency of 85 ± 10 per cent (95 per cent confidence) and a sensitivity of 
0.02 dpm. The analysis consisted in a destruction of the organic material with a mixture of 
acids followed by an electrodeposition of the a-emitter and a counting in a ZnS scintillator. The 
analytical method used for feces containing plutonium or americium consists in a wet ashing 
followed by a calcium fluoride precipitation. The insoluble is filtered on a 100 em 2 Millipore 
filter paper. The filter is counted in a ZnS scintillator counter. The recovery of the a-emitter 
is 84 ± 24 per cent (95 per cent confidence) and the sensitivity is 2.0 dpm/24 hr sample. 
Urine samples collected, following an accidental contamination, are processed for plutonium 
and americium by the same method as feces samples. However the wet ashing step is replaced 
by an oxidation of the urine sample. The efficiency of the method is 90 ± 15 per cent (95 per 
cent confidence) and its sensitivity is 1 dpm/24 hr urine. 
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DETERMINATION OF 137Cs IN SOIL 

ALICE BAUMAN 

Institute for Medical Research, Yugoslav Academy of Sciences and Arts, Zagreb, Yugoslavia 

Abstract-The method is based on the final precipitation of 137Cs as caesiumtri
phenylcyanoborate. Sodiumtriphenylcyanoborate has not been used before as a reagent for 
determination of radioactive caesium, at least not in the samples of biosphere. Conditions 
of optimal leaching of 137Cs from various types of soil were found. A 256-channel 
analyzer was used for sample counting. Conditions of optimal precipitation of caesium were 
determined. 

INTRODUCTION 

Most papers on 137Cs in soil deal with the 
problem of 1370s fixation (H) or uptake by 
different plant material <6 - 10> and the evaluation 
of all possible influences on both. <11

- 13 > Few 
data are available on chemical methods for the 
determination of 137Cs in soil. <14- 16 > Even less 
data are published on separation of 1370s from 
large soil samples as it appears to be necessary 
in the determination of very low activities due 
to fall-out. The same applies to the variation of 
soil types, removal of 1370s from large amounts 
of nonradioactive ions obtained by leaching of 
bulky soil samples, contamination by natural 
radioactivity and possibility of interference from 
non-radioactive ions during separation. Start
ing from the above mentioned papers and pub
lished results a method with the following fea
tures has been developed : 

1. Leaching ofl 37Cs from soil. 
2. Separation from large quantities of non

radioactive ions. 
3. Easy to operate for less equipped labora-

tories. 

EXPERIMENTAL 

Apparatus and Reagents 

All reagents were of analytical grade. 
Gamma-ray spectrometer with Nal 

and multichannel analyzer. 

The Samples 

crystal 

Five soil samples with widely differing charac
teristics were used for this study. Represented 
were an acidic, neutral, saline-alkaline and a 
calcareous soil. Each sample consisted of 10 
borings 2 in. deep. All samples were taken from 
an undisturbed area or from a herbage sampling 
site. Each sample weighing about 3-4 kg, was 
air-dried, ground to pass a 2 mm sieve and dried 
at 110°0. 

Method A 
Before starting with a large-scale experiment 

the method has been tested on 5 g samples of 
soil. Each sample was artificially contaminated 
after drying at 105°0 with 1000 pCi of 1370s. 
Mter ignition at 450°0 10 mg of Cs-carrier and 
10 ml of a leaching solution (1: 1 HCl) were 
added to each sample, and stirred for 30 min. 
Mter digestion over night, the leachate was 
separated by centrifugation, and the washings 
(at least 3) joined to the leachate. The leachate 
was evaporated to dryness and after silica 

Glassware and reagents commonly 
laboratory. 

used in dehydration the hydroxides were precipitated 

Cesignost: 7% aqueous sodium triphenylcyano
borate solution filtered through a SS 589 3 

filter-paper. 
137Cs-tracer as CsCl (from the Radiochemical 

Centre Amersham). 
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by addition of ammonia (1: 1) and carbonates 
by a saturated solution of Na2C03 • The pH 
of the solution was adjusted to 3 by means of 
lN H 2S04 , the solution boiled to expel the 
excess C02, cooled to room temperature, and 
5 ml of 7% solution of Na[(C8H 5) 3B (CN)] 
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were added. The resulting solution was left 
for 15 min, filtered, the filtrate was discarded, 
and the precipitate containing Cs[(C6H 6) 3B 
(CN)] was dried for 30 min at 105°C and 
weighed. The 137Cs content was measured 
by gamma spectrometry. (17) 

lvfdhod B 
To an aliquot of 250 g of each soil sample 

137Cs tracer was added prior to further treat
ment. 

l. Take 250 g of soil, ignite in a muffle furnace 
for 2 hr at 450°C (see Note 1). 

2. Cool, add 100 mg of Cs-carrier, 500 ml 
of H Cl ( 1 : l) stir for 30 min, allow to stand 
overnight. 

3. Filter through a Buchner funnel (Filter
paper SS 5891)* wash the residue thoroughly 
with water to neutral reaction. 

4. Repeat the leaching twice with 500 ml 
HCl (2: 1) and combine all filtrates. 

5. Evaporate the whole solution, when 
nearly dry transfer to a porcelain dish and when 
completely dry heat for 1 hr. 

6. Dissolve the residue in hot 10% HCl and 
wash the precipitate with hot diluted HCl. 

7. Heat the filtrate after silica separation, 
precipitate the hydroxides by means of a hot 
fresh 20% NaOH solution. <18

• 
19 l Boil for 2-3 

min under gentle stirring, let settle, filter, wash 
the precipitate with 5% NaOH (containing 
some Na2S04 ) (see Note 2). 

8. After the separation of the hydroxides, 
precipitate the carbonates by adding a satu
rated solution of Na2C03 and heat just below 
the boiling point. Digest with occasional 
stirring (see Note 3). Filter after 4 hr. 

9. Acidify the filtrate after the separation 
of the carbonates with IN H 2S04, evaporate 
to about 200 ml, cool to room temperature, 
adjust pH to 3 with H 2S04, add 50 ml of a 7% 
Cesignost solution. Filter after 15 min, wash 
the precipitate with a 1% Cesignost solution, 
and discard the filtrate. 

10. Dissolve the precipitate in a mixture of 
acetone and water (I : I), evaporate the acetone 
by heating, add 50 ml of water and adjust the 
pH to 3 with H 2S04 • Repeat step 9. 

*Schleicher & Schuell A. G.,_ Feldmeilen, 
Switzerland. 

11. Dry Cs[(C6H 6) 3B(CN)] at 105°C for 
30 min, weigh and measure by gamma-spectro
metry. 

Note l. No losses of137 Cs were observed. 
Note 2. If necessary insert between steps 7 and 

8 the following separation: Evaporate the 
filtrate almost to dryness, add 50 mg of Ba
carrier, adjust pH to 5.5 with HCI, <20

• 
21 > add 

5 ml of 6 M acetic acid and 10 ml of 6 M am
monium acetate, heat to boiling point, add 5 ml 
of a 10% Na2Cr04 solution, digest under 
stirring for 15 min, heat until the precipitate 
starts to settle, cool and centrifuge if possible 
(dependent on the total volume) or allow to 
stand for 2 hr. Discard the precipitate. (19

) 

Note 3. Control the completeness of the pre
cipitation by adding a few drops of Na2C03 

solution before filtration. 

RESULTS 

To control the efficiency of the method the 
following steps were checked by gamma-spec
trometry: 

1. Spectrum of soil samples contaminated 
with 137Cs before chemical treatment and after 
ignition (for eventual losses due to heating). 

2. The residues after leaching. 
3. The combined precipitates following each 

chemical separation for other nuclides that 
might be present. 

The results of these controls are listed in 
Table 1. 

The results show a marked difference in 
leaching efficiency between large samples, such 
as are necessary for fall-out determination, and 
samples used for the development of the method 
(Table 2). This implies the impossibility of 
transfering the method from small scale to 
large scale by simply calculating the amount of 
necessary solutions. The ratio of count rate 
versus volume of solution to count rate versus 
gram of soil is not constant. The results in 
Table 3 for 137Cs gravimetric and gamma
spectrometric yield in 250 g samples agree 
within the probable error of the determination. 

DISCUSSION 

Experiments on 5 g soil samples were made 
to try the method on samples where no signifi
cant natural radioactivity or fall-out radioacti
vity interfered with the separation. No inter-
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Table 1. Percentage of 137Cs Tracer Extracted from 5 g Soil Samples 

Sample 
Removal per 

leach 
Cesignost 

Cs[(CaH5) 3B(CN)] 
chem. yield 1:1 HC1 

1. Podzol 
2. Rendzina 
3. Alluvial solonetz 
4. Terra Rossa 
5. Mineral carbonate 

95·0 ± 0·9 
86·0 ± 1·6 
RO·O ± 2·3 
87·0 ± l·l 
86·0 ± 1·3 

91·0 ± 0·6 
84·0 ± 0·9 
76·0 ± 1·4 
84·0 ± 0·9 
79·0 ± 1·5 

The results are an average of 3 values. 

ference was found, since all radioactivity present 
was just under the detection limit of the mea
suring instrument. 

Prior to the chemical analysis all the samples 
were leached three times. No additionalleach
ings were required, inasmuch as no significant 
removal ofunextracted 137Cs was observed from 
further treatment of the residue. 

The lower leaching efficiency arises from the 
difficulty of dealing with a large volume of 
solution and macro amounts of Si02, A1 20 3 

and CaC03 present in samples. 
Instead of 9N H 2S04 or 8N HN03 as propos

ed by other authors the HCl leaching was ,adop
ted according to results published by Shvedov 
and Zhilkina. <23> To shorten the time for silica 
elimination attempts have been made to hasten 
the precipitation by adding 5 g of gelatine in a 
strongly acidic solution. It proved impossible 
to obtain the necessary acidity, as no precipitate 
was formed even after prolonged boiling. 

For the hydroxide precipitation, which proved 
to be satisfactory with ammonia on 5 g soil 

samples, when dealing with 250 g of soil NaOH 
had to be used instead of ammonia, since large 
amounts of ammonia interfere with the Cesig
nost precipitation. Chromate precipitation has 
been applied for 140Ba elimination in the case 
when this happened to be necessary. Cesignost 
is a less known reagent belonging to the tetra
phenylborate group. Until now only Havir 
studied properties of Cesignost on stable Cs-salt 
solutions. Cesignost proved to be selective for 
Cs, forming less soluble salts with cesium than 
with other alkaline metals. Working with up to 
10 mg of ammonia Havir got no precipitate 
with Cesignost. 

There are no interferences in Cs precipitation 
in the presence of 2-3-valent cations. For that 
reason NaOH can be applied as a precipitant 
for hydroxides. Under some circumstances 
the elimination of ammonia by evaporation 
can prove to be impractical. 

The precipitation of Cs with Cesignost sodium 
(triphenylcyanoborate) must be performed in 
sulphuric acid media at temperatures not higher 

Table 2. Percentage of 137Cs Tracer Extractedfrom 250 g Soil Samples 

1. leaching 2. leaching 3. leaching 
Sample HC1 :H20 HCl: H20 HCI: H20 

(I : I) (2 : 1) (2 : 1) 

1. Podzol 65·5 78·2 87·0 
2. Rendzina 32·2 56·2 67·4 
3. Alluvial solonetz 12·0 32·0 40·0 
4. Terra Rossa 53·0 61·7 67·4 
5. Mineral carbonate 49·0 54·4 64·6 
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Table 3. Yield of 131Cs in 250 g Soil Samples 

Sample % chem. yield %gamma by 
spectrometry 

1. Podzol 
2. Rendzina 
3. Alluvial solonetz 
4. Terra Rossa 
5. Mineral carbonate 

66·0 
61·0 
45·0 
64·0 
62·0 

66·0 
62·0 
38·0 
59·0 
61·0 

than 25°C. At higher temperatures the preci
pitate partly dissolves. Upon longer standing 
(several hours) part of potassium present in 
the solution might coprecipitate with caesium. 

Part of the losses in chemical yield may be 
attributed to sample transfer between beakers. 
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RAPID FIELD METHOD FOR THE COLLECTION 

OF RADIONUCLIDES FROM MILK 

CHARLES R. PORTER,* MELVIN W. CARTER,* BERND KAHNt and ESTlE W. PEPPER* 

National Center for Radiological Health, Public Health Service, U.S. Department of Health, 
Education and Welfare 

Abstract-Surveillance of the radionuclide content of milk is simplified by concentrating the 

radionuclides on ion-exchange resins. In the field, EDTA added to milk samples complexes 
calcium ions and prevents loading of the cation-exchange resin by calcium. One-liter samples 

of milk are then passed consecutively through 40 ml of anion-exchange and 85 ml of cation

exchange resin at a rate as great as 100 ml/min. The resins retain the fission products that enter 
cows' milk-radioiodine by anion-exchange, and radiostrontium, radiobarium, and radio

cesium by cation-exchange. The resin columns are washed with water, sealed, and shipped to 
the laboratory for analysis. 

In the laboratory, iodine-131, barium-140, cesium-137, and naturally occurring potassium-40 
are determined by gamma spectral analysis of the resin columns. Radiostrontium and radio

barium are eluted from the cation resin with 4N sodium ch1ori de and radio barium is separated 

as the chromate. Radiostrontium is then reprecipitated with strontium carrier as the carbonate, 
and measured in a low-background beta counter. Strontium-90 is distinguished from stron

tium-89 by the ingrowth of the yttrium-90 daughter. 
Transporting the resin columns from field to laboratory is simpler and more economical 

than shipping bulk milk samples, and loss of samples in transit is minimized. The columns 

allow complete analysis of the cited radionuclides in that more than 95% of each is collected 
on the resin. Sample concentration is rapid, occurring in less than 15 min. By comparison 

with liquid milk analysis on 3.5-liter samples, gamma spectral analysis is more sensitive than 
other methods because of increased counting efficiencies resulting from the small volume of the 

resin, and radiochemical analysis of the radiostrontium is a rapid, simple procedure. 

INTRODUCTION 

Milk is recognized as one of the most important 
products for measuring radioactive contamina
tion in man's environment; it is ( 1) one of the 
most important components of the diet, (2) 
available at all seasons of the year in all sections 
of the country, (3) one of the earliest indicators 
of the presence of fresh fission products in the 
environment (the time lapse from vegetation 
consumption by the cow to milk consumption 
by man is only a few days), and (4) a major 
source for the intake of several radionuclides 
into man. A comprehensive pasteurized milk 
network was established by the Public Health 

*Southeastern Radiological Health Laboratory, 
Montgomery, Alabama. 

t Nuclear Engineering Laboratory, 4676 Columbia 
Parkway, Cincinnati, Ohio. 

Service to provide adequate radiological sur
veillance. <1 > 

Because the cow discriminates against many 
radioactive contaminants, only five major fission 
products are usually found in milk-iodine-131, 
strontium-89, strontium-90, cesium-137, and 
barium-140. <2 > Due to the low concentrations 
of these radionuclides and the presence of pro
teins and salts, a radiochemical analysis requires 
a large sample volume and extensive separation, 
and is therefore both difficult and expensive. <3> 

Early procedures for the determination of 
strontium-89 and strontium-90 involved ashing 
and nitric acid separations <4

• 
5

• 
6 > or protein 

precipitation and nitric acid separation. <7> The 
development of an ion-exchange method for 
simple determination of strontium-90 and stron
tium-89 in milk, (s, 9 > provided a faster and less 
expensive procedure. Several other procedures 
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for analyzing milk for radionuclides were 
also introduced; e.g. a batch ion-exchange 
process, <10

• 
11 l rapid methods for estimating 

fission products, <12 l solvent extraction of iodine-
131, <13 l collection of iodine-131 on anion-ex
change resin (H) and silver chloride. <16 > 

However, the problems of handling and 
expense in shipping large samples ( 1-4 liters 
of milk) were still present. Field methods for 
the collection and analysis of specific nuclides 
have been presented for nuclides such as 
iodine-131 <16

• 
17

• 
18 > and cesium-137. <3> 

With the rapid field method presented here, 
all five significant radionuclides are collected 
and concentrated for analysis. Provision is 
made for a complete separation of strontium 
from calcium for efficient beta counting and 
yield determination. 

In the field, a solution containing disodium 
ethylenediaminetetraacetate (EDTA), buffer, 
and strontium and barium carriers, is added to 
one liter of milk. The milk is passed consecu
tively through 40 ml of anion-exchange (CI-) 
and 85 ml of cation-exchange (Na+) resin at a 
flow rate of approximately 100 mlfmin. The 
radioiodine is retained on the anion resin and 
the radioactive cations are adsorbed on the 
cation resins. 

In the laboratory, iodine-131, barium-140, 
cesium-137 and naturally occurring potassium-
40 are determined by gamma spectral analysis 
of the resin columns. Radiostrontium and radio
barium are eluted from the cation resin with 
4N sodium chloride and precipitated with their 
carriers as the carbonates. This precipitate is 
dissolved and barium is separated as the chro
mate. Strontium is then reprecipitated and 
measured in a low-background beta counter. 

After a suitable yttrium-90 ingrowth period, 
the sample is recounted and strontium-89 
and strontium-90 activity are determined from 
ingrowth and decay calculations. <19 l Alter
natively, after suitable ingrowth, yttrium may 
be separated as the hydroxide and reprecipitated 
as yttrium oxalate for beta counting to determine 
strontium-90 activity. 

MATERIALS 

Complexing solution (previously prepared in 
laboratory): 

Dissolve 216 g EDTA in 2500 ml distilled 

water. Add 10 ml each of Sr++ (40 mgfml) 
and Ba++ (40 mgfml) carrier. Then add 200 
ml of ammonium acetate buffer (pH 5.2) and 
70 ml 6N ammonium hydroxide to adjust pH 
to 5.65. Dilute to 3 liters. 

3% EDTA: 
Dissolve 33.3 g of EDTA in 900 ml distilled 
water, adjust pH to 5.2 with concentrated 
ammonium hydroxide and dilute to one liter. 

Anion exchange resin, Dowex 2-X8, 20-50 mesh, 
Cl form: 

Wash 40 ml of resin with 150 ml distilled 
water. 

Cation exchange resin, Dowex 50W-X8, 50-
100 mesh, Na+ form: 

Wash 85 ml of resin (H+ form) with 500 ml of 
4N sodium chloride followed by 250 ml dis
tilled water, each at a flow rate of 10 ml/min. 

Ion-exchange apparatus (Fig. l): 
The ion-exchange apparatus consists of an 
upper, 2.5-cm diameter column containing 
40 ml (wet volume) of anion resin and a lower, 
3.2-cm diameter column, containing 85 ml of 
cation resin. The two columns are joined 
with a double machine-threaded screw cap. 
The welded polyethylene disks in the bottoms 
of the columns contain 0.5-cm diameter holes, 
and the resin beds are supported by coarse, 
polyethylene wool. A polyethylene funnel, 
1.5-liter capacity, fitted with a screw cap, 
attaches to the top of the connected columns. 

Millipore filter-LS or BC membrane, approxi
mately 5 p.-pore size. 

Low-background beta counter. 
Multichannel gamma analyzer; 5 X 4 in. 

Nai (Tl) crystal with 2! in. deep, I H in. 
diameter well. 

PROCEDURE 

In the field, add 300 ml of complexing solu
tion to 1 liter of milk and mix well. Remove 
the screw cap from the top of the anion column 
and attach the funnel. Pour the sample into the 
funnel. Remove the screw cap from the bottom 
of the cation column and let the milk sample 
pass through at gravity flow (~ 100 ml/min). 
Wash the resins with distilled water leaving 
enough water on the resin to keep it wet. Re
place the screw caps on top and bottom of 
columns and ship to the laboratory for analysis. 

In the laboratory, separate the columns; then 
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Fw. 1. Ion-exchange apparatus. 

invert each and count in a well crystal for 
gamma activity. Determine iodine-131 activity 
by gamma spectral analysis of the anion resin 
and determine cesium-137, barium-140, and 
potassium-40 from gamma spectral analysis 
of the cation resin. 

Wash the cation resin with distilled water to 
remove any remaining milk residue. Elute 
residual calcium retained by the resin with 
800 ml of 3% EDTA (pH 5.2) at a flow rate of 
20 mlfmin followed by 200 ml of distilled 
water. Record the time of EDT A elution as the 
beginning of yttrium-90 ingrowth. 

Wash absorbed EDTA from the column with 
200 ml of 1.5N sodium chloride at 10 mlfmin. 
Place 1000 ml of 4N sodium chloride in a 
reservoir and let it flow through the column at 
20 mlfmin. Collect the first 400 ml, which 
contain strontium and barium. Allow the re
maining 600 ml of 4N sodium chloride to pass 
through to recharge the resin. 

Add l ml 6N sodium hydroxide to the stron-

tium-barium eluate. Stir and slowly add 10 ml 
3N sodium carbonate. Continue stirring with a 
magnetic stirrer for 30 min. Centrifuge and dis
card supernatent liquid. Dissolve precipitate 
with 5 ml IN nitric acid and add 5 ml of 
ammonium acetate buffer (pH 5). Heat in a 
water bath with stirring and slowly add 1 m1 
of 0.5N sodium chromate. Centrifuge and decant 
supernatent liquid containing strontium. Add 
2 ml concentrated ammonium hydroxide to the 
supernatent liquid and precipitate strontium 
carbonate with 2 ml of 3N sodium carbonate. 
Cool in an ice bath and collect strontium 
carbonate on a tared membrane filter. Wash 
with three 10-ml portions each of water, 95% 
ethanol and diethyl ether. Weigh and count in a 
low-background beta counter. 

RESULTS AND DISCUSSION 

Experimental tests with strontium-85, barium-
133, cesium-137 and calcium-45 tracers were 
performed to determine the optimum EDT A 
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concentration, pH and resin volume. Fresh 
pasteurized milk, obtained from local dairies, 
was used in these analyses and contained 
1.20-1.24 g Cafliter and 1.40-1.50 g K/liter. 
From experience, the levels of calcium and 
potassium have been found to be fairly constant 
-1.1-1.3 g Cafliter and 1.4-1.6 g Kfliter. This 
reasonably constant level helps make th~ separa
tion of calcium by complexing with EDT A 

Table 1. Retention of Radionuclides on the 
Resins 

Radionuclide % retention 

Anion 
131J 96 ± 3 

Cation 
1aaBa 99 ± 1 
sssr 99 ± 1 
1a1cs 98 ± 2 
•oK 98 ± 2 

relatively simple. <20
) Samples containing higher 

(1.9 g Kfliter and 1.4 g Cafliter) concentrations 
were analyzed without adverse effects. 

As shown in Table I, over 95% of the five 
radionuclides are retained on the resins by 
this procedure. The distribution of the nuclides 
on the resin columns (Table 2) shows that most 
of the nuclides are contained in the upper 
portions of the resins. For this reason, the 
columns are inverted for counting to increase 

counting efficiency. The concentration of 
radionuclides in the small volumes allows them 
to be counted for gamma activity in a well 
crystal. The spread of cesium on the resin 
determines the column size and resin volume. 
If sample quantities greater than I liter are to 
be used, the columns, resins, and reagents must 
be increased accordingly. 

Table 3 indicates that the increased efficiency 
obtained by gamma spectral analysis of the 
resin cartridges in a well crystal more than 
compensates for the smaller sample volume ( 1 
liter) passed through the columns as compared 
to 3.5 liters when whole milk is gamma counted 
on the 4 X 4 in. crystal. The analysis of potas
sium-40 by this procedure provides a check 
for the volume of milk actually passed over the 
cartridges as the quantity of potassium-40 in 
one liter of milk usually lies in the range of 
1200-1350 pCi. 

The separation of calcium from strontium is 
shown in Table 4. From 90 to 95% of the 
calcium is separated in the field in the milk 
effluent, whereas the residual calcium is re
moved from the resin by washing with EDT A. 

Figure 2 shows good strontium retention with 
calcium separation occurring below pH 5.3. 
Less than 0.02% of 1.2 g/l.-that is less than 
0.24 mg Ca-is in the strontium precipitate. 
The pH of 5.2 was selected to provide a safety 
margin since strontium begins to break through 
at pH 5.4 and because at lower pH values the 
milk tended to precipitate as the isoelectric 
point is approached. 

Table 2. Percentage Distribution of Radionuclides on Resin Columns 

Anion Cation 
40 ml C1- (20-50 mesh) 85 ml Na+ (50-100 mesh) 

Resin 
131! 

Resin 
uaBa 85Sr ra1cs 40K 

volume (ml) volume (ml) 

0-7 51.4 0-14 65.0 62.0 27.0 25.9 
8-14 32.1 15-28 23.0 22.0 28.0 34.2 

15-21 10.5 29-42 8.0 13.0 22.0 27.7 
22-28 4.9 43-56 3.0 2.0 15.0 12.0 
29-35 1.0 57-70 1.0 0.6 6.0 <0.1 
36-40 <0.1 71-85 <0.1 0.1 2.0 <0.1 
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separation on cation resin with 1.5% EDTA 

solution. 

As indicated in Fig. 3, the best EDTA con
centration for separating strontium from calcium 
is 1.5% at pH 5.2. At higher concentrations, 
EDTA complexes strontium more effectively 
whereas at lower concentrations calcium is 
incompletely complexed. 

Most of the potassium and cesium together 
with EDTA that have been adsorbed by the 
resin <2 1 J are removed from the resin in the 200 
ml of 1.5N sodium chloride that is discarded. 
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FIG. 3. Effect of EDT A concentration on 
strontium-calcium separation on cation resin 

at pH 5.2. 

Barium is separated from the strontium by 
precipitation of barium chromate. 

Strontium recovery is measured gravimet
rically and the average yield is 85%. Because 
1 liter of cow's milk has been found to contain 
approximately I mg of stable strontium, <22 > 

the milk initially contains 1 mg more than the 
40 mg added. Hence the recovery overestimates 
the yield by approximately 2%. 

If fresh fission products are in milk and the 

Table 3. Comparison of Counting Efficiencies for Resin Columns and Liquid Milk 

Liquid milk 
Resin column in Marinelli beaker 

5 in. X 4 in. On top of 3.5 liter I liter 
Characteristic crystal, I H in. 4 in. X 4 in. 4 in. X 4 in. 4 in. X 4 in. 

Radionuclide peak diam. well crystal crystal crystal 
MeV cpm/pCi cpm/pCi cpmfpCifl. cpm/pCi/1. 

lSlJ 0.36 1.10 0.28 0.40 0.19 
137Qs 0.66 0.43 0.15 0.30 0.14 
uoBa 0.49 0.29 0.13 0.25 0.13 
40K 1.46 0.029 0.009 0.019 0.009 

I.R.P. VOL. 1-M* 
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Table 4. Separation of Calcium from Strontium at Various Steps in the Procedure 

Fraction Volume % % 

Sample effluent and water 
wash 

3% EDTA and wash 
1.5N NaCl 
4N NaCI 
4N NaCI (to recharge) 

interval between milking the cow and passing 
the milk sample through the ion-exchange resin 
is one hour or longer, appreciable amounts of 
1anthanum-140 and yttrium-90(8 •

9
! may grow 

into the sample and be retained on the anion
exchange resin. High concentrations of 1anth
anum-140, relative to iodine-131, may interfere 
in the gamma spectral determination of iodine-
131. Such interference by 1anthanum-140 can 
be decreased by using one of three alternate 
procedures: 

1. If the presence of 1anthanum-140 is ex
pected, do not add the complexing solution to 
the milk, but pass the milk directly through the 
anion-exchange resin. Then add the complexing 
solution to this effluent and pass this solution 
through the cation-exchange resin. 

2. Observe the gamma decay in the 0.36 MeV 
energy range and by use of simultaneous equa
tions distinguish between the 8.1-day half life 
of iodine-131 and the 1.7-day ha1flife.oflan
thanum-140. 

3. Pass 50 ml of 0.05N silver nitrate solution 
through the anion-exchange resin. Elute 1anth
anum-140 from the resin with 300 ml of 2.5N 
nitric acid. After elution, the resin retains 93% 
of iodine-131 and only 4% of lanthanum-140. 

The average of results from nine replicate 
samples analyzed by both this procedure and 
the routine laboratory procedure, a tentative 
standard method utilizing ion-exchange, <23 l 

agreed within 1.1% as shown in Table 5. Based 
on the standard deviation, 68% of duplicate 
values should be within 1 pCifl. of their average 
and 95% within 2 pCi/1. Sixty samples of 
varying origin were analyzed in duplicate by 
both methods. A comparison shows 97% of 

(ml) calcium strontium 

1500 96.0 0.8 
1000 3.2 0.6 
200 0.8 3.6 
400 <0.02 90.0 
200 5.0 

the values by the routine procedure and 95% 
of the values by this procedure were within 
I pCijl. of their average and 100% of the 
values by both procedures were within 2 pCi/1. 
Also 92% of the two sets of values were within 
1 pOi fl. of the average of the four measurements 
and 99% were within 2 pCi/1. 

Table 5. Comparison !if Strontium 90 
Results by this Procedure to Routine 

Procedure 

This procedure pCi/1. 

11.2 
10.4 
10.5 
8.9 
7.9 

10.2 
10.3 
9.8 
9.4 

9.8 ± 1.0* 

Routine procedure 
pCi/1. 

9.6 
10.4 
11.0 
9.2 

ll.I 
9.0 
8.9 
9.1 

10.9 

9.9 ± 0.9* 

*Error is expressed as one sigma deviation. 

Shipping costs with this procedure are approx
imately one-sixth that of procedures which 
require the shipment of large liquid milk sam
ples. Costs are compared in Table 6. 

The procedures presented here tend to elimi
nate or minimize many of the problems pre
viously encountered in the radiological sur
veillance of milk by providing a system to (I) 
collect and concentrate all the significant fission 
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Table 6. Estimated Cost Comparison for Transportation, Present Method Versus Field Method 

Field Method 

Shipping cost (air mail) 
Materials shipped Destination 

300-600 mi. 600-1000 mi. 

Shipping container, 
cartridges and 
complexing solution Collector $1.23 $1.34 

Shipping container, 
cartridges and 
empty comp1exing 
solution bottle Laboratory .73 .78 

Total shipping cost $1.96 $2.12 

Present Method 

Materials shipped Destination 
Shipping cost (air mail) 

300-600 mi. 600-1000 mi. 

Shipping container, and empty 
one gallon bottle Collector R:;; $4.00 R:; $4.50 

Shipping container, and full 
one gallon bottle Laboratory R:;; 7.25 R:; 8.25 

Total shipping cost 

products in milk, (2) eliminate the need for 
refrigeration and preservative, (3) effectively 
separate calcium from strontium without using 
fuming nitric acid, (4) increase gamma counting 
efficiency by presenting the sample to be 
counted with improved geometry, (5) provide 
a rapid, precise, and accurate analysis, and (6) 
reduce problems and costs in handling and 
transporting bulk samples. 
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PREPARATION OF "METAL SALT-ION EXCHANGE 

RESINS" AND THEIR APPLICATION TO 

RADIOCHEMICAL ANALYSES 

MASAMI IZAWA and KAZUO WATARI 

National Institute of Radiological Sciences 9-1, 4-Chome, Anagawa, Chiba, Japan 

Abstract-A series of a new type of adsorbents for radionuclides in aqueous solutions has been 
synthesized consisting of an ion exchange resin and an inorganic salt, and their properties 
were studied. We named them "metal salt-ion exchange resins". Preparation of the "resins" 
are simple and easy. For example, "ferric hydroxide-cation exchange resin" can be made by 
putting a ferric form of a cation resin into a concentrated hydroxide ion solution, and "copper 
ferrocyanide-anion exchange resin" by putting a ferrocyanide form of an anion resin into a 
cupric ion solution. 

The prepared "resins" have combined adsorption properties of both the metal salt and the 
exchange resin moieties. They are generally non-hygroscopic and granular, so that they can 
be stored in dry state. 

In principle, the "resins" can be made by any combination of insoluble metal salts and ion 
exchange resins. By considering adsorption capacity and exchangeability of metal salts and 
resins, a wide variety of applications of the "resins" can be made for chemical and radio
chemical analyses; e.g. "metal hydroxide-resins" for adsorption of zirconium, ruthenium and 
alkaline earth ions, "metal ferrocyanide-resins" for specific adsorption of cesium and for 
mutual separation of alkali metals and of fission products (Sr, Zr, Nb, Ru, Cs, Ce). A few 
examples of applications of "ferrocyanide-resins" are presented. 

INTRODUCTION havior of ions in ion exchange resins, we thought 
In radiochemical analyses, co-precipitation that inorganic insoluble salts, which have 

with, or adsorption on, insoluble metal salts adsorptive or ion exchange properties, could 
is often used as the first step for concentrating be formed in resins without impairment of the 
the desired radionuclides, or as an effective exchange properties of the resins themselves. 
means for scavenging. For example, hydroxides Shortcomings of co-precipitation and adsorption 
or sulfides have been used for the concentration methods would largely be overcome by the 
of nuclides from a large volume of sea water, <1 • 2 > use of such new adsorbents. 
and ferrocyanides for the collection of cesium The first use of this type of ad.sorbents was 
from a number of aqueous media. <3 > However, reported by Mcisaac and Voigt <4 > in their 
experimental techniques of co-precipitation and study of mutual separation of phosphorus and 
adsorption are usually rather troublesome and sulfur, and then by Merrill et al. <•> for the 
time-consuming. Moreover, synthesis . of the separation of 9Be from sea water, and by Lal 
adsorbents is difficult and generally not repro- et al. <8 > for the determination of silica in sea 
ducible. Of course, we can use ion exchange water. All of these authors used iron hydroxide
resins very effectively, but they have serious Dowex 50 combination and the adsorbent was 
limitations for their use: they cannot be used prepared in columns. 
for the analysis of radioactive contamination We have prepared a number of such type of 
in solutions of high salt concentration such as adsorbents having various combination of metal 
sea water. salts and resins, and proposed the general name 

In the course of our basic study on the be- of "metal salt-ion exchange resins" for them. 

347 
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The preparation and the use of "iron hydrox
ide-cation exchange resin", <7> "metal sulfide
cation and -anion resins" <8> and "copper ferro
cyanide-anion resins" <9 > have already been 
reported. 

The present report discusses the preparation 
and the properties of these adsorbents in a more 
general way, and touchF-s upon some of the 
applications of "iron ferrocyanide-anion ex
change resins". 

PREPARATION OF "METAL SALT-ION 

EXCHANGE RESINS" 

In principle, a given "metal salt-ion exchange 
resin" can be made either from a cation ex-

Preparation of 
11

Copper Sulfide-fen Exchange Resins
11 

a) from Cation Exchange Resin 

Dowex 50W,X8 

( H+ form) 

~CuCI 2 solution 

( Cu
2
+ form) 

~"P""' "'"''"" 
Copper Sulfide-

Cation Exchange Resin 

b) from Anion Exchange Resin 

Dowex J ,XB 

( OH- form) 

~(NH 4 ) 2 S solution 

( s2
- form) 

~ CuCI
2 

solution 

Copper Sulfide-

Anion Exchange Resin 

Fw. 1. Preparation of "copper sulphide-ion 
exchange resins". 

changer or from an anion exchanger, although 
the degree of ease of the preparation varies with 
the exchangers as well as with the metal salts. 

The schemes for preparation of "copper sul
fide-cation exchange resin" and "copper sulfide
anion exchange resin" are presented in Fig. 1. 
The hydrogen form of a cation exchange resin, 
in this case, Dowex 50W, is converted to the 
copper form by treating the resin with 0.5 M 

copper chloride solution. After washing the 
re~in with water, thioacetamide solution (5%) 
is added to the resin suspension, and the sus
pension is warmed to about 60°0 on a water 
bath. Alternatively, hydrogen sulfide gas may 
be bubbled into the suspension. The color of 
the resin changes from light blue to black, 
showing the formation of copper sulfide in 

the resin matrix. From the hydroxide form of an 
anion exchange resin, Dowex I, the sulfur form 
is made first by adding concentrated ammonium 
sulfide solution (1: 1), and then converted to 
"copper ferrocyanide-Dowex 1" by 1M copper 
chloride solution. 

"Iron ferrocyanide-anion exchange resin" 
was prepared as follows; Amberlite IRA-904, 
a macro-reticular resin, is converted to the 
ferrocyanide form by 0.5 M potassium ferrocya
nide solution. After thorough washing, iron 
ferrocyanide is formed with 1 M ferric chloride 
solution. The use of a macro-reticular type 
resin seems to be essential for the preparation 
of the stable "ferrocyanide-resins", presumably 
because of the large size of the ferrocyanide 
anion. "Iron ferrocyanide resin" has higher 
stability in acid solutions than "copper ferro
cyanide-resin" previously reported. <9 > 

Adsorption of alkali metal ions on the "copper 
ferrocyanide-resin" was also studied. Distri
bution coefficients (Kct, as expressed by activity 
adsorbed on 1 g of the "resin" divided by 
activity remained in 1 cc of the solution) in
creased with the increase of the atomic number 
of the ions, the ratio of Kct for Os, Rb, K and 
N a in very dilute ( < 10 -? M) and acidic solu
tions being approximately 104

: 103
: 10: 1. The 

effect of cesium carrier on the adsorption of 
137Cs is shown in Table l. Results on the ad
sorption of 1370s in sea water showed that other 
ions, including alkali metals, had no appreciable 
effect on 1370s adsorption. 

The "metal salt-ion exchange resins" have 
the same ion exchange capacities as those of 
the parent resins used as the starting materials. 
For example, 1.3 g of "copper ferrocyanide
resin" was formed from 1.0 g of the hydroxide 
form of Amberlite IRA-904, and, by repeating 
the same treatment, another 0.3 g of ferrocya
nide could be incorporated into the resin 
matrix. If one uses a metal salt other than 
ferrocyanide for the second treatment, a "mixed 
metal salt-ion exchange resin" can be made. 
Such examples are "ferrocyanide-oxalate-resin" 
and "ferrocyanide-sulfide-resin", and others. 

PROPERTIES 

"Metal salt-resins" thus prepared retain pro
perties of both the insoluble metal salts and the 
parent ion exchange resins. As an example, 
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Table 1. Effect of Carrier on Distribution 
Coefficient of Cesium between "Copper Ferro

cyanide-Amberlite IRA-904" and Water 

Carrier concentration 

carrier free 
]Q-4 M 

IQ-3 M 

]Q-2 M 

IQ-l M 

0.5M 
l.OM 
S.OM 

Distribution coefficient 

3.5 X 103 

2.6 X 103 

1.5 X 10 3 

4.4 X 10 2 

6.7 
3.0 
1.8 

5.5 X I0-1 

adsorption of 95Zr on "copper sulfide-resins" 
from sea water is shown in Fig. 2. Zirconium 
is adsorbed either on the sodium form of a 
cation exchanger or on the chloride form of an 
anion exchanger, as shown in the figure by 
solid and open triangles, respectively, because 
zirconium is present as an aggregated form at 
the pH range of sea water. Adsorption on the 
"copper sulfide-resins" is distinctly higher than 
those on the exchangers, as shown by circles in 
the same figure. 

Adsorption of radionuclides on "copper ferro
cyanide-Amberlite IRA-904" from acidic solu
tions is tabulated in Table 2. Cesium is ad
sorbed on the adsorbent quantitatively, while 
strontium and cerium is not adsorbed. Adsorp-

tions of zirconium and ruthenium are appreci
able, because the nuclides exist in these acidic 
solutions as complexes and are adsorbed as 
anions on the exchange residues of the Amberlite 
IRA-904. In nitric acid solution, the adsorp
tions are distinctly lower than in hydrochloric 

100 

! 
a 
·~ 

50 a 
~ 

0 

0 10 

"Copp~r Sulfide-Dow ex J ,X8" 

"Copper Sulfide-Oowex 50W,XS" 

Cl Form of Dow&x 11 XS 

20 30 40 

Agitation time ( hr) 

FIG. 2. Adsorption of 95Zr on "copper sulfide
resins" from sea water (Batch experiment: 5 ml 
solution and 0.5 g resins). 

acid solution. Adsorption of cesium on "iron 
ferrocyanide-Amberlite IRA-904" is better than 
that on "copper ferrocyanide-resin" and quan
titative from the solutions of 4 N nitric acid or 
below (Table 3). 

APPLICATIONS 

When the properties of the metal salt moiety 
and those of the original ion exchange resin are 
duly considered, a variety of applications of 

Table 2. Adsorption of Radionuclides on "Copper Ferrocyanide-Amberlite IRA-904" from 
Acidic Solution 

(Batch experiment: 5 ml solution and 0. 5 g "resin") 

~ 
Adsorption (%)of: 

me 8 ~Sr t••Ce 95Zr 1o6Ru d 
n 

·-----
lQ-1 M HC1 99.9 (99.9) 0 0 94.3 54.1 
l.OM HCI 99.7(96.2) 0 0 78.8 53.6 
2.0 M HCI 99.7(79.1) 0 0 79.6 49.7 
4.0 M HC1 99.5 (42 .2) 0 0 86.8 59.9 
6.0MHC1 73.9 ( 19 .1) 0 0 
8.0 M HCI 84.2 (8.4) 0 0 93.4 96.8 

( ) Adsorption from nitric acid solution. 
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Table 3. Adsorption of 187Cs on "Iron Ferrocyanide-Amberlite IRA-904" from 
Nitric Acid Solution 

(Batch experiment: 5 ml solution and 0. 5 g "resin") 

~ti= Adsorption (%) after: 
me 

Acrd 
I 

concentration~ 15 min 30 min 

}Q-1 M 98.4 98.8 
l.OM 98.7 99.4 
2.0M 99.2 99.5 
4.0M 99.5 99.4 
6.0M 86.6 87 .I 
8.0M 66.9 63.3 

10.0M 39.1 36.8 

this new type of adsorbents can be anticipated. 
A few examples of the applications of "ferro
cyanide-resins" will be presented below. 

Quantitative determination of 137Cs in sea water 

Quantitative determination of 13'Cs in sea 
water was carried out using "copper ferro
cyanide-anion exchange resin". Fifty liters of 
sea water, collected at a place along the Pacific 
coast of Japan, was passed through a column 
filled with 500 g of the "copper ferrocyanide
Amberlite IRA-904" at a flow rate below I l./ 
min. Cesium was adsorbed on the column, while 
strontium and some other nuclides were passed 
through. Cesium was then eluted from the 
column with 6 N nitric acid, purified by sca
venging with ferric hydroxide, and finally pre
cipitated as cesium chloroplatinate and counted 
for radiactivity. The radioactive concentration 
in sea water was found to be 0.47 ± 0.02 
p.p. Cifl. For the same batch of sea water, co
precipitation with nickel ferrocyanide and with 
ammonium molybdophosphate, followed by 
cesium chloroplatinate precipitation <10 l resulted 
in the radioactive concentration of 0.45 ± 0.02 
p.p. Cifl. This is an example of the specific 
adsorption of cesium on ferrocyanide. The use 
of the "ferrocyanide-resin" column has ad
vantages over the co-precipitation method in 
that the former is simpler and less time-con
suming than the latter. 

1 hr 3 hr 24 hr 

99.4 99.5 99.9 
99.6 99.8 99.9 
98.9 99.9 99.9 
99.6 99.9 99.9 
91.0 95.8 95.0 
59.I 

I 
77 .I 74.7 

38 .I 52.2 46.4 

Decontamination of 131Cs from cow's milk 

As another application of "ferrocyanide
resin", decontamination of 137Cs from milk was 
studied. Data obtained by batch experiment 
and column operation are shown in Table 4. 
Here, "nickel ferrocyanide-Amberlite IRA-904" 
was used, and cesium contamination in milk 
could be removed with no deterioration of milk 
properties. Tests performed were: heat coagu
lation test, alcohol test, pH and calcium content. 

Mutual separation of fission products 

By using a column of "iron ferrocyanide
Amberlite IRA-904" pre-treated with ammon
ium oxalate, the successful sequential separation 
of radionuclides, 90Sr, 144Ce, 95Zr, 9 5Nb, 1osRu 
and 137Cs, were done in this order. One cc of 
carrier-free mixture of the nuclides in 0.5% 
ammonium chloride solution was first applied 
to the column, and eluted with water, hydro
chloric acid, and nitric acid. The elution 
curve is shown in Fig. 3. In the same figure, 
the curve with oxalate form of Dowex 1 X8, 
by Yajima et al. (llJ is shown for comparison. 
Ce~ium was eluted out first together with stron
tium, and another column of a cation exchanger 
must be used for cesium-strontium separation. 

Removal of 181Cs from reprocessing waste 

The use of "iron ferrocyanide-Amberlite 
IRA-904" for the removal of 137Cs from fuel 



"Resin" (g) 
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Table 4. Adsorption of 137Cs on "Nickel Ferrocyanide-Amberlite IRA-904" from Milk 

(Batch experiment: volume of milk, 50 ml) 

I 
0.5 0.5 0.5 0.5 0.1 

351 

0.05 

Agitation time (hr) 1 2 3 14 14 14 

Adsorption (%) 98.2 99.0 99.4 99.9 99.4 98.5 

Column operation: 7 mm in diamater; 1 . 5 g "resin"; flow rate, 2 ml/min 

__ M_l_.lk __ (m_I_) _______________ 
1 

____ 1_o_o __ 
1

1 

soo l ___ Io_o_o ____ _ 

Adsorption(%) 99.6 ~ 99.0 

(A) 

Ce-144 

( 8) 

Effluent 

r 
I \ 
I I 
I I 
I I 
I I 
J I 

\ 

FIG. 3. Mutual separation of fission products by: 
(a) Anion exchange resin. (b) "Iron ferrocyanide

Amberlite IRA-904". 

reprocessing waste solution was expected, be
cause of its high adsorbability of 137Cs in nitric 
acid solution (see Table 3). A preliminary 
experiment was carried out by batch method 
and the results are shown in Table 5. When 
2 g of the adsorbent was put into 50 ml of the 
waste solution, adsorption was above 99% 
within l hr shaking. Composition of the syn
thetic purex waste solution, after Bruce, is 
shown in Table 6. 

CONCLUSION 

"Metal salt-ion exchange resins" are simple 
and easy to prepare, obtainable in any given 
particle sizes. They can be used in batch or 
column operation. As they retain characteristic 
properties of both the insoluble salt and the ion 
exchange moieties, a wide range of applications, 
including those to waste treatment, can be 
expected. A few examples of applications were 
presented. 

Table 5. Concentration of 131Cs from Synthesized Purex Waste by "Iron Ferrocyanide-Amberlite 
IRA-904" 

(Batch experiment: volume of waste solution, 50 ml) 

"Resin" (g) 1 1 1 2 2 2 

A gitation time (hr) 0.5 1 3 0.5 1 3 

Adsorption (%) 91.1 93.3 95.7 98.0 99.0 99.9 
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Table 6. Composition of synthesized purex waste 

Na3PO, 
NaNOa 

A1(N03)s 
Fe(NOa)s 

Ni(NOa)2 

Cr(N0 3 ) 3 

H2SO, 

HN03 

0.0004 Mjl. 
0.0188 
0.004 
0.01 
0.0002 
0.0004 
0.025 
2.337 
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L'USO DI COLONNE CROMATOGRAFICHE SELETTIVE 

PER l'ISOLAMENTO DI ALCUNI RADIONUCLIDI 

DI PARTICOLARE INTERESSE IN RADIOPROTEZIONE 

C. TESTA 

Servizio di Medicina e Sanita, Centro Studi Nucleari Casaccia, CNEN, Roma, Italy 

Sommario-Vengono presentate diverse applicazioni pratiche di cromatografia in colonna a 
fasi invertite riguardanti l'isolamento di alcuni radionuclidi di particolare interesse in radio
tossicologia, fisica sanitaria e radioattivita ambientale. 

La tecnica generale si basa sulla possibilita di impregnare irreversibilmente un polimero 
chimicamente inerte in polvere con un composto liquido (od una soluzione organica di questo) 
il quale trattenga selettivamente l'elemento da isolare. Tale metodo pu6 spesso sostituire 
vantaggiosamente l'uso delle resine a scambio ionico e dell'estrazione con solventi. Usando 
una colonna di politrifluorocloroetilene (Kel-F) supportante del tri-n-butil fosfato (TBP) e 
stato possibile separare e determinare l'uranio arricchito ('83U, 234U, 235U) nell'urina, pre
cedentemente acidificata con HN03 • Per l'isolamento del torio naturale dall'urina e stata 
usata una colonna supportante una soluzione di tri-n-ottil fosfina ossido (TOPO); il 239Pu e 
stato selettivamente trattenuto dall'urina, l-2 Min HN03, con una colonna di Kel-F sup
portante lo scambiatore anionico liquido tri-n-ottilammina (TNOA). Perla determinazione 
dell' 191Y nel "fallout" il composto supportato era lo scambiatore cationico liquido: acido 
di-(2-etil-esil) ortofosforico (HDEHP) il quale separa l'ittrio non solo dai metalli alcalini, 
alcalino-terrosi, ed altri ioni, rna anche dalla maggior parte della terre rare eventualmente 
presenti (La, Ce, Pr, Pm, Nd). Il 137Cs e stato separato dai prodotti di fissione trattenendolo 
selettivamente su una colonna di Kel-F impregnata di tetrafenilborato (TPB) o di dipicrilam
mina (DPA). Infine lo iodio puo essere isolato su una colonna di tetracloruro di carbonio o 
solfuro di carbonio. I fattori di decontaminazione relativi a queste separazioni sono sull'ordine 
di 102-10 3 e le colonne possono essere rigenerate ed usate per diversi deli. Anche altri supporti 
inerti (teflon, politene, p.v.c., ecc) possono essere impiegati con successo. 
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DETECTION OF FISSIONABLE MATERIALS IN URINE* 

J. A. MISKEL 

Lawrence Radiation Laboratory, University of California, Livermore, California, U.S.A,. 

Abstract-A relatively rapid, sensitive method for the determination of uranium or plutonium 
in urine has been developed. The technique is neutron activation analysis; the reaction involved 
is (n, fission) and the detection is based on the radiochemical extraction of 132Te. 132Te was 
chosen since it has a high fission yield, reasonable half-life and cannot be made directly by single 
neutron capture on any stable tellurium in the sample. 

A comparison of the sensitivity of this method with one in which the uranium or plutonium 
is chemically separated from the urine and a-counted is given in the Table. 

Amount 1s•Te a 

Species (p.g) (count/ (count/ 
min)t min) 

Normal U 2 X 10-2 5 l. 5 X 10-z 
2s5u 2 X 10·4 5 I. 2 X 10- 4 

tsopu 1 X 10-4 5 7 

In practice the standards and unknowns are sealed in polyethylene cones and irradiated. 
The sample sizes are ,_,IQ mi. After irradiation the cone is opened, tellurium carrier added 
and a standard radiochemical separation performed. No pre-treatment is given to the speci
men. Our irradiation facility allows exposure of six samples simultaneously. Although the 
method does not distinguish between uranium and plutonium it allows for rapid scanning of 
a large number of routine samples. 

*This work was performed under the auspices of the U.S. Atomic Energy Commission. 

t The 132Te data are based on the following conditions: neutron flux: 2 X 1012/cm2fsec; 
irradiation time: 2 hours; chemical yield: 7 5 %; counter efficiency 3 3 %; counter background: 
0.5 cpm. The a data assume chemical yield 100%; counter efficiency SO%. Counter back
grounds for alphas are approximately 0.3 cpm. 
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DISCUSSION 

E. Dr FERRANTE (Euratom): 

I risultati delle misure di radioattivita a basso 
livello di cui voi determinate il grado di precisione 
sono sollecitati da voi o inviati spontaneamente dai 
vari laboratori? Chiedo questa perche sono io stessa 
interessata ad analisi di radioelementi naturali, e 
spesso i campioni analizzati hanna un contenuto 
piuttosto basso, e potrei in futuro avere bisogno del 
vostro giudizio. 

M. FERRARIS (IAEA): 

La partecipazione a queste misure e del tutto 
libera. La IAEA invia una lettera di invito con 
relativo modulo di ordinazione a circa 1000 labora
tori. Circa 200 rispondono richiedendo i vari cam
pioni. E' ovvio che la raccolta di indirizzi non potra 
mai essere completa per cui si invitano i laboratori a 
voler fare la piu am pia pubblicita alla cosa. Chiunque 
sia interessato alla cosa pu6 chiedere di essere incluso 
nella "mailing list" scrivendo alia IAEA, project 
LOWRA. 

W. j. MEININGER (Netherlands): 

Are calibrations ever made for the adsorbing power 
of radon on charcoal? Did you calibrate only the 
radon chambers or did you calibrate other systems as 
well? 

E. Dr FERRANTE: 

The optimum temperature for the maximal adsorp
tion of radon on charcoal is -80° C. We based our 
calculations on the fact that the calibration of the 
entire system (and not only of the radon chamber) 
performed with standard solutions gave an over-all 
efficiency of about 80% of the a-particles emitted. 
The calibration was periodically repeated with 
different charcoal traps and different detectors; the 
value of the efficiency obtained varied only within 

2%. 

very excellent results with what remains a very diffi
cult measurement. 

E. Dr FERRANTE: 

I. Muds, ores, food items and all the samples with 
high silica content may cause some difficulties for 
their complete dissolution. If a treatment of the ashed 
samples with H 2S04 and HF was not enough, the 
attack with these acids was repeated several times 
until a final clear solution was attained. No analysis 
of solutions having solid residues was performed. 

2. During the setting up of the emanation tech
nique apparatus for the preparation of the traps, we 
tried several types of activated charcoal and the one 
chosen was found practically with no radium content 
which could produce some radon. We used anyway 
always the same exact weight of charcoal for all the 
traps, so if a correction had to be made, it would 
always have been the same. 

G. CALAPAJ (Italy): 

Since I pCi of Ra 225 gives about 7 a-disintegrations 
per minute on its decay products at equilibrium, and 
the efficiency of the detector is, as we have heard, 
about 70%, 1 pCi of Ra 225 corresponds to about 
5 cpm; this means that 1 cpm above the background 
corresponds to about 0.2 pCi. Since the content of 
radium exposed in the paper is about 1 pCi per g of 
ashes (about 0.02 pCi/g) and the weight of the ashes 
is about 1 g for each sample, I would like to know 
some more particulars about the procedure illustrated 
by the Author, including the value of the background 
and its statistical accuracy. 

E. Dr FERRANTE: 

The background is of the order of0.5 ± 0.1 counts 
per hour ( cph). The lowest samples analysed gave 
counting rate at least 5 times the background. 

A. FRANCESCHINI (Italy): 

J. B. HURSH (U.S.A.): l. Quali controlli della tecnica di misura hanno 

1. Do you ever encounter any insoluble residues permesso di raggiungere sensibilita di 0,01 p.g/1? 
after preparation by dry and wet ashing? What do' 2. La media del tenore di Unat in urine di persone 
you do about these residues? non esposte e intorno a qualche p.g/1; quale valore 

2. What is the magnitude of the correction you use media ha trovato il Dr. Wijker presso il personale del 
for the radon originating in the charcoal itself? suo centro, e precisamente presso queUe persone che 

I should like to congratulate Dr. Di Ferrante on her sono poco o per nulla esposte a contaminazione da U? 
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HuB. W1JKER: 

1. The great sensitivity of 0.01 p.g U/1. urine 
( = 10 ng/1.) has been achieved by stringent specifica
tion of sample preparation and apparatus as described 
in the detailed abstract issued before the meeting. 
Sample preparation involves:-( 1) using very clean 
dishes; (2) the way of taking aliquots from the urine 
samples; (3) very slow drying under a drying bulb; 
(4) ignition in a flame with a cross section small com
pared to the dish surface, e.g. in the top of the pilot 
flame of aBunsen burner; (5) discarding aliquots with 
fusion times less than 25 sec or more than 30 sec; 
(6) cooling without cracking. Apparatus design in
volves: (1) A.C. supply for UV bulb, D.C. for photo
multiplier; (2) separate cooling jackets for photo
multiplier and UV bulb; (3) restriction in cooling 
water inlet to assure constancy of UV bulb tempera
ture; (4) diaphragm and high voltage setting making 
it possible to fix meter indication for two points 
according to the calibration curve. 

2. The U concentrations in the urine of unexposed 
people (e.g. children of the employees) were lower 
than 10 ng/l. The average for the workers with 
uranium is about 20 ng/1. A value of 30 ng/1 is used 
as a warning level, indicating that there may be 
something wrong with working procedures or condi
tions. Examples are given in the detailed abstract. 

HuB. WIJKER (Netherlands): 

How can the speaker relate the amount of thorium 
to the measured amount of its daughter thoron when 
the age of the thorium since chemical purification is 
not known? 

A. FRANCESCHINI (Italy): 

Con la parola "thoron" nel riassunto inglese si 
definisce un complessante chimico che contiene torio 
e che in Italia e chiamato "il toron". 

M. DE BaRTOLI (Euratom): 

I would like to know the temperature and the dura
tion of the leaching procedure. In our laboratory we 
perform quantitative extraction of 137Cs from sandy 
soils and sandy loams by leaching overnight with hot 
hydrochloric acid under reflux conditions. 

A. BAUMANN: 

After addition of the leaching solution the sample 
was mechanically stirred for 30 min and left over
night without heating. 

A. FRANCESCHINI (Italy): 

1. La cinetica dello scambio ionico e alterata dal 
trattamento subito dallo scambiatore? 

2. Si hanna buoni risultati, con questa tipo di 
materiale, nel caso dei complessi di nitrosil-rutenio? 

M. lZAWA: 

1. We have not studied in detail the possible 
changes of the kinetics of exchange. However, as I 
explained, it appears that the exchange capacity of 
the exchanger remains unchanged by the treatment. 

2. The chemical form used in this experiment was 
nitrosylruthenium. The behaviours of other forms of 
ruthenium on the "resin" must await further experi
ments. 

]. BouQ.UIAUX (Belgium): 

QueUe est la stabilite des resines obtenues et quel 
en est le mode de regeneration? 

C. TESTA (Italy): 

Le colonne in questione possono essere rigenerate 
da 10 a 15 cicli consecutivi; cio dipende dalla costante 
dielettrica del composto supportato ed il numero di 
cicli e inversamente proporzionale ad essa. Le 
colonne si rigenerano lavandole con una soluzione 
avente le stesse caratteristiche chimiche del liquido 
che dovra essere percolate attraverso la colonna. 

]. BoUQ.UIAUX (Belgium): 

Quelle est la source qui a servi a }'irradiation? 
Quel est le temps d'irradiation? 

R. L. KATHREN (substituting for Dr. J. A. MrsKEL): 

Irradiation took place in the Livermore Pool Type 
Reactor, a 2-MW research facility. A two-hour ir
radiation time was utilized along with a thermal flux 

of2 X 1012 n/cm2/sec. 



PLUTONIUM-239 AND 238, STRONTIUM-90 AND CESIUM-137 

IN SURFACE AIR FROM MID 1961 THROUGH 1965 

M. DEBORTOLI,* P. GAGLIONE,t A. MALVICINI and E. VANDER STRICHTt 

Abstract-Monthly air concentration values, at ground level, of some longlived radionuclides 
(strontium-90, cesium-137, plutonium-239 and plutonium-238) from world-wide fallout have 
been measured at Ispra, from mid 1961 through 1965. 

Samples of atmospheric debris were collected by filtering 6 to 8 thousand cubic meters of air 
through paper filters. The single radionuclides were determined by analytical procedures, 
which are briefly described in the paper. Particularly, for plutonium a simple and rapid radio
chemical method was developed, in order to obtain electrodeposited samples, suitable for 
alpha spectrometry. This was performed by Frisch-grid ionization chamber and multichannel 
analyser. 

Plutonium-239, strontium-90 and cesium-137 concentrations show, during the five years 
considered, the well known general trend of fallout, characterized by the spring maxima. 
Plutonium-238 seems to behave rather particularly and to follow less closely this trend. 

Fairly constant values of the ratios 137Csj90Sr and ' 39Pu/90Sr are found, whereas the 238Pu/ 
239Pu ratio varies by a factor ten or more and shows two strong fall peaks in 1961 and 1962, 
i.e. in the periods of heavy nuclear testing in the atmosphere. 

The highest concentrations, found during the summer of 1963, attained the values of 1.8 X 

lQ---3 pCi/m3 for plutonium-239, 3.5 x IQ---5 pCifm 8 for plutonium-238, 9.6 X IQ--- 2 pCi/m 3 

for strontium-90 and 0.14 pCijm 3 for cesium-137, respectively. 
Some considerations are made about inhalation doses to the population at large. It appears 

that a significant fraction of the MPC may have been attained, at least for a part of the period 
considered, particularly for strontium-90 and plutonium-239. Concerning the latter radio
nuclide, some incertitude stems from the scanty knowledge of the extent to which it is in 
soluble form. If most of the plutonium-239 present in airborne debris has to be considered 
soluble, then the maximum concentration observed would represent 0.3% of the MPC for 
occupational exposure for a 168 hr week. 

INTRODUCTION 

Among the many fission products originated 
by the bursts of nuclear devices, the radio
nuclides which have deserved the greatest at
tention of the scientists all over the world are 
strontium-90 and cesium-137. This is due to 
the long half-life of these nuclides and to their 
chemical behaviour, which is. close to that of 
biologically important elements, namely calcium 
and potassium. Another radioactive element 

* Site Survey and Meteorology Branch, Protection 
Service, Euratom Ispra Establishment. 

t Chief, Protection Service, Euratom Ispra Estab
lishment. 

t Directorate for Health and Safety, Euratom, 
Brussels. 
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spread in the environment by nuclear tests is 
plutonium, which, like strontium, is a bone
seeker. Most plutonium isotopes have a high 
radiotoxicity; those of greater concern in fallout 
are the 239 and 240. * 

Plutonium-238 has hitherto represented a 
small fraction of the activity due to plutonium 
in fallout, but it is assuming more importance 
because of the increasing use which is being 
made of this isotope in the field of power gen
erators. It is well known that one of these de
vices, the SNAP-9A, with a load of I 7kCi of 

* Because the energies of the alpha particles emitted 
by these nuclides are too close as to allow their 
separation by the technique employed, they are 
referred to in this paper as plutonium-239. 
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plutonium-238, launched with a satellite on 
April 1964, failed to orbit and during re-entry 
underwent burn up. 

As from 1962 these four radionuclides (stron
tium-90, cesium-137, plutonium-238 and p1u
tonium-239) have been measured in ground level 
air at Ispra as part of the radiological monitoring 
program. The analyses have been extended 
down to mid 1961 in order to know the air 
contamination levels prior to the resumption 
of nuclear weapons testing. 

EXPERIMENTAL 

(a) Sample collection 

Samples of atmospheric dust are collected 
routinely at the site survey stations of the ISPRA 
Euratom Joint Nuclear Research Centre. The 
air is filtered by suction through 5 em diam. 
paper filters (Poelman-Schneider blue), re
placed daily. The filtered volume is measured 
by flow-meters. Pooling the single daily filters 
of each station, monthly samples are obtained, 
which are representative of an air volume 
ranging from 6 to 8 thousand cubic meters. 

(b) Radiochemical procedures 

The filters are submitted to direct gamma 
spectrometry before ashing, in order to deter
mine (or evaluate) cesium-137, whenever this 
is permitted by the other gamma activities 
present in the sample (also by the spectrum
stripping technique). The sample is thoroughly 
dissolved by fusion and radiochemical deter
minations of cesium, strontium and plutonium 
are performed. 

Cesium is absorbed by filtration on a thin 
ammonium phosphomolybdate layer(ll and 
measured by gamma spectrometry. 

Strontium is separated by the fuming nitric 
acid precipitation and successively purified from 
calcium through stirring the nitrates with 
acetone. After hydroxides and chromate pre
cipitations strontium carbonate and yttrium 
oxalate precipitates are obtained for counting. 
The chemical recovery of strontium is deter
mined by flame photometric measurement of the 
added Sr carrier. 

Plutonium is separated by an hydroxide 
precipitation and then purified by a double 
anion exchange step: plutonium and iron are 

first absorbed in a strong hydrochloric acid 
medium and then plutonium only eluted by 
an hydrochloric-hydrofluoric acids mixture. 
Finally plutonium is electrodeposited on tan
talum discs 3 em in diam. (the deposit covers an 
area of about 3 em 2). The chemical yield is 
determined through the recovered fraction of 
the plutonium-236 tracer added. No tracer 
has been added to the samples processed for 
the determination of the 238Pu/ 239Pu ratio. De
tails of the plutonium separation procedure may 
be found elsewhere. <2 > 

(c) Activity measurements 

The strontium-90 activity is determined by 
counting strontium carbonate just after preci
pitation and then after build-up of the yttrium-
90 daughter. Moreover yttrium-90 is chemically 
separated as the oxalate and its radiochemical 
purity tested by control of the decay time. For 
beta counting anticoincidence plastic phosphor 
detectors are used, with an area of 20 em 2 

and a background of 1.2 counts/min. 
Gamma spectrometry is performed by means 
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FIG. 1. Alpha spectrum of the plutonium 
separated from an atmospheric dust sample 
collected during December 1962. Counting 

time 63 hr. · 
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Fw. 2. P1utonium-239, p1utonium-238, strontium-90 and cesium-137 concentrations in 
surface air at Ispra from mid 1961 through 1965. 

of a 3 X 3 in. Nal(Tl) integral line detector, 
connected to a multichannel analyser. 

The alpha-spectrometric measurements are 
performed on the weightless electroplated 
sources by a pulse ionization chamber. This 
is a conventional parallel plate Frisch grid 
system, contained in a cylindrical vessel. The 
collecting electrode is connected to a low noise 
preamplifier, mounted directly on the top of 
the pressure vessel and followed by a usual 
amplification chain and pulse-height analyser. 
The chamber is filled with a 98% argon and 
2% acetylene mixture at a pressure of3 kg/cm 2

• 

Mter filling, a period of about half an hour is 
allowed to elapse to obtain stable conditions 

before counting. With the electrodeposited 
samples of plutonium-239 alpha-spectra with 
50-60 keV half-widths (full width at half the 
height of a spectral peak) are normally obtained 
without collimation. A typical alpha-spectrum 
is represented in Fig. I. About 0.002 pCi of 
plutonium-239 double the effective background 
counting rate in the energy interval considered 
for the radionuclide (about 200 keV). For the 
measurement of low level activities, like those 
of plutonium-238 in air, very long counting 
times are required, so that stability is. of primary 
importance. The drift observed in our cas.e 
during measurements as long as 70 hr has been 
of about 0.5%. 
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Table 1. Air Concentrations of'mPu, 288Pu, 00Sr and 131Csfrom mid 1961 through 1965 

Month 

1961 

J uly 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

1962 

J an. 
Feb. 
Mar. 
Apr. 
May 

J une 
July 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

1963 

J an. 
Feb. 
Mar. 
Apr. 
May 
une J 

J u1y 
Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

1964 

J an. 
Feb. 
Mar. 
Apr. 
May 

J 
J 

une 
uly 

Aug. 
Sept. 
Oct. 
Nov. 
Dec. 

P1utonium-239• 
lQ-16 Cifms 

1.2 
0.83 
0.98 
1.3 
1.3 
2.9 

4.2* 

-
7.1 
6.2 
8.2 
7.4* 

3.3 
3.0 
2.6 
4.7 

4.1 
7.9 
9.6 

10.5 
14.5 
16.5 
17.5 
12.2 
6.1 
5.8 
4.3 
6.0 

10.1 
5.7 
3.6 

10.7 
11.2 
12.2 
9.3 
6.1 
4.3 
2.0 
1.3 
1.8 

Plutonium-238b Strontium-90• Cesium-137• 
10-u Ci/m3 I0-14 Ci/ms IQ-14 Ci/ms 

0.26° 0.48 0.75 

0.15° 0.32 0.58 

1.4 0.26 0.50 

2.6 0.43 0.70 
1.6 0.63 1.0 

2.8 1.5 2.3 

1.6°* 1.2 2.3 
2.0 3.6 

- 2.0 3.3 
I.8c 2.7 5.6 

1.5* 3.0 5.1 
3.5 6.9 

1.6c* 3.1 6.5 
2.2 4.8 

1.1 1.4 3.1 

1.3 1.3 2.8 

2.2 1.0 2.1 

3.7 2.1 3.9 

2.5 2.2 4.3 

3.4 3.7 6.5 

3.4 5.1 9.1 

2.4 6.1 II 

3.5 7.7 14 
3.Ic 7.9 14 

3.5 9.6 14 

2.6 7.0 9.0 

1.2 3.3 4.5 

1.3 3.1 4.7 

1.0 1.7 2.2 

1.4 3.3 4.5 

J.8c 3.7 5.6 
0.97C 2.7 3.8 

0.50° 1.6 2.5 

1.5 4.2 6.3 

2.1 5.6 8.1 
}.8C 6.0 9.5 
}.6C 4.7 7.0 

0.98 2.9 4.4 
0.95C 2.4 3.4 

- 0.90 1.5 

0.29 0.50 0.8 

- 0.80 1.3 
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Table 1. Air Concentrations. of 239Pu, 238Pu, 9°Sr and 187Csfrom mid 1961.through 1965-Cont. 

Month P1utonium-239• Plutonium-238b Strontium-90• Cesium-137• 
lQ-16 Ci/ms I0-17 Ci/m3 I0-14 Ci/m3 I0-14 Ci/m3 

1965 
Jan. 2.1 0.4QC 0.90 1.4 

Feb. 3.1 - 1.6 2.3 
Mar. 2.6 0.47 1.2 2.0 

Apr. 4.0 0.92 1.9 2.8 

May 4.1 0.90 1.8 2.9 

J 
J 

une 3.5 0.74c 1.8 2.8 

uly 2.8 0.76 1.7 2.4 
Aug. 1.9 0.48C 0.90 1.3 

Sept. 0.93 0.28 0.47 0.75 

Oct. 1.3 0.23" 0.58 0.85 

Nov. 0.55 - 0.27 0.4! 

Dec. 0.73 0.22 0.37 0.51 

Relative standard deviation due to counting only: a < 5%; b between 5 and l 0% (except values indicated 
with c); c between 10 and 20% 

- Measurement not performed. 
* Values obtained from bi-monthly samples. 

RESULTS AND DISCUSSIONS 

(a) General trend of air radioactivity 

The data in Table 1 and the graph in Fig. 2 
show the variations of the four radionuclides, 
air concentrations during the period considered. 
The variations cover a range of almost two 
decades and it will be seen that, with few excep
tions, the curves follow the well-known general 
trend of world-wide fallout, with yearly maxima 
in spring-summer and minima in autumn. Some 
sharp deviations from this profile are observed 
to occur for single points corresponding to 
months with persistent dryness or rainfall. 

An interesting and particular behaviour is 
presented by plutonium-238. A sharp rise of 
an order of magnitude, in September 1961, of 
the concentration of this nuclide was followed by 
a rather slight decrease, ending October 1962, 
when a new rise occurred to a roughly steady 
level, higher by a factor about two. The new 
plateau lasted ten months and then (late 1963) 
the plutonium-238 concentration started follow
ing rather closely those of the other radionu
clides. 

Although these facts have not been given a 
full explanation, it seems likely that one or some 

bursts of devices, affecting mainly the tropo
sphere and yielding an unusually high 2 38Pu/ 
239Pu ratio, have occurred at the beginning of 
the Russian test series in autumn 1961. This 
would explain the rise of the plutonium-238 
concentration, anticipated with regard to the 
other nuclides, and its different behaviour. In 
fact, whereas the concentrations of plutonium-
239, strontium-90 and cesium-137 in ground 
level air have been steadily increasing during 
the first months of 1962, owing to the deposition 
of the debris injected into the lower stratosphere, 
the plutonium-238 concentration has maintained 
roughly constant or slowly decreasing, because 
of the smaller content of this isotope in the 
sinking air. Almost the same seems to have 
occurred during the second heavy test series 
(autumn 1962). 

(b) Concentration ratios 137Csf90Sr, U
9Puf90Sr and 

238Puf2S9Pu 

A useful term of comparison in the study of 
air radioactivity is provided by following the 
concentration ratios between radionuclide pairs. 
As may be seen in Figs. 3 and 4 respectively, 
the values of the two ratios 137Cs/90Sr and aaPPu/ 
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FIG. 3. Distribution of the 137Csj9°Sr ratio in 
surface air from mid 1961 through 1965. 

D0Sr show a relatively small scatter throughout 
the five years considered and their mean values 
are 1.66 (standard deviation of the mean 
14.5%) and 2.20% (standard deviation 17.3%), 
respectively. Because of their relative constancy 
these ratios have been used to judge the validity 
of single concentration data. 

Unlike the two others, the ratio ofplutonium-
238 to· plutonium-239 shows wide variations 
(depending on the facts discussed above) prior 
to April 1963, when it also became fairly 
constant (see graph in Fig. 5). 
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FIG. 4. Distribution of the 239Pu/90Sr ratio in 
surface air from mid 1961 through 1965. 

A slight upward trend may be noticed in the 
last portion of the curve in Fig. 5 (late 1965) 
and this could be attributed to the arrival to 
ground level of the SNAP-9A debris, men
tioned above. <3 l The latest measurements, per
formed on atmospheric dust samples collected 
by June and july 1966, confirm this hypothesis, 
yielding for the 238Puf 239Pu ratio values as high 
as 7%, whereas the mean value, obtained aver
aging the data from April 1963 through March 
1965, is 1.94% (standard deviation of the mean 
16.4%). 

Ill VI IX IH VI IX XII 

1961 19 6 2 1 9 6 3 1 9 6 4 • 1 9 6 5 

FIG. 5. 238Pu/ 289Pu ratio in surface air at Ispra from mid 1961 through 1965. 
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(c) Hazard evaluation 

In order to estimate the inhalation hazards to 
the population arising from the four radio
nuclides considered, their air concentrations 
(averaged over 1963) have been compared with 
the MPCa. for occupational exposure for a 168 hr 
week. <4 > The following percentages of MPCa. 
were obtained for the individual nuclides: 0.16 
for plutonium-239; 0.0034 for plutonium-238; 
0.05 for strontium-90; and 0.0016 for cesium-
137. The lowest MPCa. values have been used, 
owing to the uncertainty about the solubility 
of radionuclides on airborne particles and 
consequently the figures obtained represent 
an upper limit for inhalation exposure. 

Because the inhalation dose for strontium-90 
and cesium-137 is but a fraction of the total 
dose delivered by these nuclides, as they are 
absorbed also via the gastro-intestinal tract, and 
because plutonium-238 represents a negligibly 
small fraction of plutonium-239, the interest 
for the lung burden has been confined to the 
last radionuclide. For the calculation the fol
lowing assumptions have been made: (i) expo
sure period of four years (1962-5); (ii) air 
concentration of plutonium-239 6 x 10 - 4 pCi/ 
m 3 (i.e. the mean of the values measured during 

I,R,P. VOL, I-N 

the period considered); (iii) nuclide in the 
insoluble form. 

According to the ICRP model the calculation 
yields a lung burden of about 0. 7 pCi of plu
tonium-239. 
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PLUTONIUM, TRITIUM AND CARBON-14 IN MAN 
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Abstract-The Division of Radiological Health of the Public Health Service has been aware 
for some time of the need to extend environmental radionuclide measurements to include 
plutonium, tritium and carbon-14. In 1963, exploratory measurements were begun in various 
environmental media. In 1964, a formal network was established for the measurement of 
tritium in 11 major U.S. rivers; in 1965, another network to measure plutonium, tritium and 
carbon-14 in total diets became operational. 

Data on the plutonium-239 content of air particulates show concentrations from 0.07 to 0.44 
fCi/m 3 ; the content of this same nuclide in precipitation has ranged from I 7 to 126 fCifl. 
Plutonium concentrations in total diets have ranged from less than 2.0 to 8.5 fCijkg, but no 
detectable plutonium has been found in milk. In organs from unexposed humans, the largest 
concentrations of plutonium were found in liver and in lungs, with no detectable plutonium 
being observed in bone. 

The carbon-14 content of total diets has ranged from 19.0 to 22.5 dpm/g of carbon, which 
corresponds to an enrichment above natural levels of 35 to 60 per cent. There does not appear 
to be any consistent geographic trend, nor does the concentration in milk differ markedly from 
that in the total diet. Levels in human organs do not show any great difference from organ to 
organ, with the possible exception of a lower value in adult brain. 

Concentrations of tritium in river water have ranged up to 20 nCijl, the highest levels 
being downstream from a major nuclear installation. Concentrations of tritium in drinking 
water averaged about 5 nCi/1 and data on milk and total diets indicate concentrations of from 
l to 5 nCifkg. The tritium concentration of the water fractions resulting from the combustion 
of various human organs was equivalent to 0.3 to 10 pCi/g of wet tissue. 
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DOSIMETRIC MEASUREMENTS IN BRAZILIAN REGIONS 

OF HIGH NATURAL RADIOACTIVITY LEADING TO 

CYTOGENETIC STUDIES* 

THOMAS L. CULLEN 

Istituto de Fisica da Pontificia Universidade Cat6lica Rua M. S. Vicente 263, 

Rio de Janeiro, Brazil 

Abstract-Several Brazilian regions of high natural radioactivity provide excellent oppor
tunities to study effects of chronic exposure to low level radiation and groups from Catholic 
University, New York University and University of Brazil joined in a cooperative investigation. 

In the monazite sand zone external levels are elevated and people live in intimate contact 
with surface contamination. On beaches levels run as high as 2 mRfhr and in homes up to 
0.6 mR(hr. Three sources of exposure are considered: external y-radiation; internal contamina
tion with long-lived radioisotopes; internal contamination by thoron daughter products. 

A survey with lithium fluoride dosimeters showed an average external exposure of 750 mRfyr 
with a range from 160 to 2500 mR/yr. Measurements of thoron exhaled in breath indicate 
body burdens of 0.1 to 0.6 nCi of MsTh, although the data is ambiguous. A whole body 
counter is under construction using sugar as shielding material. Theron concentration in 
homes is measured by electrostatic capture on steel cylinders and measurement in ionization 
chamber. 

Using peripheral blood techniques the cytogenetics group has found a much higher frequency 
of chromosomal aberrations in the exposed than in the control group, although data are still 
insufficient. 

Two sites have been chosen in the region of volcanic intrusives, Morro do Ferro, near Po<;os 
de Caldas, and Araxa. 

Morro do Ferro with levels up to 3.2 mR/hr is a center for studies leading to radioecology. 
Soil-grass and soil-plant studies show concentrations of 228Ra in grass and plants up to I 0 3 pCijg 
ash. Rats live in a thoron environment of up to IQ-8 Ci/l. 

In the Araxa farmland soil-food stuff relations are studied. The cytogenetic study will center 
on the small number of families who subsist mainly on food from the radioactive farms. 

THE areas of the world with high natural 
radioactivity might provide us with valuable 
information on the long-term effects of chronic 
exposure to low level radiation. It is the purpose 
of this paper to discuss one aspect of the work 
done in the monazite area of Brazil. 

Guarapari is a city of 6000 people in the 
State of Espirito Santo on the Atlantic coast. 
The interplay of river and ocean currents has 
built the sand bar on which the town sits. Black 

*Work supported by U.S. A.E.C., Contract AT 
{30-1)-2577, W.H.O., Brazilian Institute of Sugar 
and National Steel Co. 
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sand is found in patches and in layers on the 
beaches, under the town, and has found its 
way into construction material. The black sand 
is composed of ilmenite, rutile, and monazite. 
Monazite is a combination of rare earth phos
phates with 6% thorium and 0.3% uranium 
impurities. It can give rise to external levels 
as high as 1.2 mRfhr and abrupt gradients. 

The geological origins of the monazite sand <1> 

and the early surveys of external radiation· 
levels <2> have been described. Three years 
ago a coordinated multi-discipline approach 
to the studies in the several areas was begun 
by the Institute of Physics, Catholic University, 
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the Institute of Biophysics, University of Brazil 
and the Institute of Environmental Medicine, 
New York University. <3 > 

The Institute of Biophysics has been con
ducting a cytogenetic study of the population 
of Guarapari and the smaller but similar town 
of Meaipe. As a control population the town of 
Anchieta, with similar social and economic 
conditions, has been chosen. 

A cytogenetic study requires meticulous care 
and time. While the group has not processed a 
sufficient number of control samples they are 
able to make the following statement. 

"Preliminary findings of our cytogenetics 
laboratory, however, did indicate a significant 
increase in the frequency of somatic chromo
some aberrations of Guarapari's inhabitants, 
in comparison with controls. A high incidence 
of multiple break chromosomal aberrations was 
found, which is more compatible with the 
interpretation of being caused by alpha and 
beta radiation from internal emitters, rather 
than by gamma radiation." <4 > 

The Institute of Biophysics has also radio
chemically analyzed foodstuffs, teeth and ex
creta. Local foods constitute only a small part 
of the diet. The analysis of teeth and excreta 
has not given conclusive results. 

The Catholic University group conducts dosi
metric studies along three lines: external levels; 
thoron in the air; body burdens by breath 
analysis and whole-body counting. 

Social and hygenic conditions of the people 
set boundaries to the work. Infant mortality 
is high and would mask any visible effect in a 
classical epidemiological study, even if the 
population were large enough. They are simple 
people who are afraid of a big city and suspi
cious of complicated looking apparatuS. 

I. EXTERNAL RADIATION LEVEL8-

THERMOLUMINESCENT DOSIMETERS 

Lithium fluoride dosimeters are used to 
integrate over a long period of time the dose 
rate received by selected individuals as they 
moved through the variable gamma field. The 
packets consisted of Type N phosphor (Conrad) 
and were enclosed in a medal hung from the 
neck. 

The cytogenetic study determined the aim 
and protocol of distribution. The aim was to 

reconstruct, if possible, the life time dose of an 
individual once his life history is known. For 
this reason they were distributed in different 
sections of the city, to all age brackets and to 
both sexes. 

During the first phase of the study 156 dosi
meters were distributed in May 1964 and left 
with the people for three months. Of these 115 
were recovered in good condition. <oJ In the 
end ofSeptember 1965 another 384 were given 
out. This time they were more widely distri
buted through Guarapari, in the newer suburbs, 
in another monazite town, Meaipe, and in the 
control city of Anchieta. Mter six and seven 
months, hunt and find expeditions were only 
able to locate 225 of these dosimeters. 

The dosimeters were returned to Conrad for 
readout services. Two corrections were applied 
to the data received. O'Brien, Lowder and 
Solon have calculated the fraction of free air 
dose rate received from terrestrial sources as a 
function of the radiation energy and depth in 
man. <6 > At zero depth the fraction ranges from 
0.687 at 0.375 MeV to 0. 735 at 2.25 MeV. Here 
the average of 0. 70 was used to reduce the data 
to air equivalent dose rates. 

The second correction was a result of cali
bration experiments. For both years sets of 
dosimeters were exposed to standard radium 
sources with doses at the level expected in the 
field. They were then kept at normal levels 
together with unexposed dosimeters and sent to 
Conrad with the full collection. The calibration 
slope for the first experiment was 0.92 and for 
the second 0.90. This may have been due to 
fading in a tropical country. A correction factor 
of 10% was applied to all data. 

The average dose rate for the 31 7 people 
measured in the exposed population is 636 mR/ 
yr with a minimum of about 100 mR/yr and 
a maximum of 3200 mRfyr. The data are 
presented in Table 1, grouped according to 
neighborhoods and towns. The neighborhoods 
of Guarapari are designated by certain street 
names and are listed in the order of descending 
external levels. The distribution of dose rates 
received by the exposed population is given in 
Table2. 

The first observation that can be made is that 
the movement of daily life tends to equalize 
dose rates. The highest external levels are found 
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Table 1. Average Air Equivalent Dose Rates 
received by samples of populations of Guarapari, 

Muquifaba, Meaipe and Anchieta, Brazil 

Town and neighborhood 

Guarapari 
Pedro Caetano 
Sizenandro Bourgninon 
Joaquim Lima 
Getulio Vargas 
Henrique Coutinho 
Church Hill 

Muqui~taba and other 
suburbs 

Meaipe 
An chi eta 

No. of 
people 

85 
32 
31 
24 
24 
22 

65 
33 
23 

Dose rate 
(mR/yr) 

785 
608 
594 
549 
514 
393 

562 
777 
98 

in Pedro Caetano, which also happens to have a 
concentration of people. The doses are lower 
than one would expect, because people move 
from home to work or to school The external 
levels on the Church Hill and in Muqui<;aba, 
on the other extreme, are hardly above normal 
but these people also move into the town for 
work, school and medical services. 

The individual's annual dose is a function of 
his horne, his age and his work, and the presen
tation of average data tends to obscure the wide 
difference existing. One elderly couple on the 
main street receives annual doses of 199 and 
212 mR. Around the corner in another horne 
the individuals received 1560, 1310, 1670 and 
1190 rnR., the smallest being that of a school 
girl. On Getulio Vargas Street a doctor and his 
wife receive 1220 and 1210 rnR while a man two 
doors away receives 215 rnR. 

In the winter survey of 1964 the people in 
Pedro Caetano received an average dose of 
714 rnR while in the summer months of 1965-6 
the average dose was 540. This is due not only 
to the fact that in the heat they tend to remain 
outdoors but also because several families rent 
their homes to vacationers and live in another 
section. 

A monazite separation plant, Mibra, was 
closed down in December 1963 but has main
tained a skeleton staff. In 1964 these workers, 

Table 2. Dose Rate Distribution in 
Radioactive Towns, Brazil 

Range 
(mR/yr) 

0- 99 
100- 199 
200' 299 
300- 399 
400- 499 
500- 599 
600- 699 
700- 799 
800- 899 
900- 999 

1000-1099 
1100-1199 
1200-1299 
1300-1399 
1400-1499 
1500-1599 
1600-1699 
1700-1799 
1800-1899 
1900-1999 

more than 2000 

No. of 
people 

0 
23 
42 
47 
47 
40 

26 
15 
14 
10 
8 
9 
4 
5 
5 

2 
7 
0 
2 
3 
5 

because of rejected sand left nearby, received 
an annual dose of 990 mR and in 1965-6 
1015 rnR. The rejected sand, with levels of 
0.25 rnRjhr, is used as a football field by 
youngsters and contributes to the level of the 
population on Sizenandro Bourgninon Street. 

School dropouts receive higher dose rates 
than children who remain in school, but further 
grouping of data according to age or sex would 
fail to show any significance. The aim of the 
survey was to assess the dose rate received by 
individuals of different ages and occupations 
who lived in certain homes. A sufficiently large 
body of data exists now that reasonable estimates 
can be made. 

The opinion of the cytogenetics group in the 
Institute of Biophysics however is that the aber
rations observed are not due to external radia
tion. 

The people in the control town of Anchieta 
received approximately normal levels, as was 
expected. 
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2. THORON IN THE AIR 

An important contribution to the internal 
dose rate can come from the concentration of 
thoron in closed bedrooms, with the subsequent 
deposition of decay products in different body 
organs. Scintillometer readings of 0.1 to 0.6 
mR/hr next to walls in the homes showed the 
possibility of high thoron concentrations in the 
a1r. 

Some attempts to measure the concentration 
have not met with complete success. Staplex 
filter measurements in the streets show the 
presence of daughter products of the order of 
0.3 pCijl. 

This year an electrostatic deposition method 
was attempted in closed rooms. Sheets of 
stainless steel were mounted in a cylindrical 
frame. A voltage source maintained an inner 
electrode at a positive potential of 1000 V. 
The decay products of thoron and thorium A 
are captured on the inner surface of the metal. 
The metal is then placed in a 4 liter ionization 
chamber and the current read with a vibrating 
reed electrometer. 

The apparatus itself gives satisfactory results 
and thoron is measured. What was not foreseen, 
however, was the reluctance of some people 
to permit a strange looking metal object in 
their rooms at night. A further problem is the 
impossibility of installing a fan and, without 

circulation, the readings have no certain mean
ing. It is estimated that the concentrations are 
above 1 pCi/1. 

A further attempt was made with the appara
tus designed by Robert T. Drew of New York 
University, to measure the high concentrations 
in rat holes on Morro do Ferro. A sample of 
air is drawn into a 200 ml flask, coated on the 
inside with zinc sulfide, and the sample is alpha 
counted. Eleven measurements made in a rainy 
period showed negative results. It is estimated 
that the concentration at that time was less than 

4 pCi/l. 

3. BODY BURDENS 

(a) Measurements of Thoron in Breath 

Because the cytogenetic data suggested the 
presence of internal contamination, measure
ments of thoron in breath were resumed. This 
is an easy and, at the time, the only available 
method of testing for the presence of meso
thorium in the body. 

The method, elaborated by Dudley, relies 
simply on the fact that a certain fraction of the 
thoron produced in the body is exhaled. A 
person is asked to breathe for an hour into a 
50 liter soup pot. Through the top is sus
pended a 1 in. brass disk connected to-8000 V. 
The recoil nuclei of the decay products of 
thoron and thorium A are electrostatically 

Table 3. Boc[y Burdens inferredfrom Thoron-in-breath Measurements, Guarapari 

Subject Sex Age I Occupation Mibra* 22<Ra 

(nCi) 

A F 47 Housewife - 0.52 
B M 50 Owns bar 25 0.28 
c F 17 Bakery - 0.23 
D M 46 Owns bar 12 0.20 
E F 38 Housewife - 0.16 
F M 39 Mibra 25 0.45 
G F 18 Telephone - 0.31 
H M 43 Mibra 25 0.31 
I M 16 Mechanic - 0.29 

J M 56 Mibra 25 0.22 
K M 17 Student - 0.22 
L M 57 Office - 0.18 
M F 22 Pharmacy - 0.16 

* Mibra: Years of work in monazite separation plant. Plant closed December 1963. 
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captured. The disk, which has been covered 
with a layer of zinc sulfide, is placed on a simi
larly covered phototube. Each disk is alpha 
counted for several hours and only four can be 
counted per day. 

A large uncertainty remains in the results 
because of the unknown efficiency of exhalation. 
If the mesothorium is an old deposit in the 
skeleton only 0.1 % is exhaled. If it is in the 
liver or spleen 8% is exhaled. The apparatus 
was tested several years ago with three thoro
trast patients and confirmed the figure of 8% 
exhalation. 

The data for 13 subjects from Guarapari are 
given in Table 3. An exhalation efficiency of 
8% is assumed, thereby giving the lowest 
estimate of body burdens. It is possible that 
this is wrong by more than an order of magni
tude. The decay curves are given in Fig. 1. 
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Fro. I. Typical decay curves for thoron-in
breath measurements. 

The choice of subjects centered on families 
who have lived all their lives in Guarapari, 
but the definite selection was based on a list 
of people with chromosomal damage furnished 
by the Institute of Biophysics. The subjects 
listed under letters A, H and L are known to 
have chromosomal aberrations. 

(b) Whole-body Counting "The Sugar Bowl" 

Since the thoron-in-breath measurements 
indicated a body burden of less than 1 nCi and 
this could be wrong by more than an order of 
magnitude, an attempt at whole-body counting 
was considered justified. 

I.R.P. VOL. I-N* 

Ten metric tons of sugar were obtained from 
the Brazilian Institute of Sugar and Alcohol 
and half a ton of iron from the National Steel 
Co. as shielding material. The chemical purity 
of sugar and its low price make it an ideal shield. 
As shield thickness increases, however, the 
volume and mass grow disproportionately. A 
compromise was sought using the principles of 
the shadow shield. 

The 166 sacks of sugar, each 60 kg, were 
arranged in the form of a bowl to give the equiva
lent of 6 in. iron shielding below the subject and 
4 in. on the sides. Above the cave a shield of 
3 X 3 in. iron bars was used together with 2 in. 

Fro. 2. View of sugar shield for whole-body 
counter. 
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Table 4. Body Burdens Measured by Whole-body Counting 

Subject Sex Age Occupation Mibra* 
zz4Ra a2aRa 

(nCi) (nCi) 

A F 47 Housewife - 5.5 5.0 
B M 50 Owns bar 25 5.1 N.D. 
N M 39 Fisherman 6 5.1 12.5 

0 M 41 Owns Bar 12 3.3 N.D. 

* Mibra: Years of work in monazite separation plant. Plant closed December 1963. 
Note: Subjects A and B are listed under the same letters in Table 3. 

of lead. The shield and detector were housed 
in a wooden shack in the veranda under the 
University building. The building added 1.3 m 
of concrete to the shielding. A picture of the 
whole-body counter is given in Fig. 2. 

A 4 X 4 in. Na (Tl) well-type crystal, inte
grally mounted to a phototube was used. A 
small reamplifier sent the pulses through a cable 
to the fifth floor laboratory where the counts 
were registered by a Nuclear Data 256 channel 
analyzer. 

The background index, defined here as the 
total counting rate from 0.4 to 2.0 MeV 
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divided by the volume of the crystal, was found 
to be 0.92 cpmfcc. This was considered rea
sonably good for a provisional counter. 

The counter was calibrated with standard 
solutions of 226Ra and 228Ra. The solutions 
were sandwiched between two 4 in. thick plastic 
bottles filled with distilled water to represent 
a phantom of the chest region. 

The standard error in the calibration experi
ments can be used to estimate a lower limit of 
sensitivity. Defining the Minimum Detectable 
Amount as twice the standard error, the M.D.A. 
for 224Ra is 1.2 nCi and for 226Ra 1.8 nCi. 

160 ISO CHANNEL NUMBER 

Bi 214 Bi 214 Tl 208 

I I I 
2.20 2.43 2.61 

.. ..... ... . .. · . 

.. .. 

Fro. 3. Whole-body counting spectra. A. Ten Guarapari subjects with background. 
B. Background. C. Ten Guarapari subjects minus background. D. Ten Rio de Janeiro 

· subjects minus background. 
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In a provisional set up it is impossible to 
hold error to a minimum. It is necessary to 
assess them carefully, especially the systematic 
errors. Among the smaller errors are temperature 
change and the subsequent gain shift in the 
phototube leveling off the peaks of some chan
nels. Another is the variation of the natural 
background in the well ventillated shack. 

Among the two major sources of error is what 
can be called partial body counting. To lower 
the background iron bars were closed in tightly 
about the crystal reducing the cone of sensitivity. 
Head, shoulders and at least the upper part 
of the lungs were not within the sensitive cone. 
The 40K peak was studied to estimate the 
fraction of the body counted. Assuming normal 
potassium content, the conclusion is reached 
that less than a fourth of the body was counted. 

The second major source of error was noise 
captured by the cable. This was studied separ
ately with the phototube voltage off and amoun
ted to approximately 30% of the background 
in the channels of interest. The error rests in 
this, that noise is not constant. 

Eleven individuals came from Guarapari to 
be counted. Ten subjects from Rio de Janeiro 
were also counted. More than a score of back
ground measurements were taken. For each 
channel in the spectrum the counts from ten 
subjects from Guarapari were averaged. The 
same was done with ten backgrounds and ten 
subjects from Rio de Janeiro. The graph of 
these averages is given in Fig. 3. The activity 
of the Guarapari people seemed to be high 
enough to pass from the idea of population 
sample to make cautious statements about 
individuals. 

But the sensitivity of a whole-body counter 
depends less on the background than on the 
stability of the background. If the ten Rio de 
Janeiro subjects are accepted as background 
all the Guarapari subjects have body burdens 
of 224Ra from 0.5 to 10 nCi. B.ut the noise in 

the cable varies too much for us to assume that 
the background of one week is equal to that of 
another. 

Accepting the spectrum with the highest noise 
level in the three weeks of operation as the back
ground, the body burden for three Guarapari 
subjects is given in Table 4. The energy regions 
for 214Bi have been chosen from 1.575 to 1.860 
MeV and for the 208Tl peak from 2.57.'1 to 2. 730 
MeV. The suggestion of peaks in these regions 
of interest confirms the conclusion of the pre
sence of internal contamination. Four other 
people appear to have measurable body burdens, 
but nothing can be said with confidence because 
they are below the M.D.A. 

Nothing is known about the origin of the 
body burden and, for the present, it is assumed 
that intimate contact with surface contamina
tion and dust in the air is the source. For this 
reason the data is given for 224Ra. 

One of the subjects mentioned in Table 4, 
A, is known to have chromosomal aberrations. 
It is believed that the continuation of this 
research project can shed light on the biological 
consequences of chronic exposure to low level 
radiation. 
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PLUTONIUM CONTAMINATION OF LARGE LAND AREAS 

WILLIAM S. JOHNSON, Sr. 

Eberline Instrument Corporation, Santa Fe, New Mexico, U.S.A. 

Abstract-The contamination of large land areas with significant quantities of plutonium 
has been essentially a situation unique to the non-nuclear detonation of nuclear weapons. 
However, with the increased use of Pu-239 for non-weapons applications and the availability 
of Pu-238 in quantity, health physicists need information on the magnitude of the contamina
tion associated with plutonium accidents. 

The results of the most extensive field experiments to date, Operation "Roller Coaster" 
sponsored by the United States and the United Kingdom, provide an insight into the radio
logical problems of such accidents. As is the case in any true accident involving radioactive 
material, it is necessary to function and evaluate under conditions entirely different from 
routine plutonium operations. Special equipment was field tested to enhance plutonium 
detection by low energy electromagnetic radiations in addition to more conventional alpha 
monitoring. These techniques may be applied to improve personnel safety and to speed up 
the collection of radiological measurements where Pu-238, Pu-239, Am-241 and other trans
uranic elements are involved. 

IF THIS were an audience of the general public, a 
more intriguing title would be "The Two Faces 
of Plutonium". However, in speaking to this 
very distinguished group of health physicists, 
much of the background and historical data on 
plutonium can be omitted. It is sufficient 
to comment that the discovery, introduction 
and use of plutonium have been accompanied 
by radiological protection measures of unpre
cedented magnitude. Continuous air monitor
ing, isolation techniques, protective equipment, 
special instrumentation and complete bioassay 
programs have become the acceptable practice 
wherever plutonium is handled. 

Opposed to this is the plutonium contamina
tion of large land areas when essentially all of 
these control mechanisms are difficult if not 
impossible to institute. This is a situation unique 
to the non-nuclear detonation of a nuclear 
weapon wherein the chemical explosive is de to-· 
nated at some point in handling, storage or 
transportation. It was thrust into the limelight 
of international news last January over the 
southeast coast of Spain during an inflight 
refueling operation of two aircraft of the U.S. 
Air Force. 

physicist who may find himself at the scene of 
a plutonium accident? Fortunately, extensive 
field experiments, notably Operation "Roller 
Coaster" conducted jointly by the U.S. and 
the United Kingdom, provide an insight into 
some of the problems. In truth, accidents 
involving plutonium may be categorized as 
any other radiation accident where the health 
physicist should: 

(a) Have a clear understanding of the prob
lems to be solved and their order of 
priority. 

(b) Reorient himself as to acceptable levels 
of exposure and contamination. 

(c) Be current on measurement techniques 
for a variety of circumstances. 

Taking these categories in order one must first 
consider the saving of life and property. Or a 
fire may be involved where precedence is 
given to extinguishing it. Highly sensitized 
chemicals which will detonate on contact may 
be found in the debris. There is the possibility 
that a small fission contribution may have oc
curred during the explosion. In this case ener
getic gamma radiation of 1000 r/hr or more 
may be encountered. Radiological cqntrols 

What information is available to the health will be governed by this radiation regardless 

379 
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of the presence or absence of plutonium con
tamination. Other debris must be approached 
with caution because it will exist in a twisted 
and jagged form such that contaminated wounds 
may occur frequently. Obviously daytime 
operations are preferable, if not mandatory. 
Control of access and egress of personnel and 
equipment must be established regardless of 
the radiological situation. Non-essential per
sonnel are removed and upwind control points 
established. 

7K 

K 6 
3K 

n 

when the site is re-opened to unrestricted traffic. 
Just as in the case of the radiation accident 

involving fission products or energetic gamma 
sources it is necessary to shift gears mentally 
in evaluating contamination levels of signifi
cance. For example, we concern ourselves daily 
with the measurement of exposure rates of a 
few mr(hr or less, while at the accident scene we 
deal in many multiples of r(hr. To bring the 
situation under control one has to devote atten
tion to dose rates of this magnitude. Similarly 
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FIG. 1. Electromagnetic radiation spectrum of standard plutonium source (19383) 
and postdetonation debris (double tracks). 

Having progressed to this point, one can 
begin to think about plutonium contamination, 
monitoring assignments and other radiological 
protection measures associated with alpha con
tamination. As a general rule, it is preferable 
to isolate the area of immediate concern by 
moving "in" toward the center and to follow this 
by moving "out" to the more distant points. 
These actions will define the magnitude of the 
area in preparation for the second, or long-term 
effort, which can be approached in a more 
leisurely, planned manner and which concludes 

where plutonium is involved, one cannot be 
diverted from the immediate mission by a strict 
accounting of all places where laboratory 
tolerances of 100 cpm or 500 cpm or 1000 cpm 
may occur. To be quite blunt, until a portable 
alpha counter registers a completely off-scale 
reading, one has not located the area requiring 
priority attention. 

While we are all prone to relate plutonium 
contamination monitoring to alpha measure-· 
ments, it is not a pleasant thought to contem
plate this "hands-and-knees" effort over tens 
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FIG. 3. Downwind alpha contamination plot following field experiment. 
Distances in feet are measured from detonation point. 

381 



382 WILLIAM S. jOHNSON, Sr. 

of acres, square kilometers or square miles. 
As a matter of fact, it can exhaust youjust 
thinking about it! So we look for a solution of 
convenience and try to do what we can with 
the electromagnetic radiations associated with 
plutonium. Figure 1 not only shows the expec
ted 17 keV peak but also a second peak re
presenting the Am-241 which occurs in varying 
minor percentages in all plutonium. Note that 
the Am: Pu ratio increases from a clean source 
to deposited fallout indicating the ease with 

prevailing meteorology. At 2500 feet the maxi
mum contamination level was between 10,000 
and 100,000 cpm/60 cm 2 probe area. This 
means that the area of immediate concern is 
relatively confined. As one approaches the 
centre, however, contamination levels increase 
rapidly and irregularly being the result of a 
"debris throwout" phenomenon rather than 
true fallout. Removal of debris, especially metal
lic debris, is an effective decontamination 
measure in the area. 

- 100 CPM ALPHA SURVEY 
~-- MINIMUM DETECTABLE 

LIMIT OF GAMMA SCANNER 

Fw. 4. Portable alpha counter vs mobile low energy gamma scanner (Fig. 5) 
contamination plots (compare with Fig. 3). 

which 17 keV can be effected by environmental 
conditions. Indeed, soil homogenously mixed 
with weapons grade plutonium contaminant 
will mask 17keV at a thickness of about 2g/cm 2 

(Fig. 2). It is well to remember this potential 
for gamma detection in dealing with Pu-238 
which exceeds that of Pu-239 by several orders 
of magnitude because of its higher specific 
activity, abundance and energy. 

To bring this discussion to practical terms, 
a fairly typical fallout pattern is shown in Fig. 3. 
It developed, as would be expected after an 
explosion, in the down.wind pattern of the 

The comparative sensitivity with low energy 
gamma detection is given in Fig. 4. The alpha 
and gamma contours are most consistent at 
greater than 1000 cpm alpha. These data were 
taken with a specially designed vehicle (Fig. 5). 

The shielded detector projects in front and 
the electronics (single channel analyzer) and 
readout are mounted inside the cab. The bicycle 
wheel in the rear is synchronized with the re
corder chart drive for positional reference. The 
large appurtenance on top is an air conditioner 
added for personal and equipment requirements 
in hot climates. At the sacrifice of one or two 
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Fw. 5. Mobile low energy gamma scanner. 

orders of magnitude in sensitivity, a gamma 
detection device can be made completely 
portable at under 10 lb total weight. Develop
ments are presently under way to retain sensitiv
ity in a 20 lb device with microcircuitry though 
the complete product is some 2-3 years away. 

A few personal conclusions on associated 
problems are in order. First, plutonium depo
sitions on land are quite resistant to resuspen
sion. After the passage of the explosion-formed 
cloud, the hazard decreases by probably a mini
mum factor of 100. Further reduction through 
simple stabilization measures (water spray, 
etc.) is effective. 

Secondly, percolation into soil is extremely 
limited if a factor at all. The top inch contains 
nearly 100% of the contaminant even after 
long weathering. This means that soil decon
tamination is best accomplished by the removal 
of a thin layer-thinner than is feasible with 
large earth moving equipment, unfortunately. 

Air concentrations related to operational 
activities of personnel are difficult to obtain. 
These activities are not repetitive either in 
time, location or function. One normally pro
vides respiratory protection in the form of the 
full face mask without benefit of air concen
tration information. 

The August 1966 Newsletter of the Health 
Physics Society carried a summary of the report 
of the Society's Civil Defense Committee. One 
of the statements in this report encouraged 
members to become acquainted w.ith the "pro
cedural differences between these [accidents] 
and the usual peace-time operations". The 
weapon accident or other plutonium-scattering 
events, as infrequent as they may be, do require 
procedural differences. It should be emphasized 
that they are completely manageable with 
safety and thoroughness when competent per
sonnel have planned for them. 



RAPPORTEUR PAPER 

HYDROSPHERIC FOOD CHAINS 

J. K. MIETTINEN 

THis session contains papers on factors gov
erning the uptake of radionuclides in the 
hydrospheric environment, marine or fresh 
water. In all these papers attempts are made 
to elucidate general factors, which make possible 
the prediction of the contamination level of 
different organisms, especially fish, in given 
pollution conditions. 

The first of these papers is by Dr. Rinnosuke 
Fukai, from the International Laboratory of 
Marine Radioactivity, operated at Monaco 
by the International Atomic Energy Agency. 
It is titled "Some Biogeochemical Considera
tions on the Radioactive Contamination of 
Marine Biota and Environments". In this 
paper the author points out that if the over-all 
distribution of a given stable element in sea 
water and in marine organisms is known, the 
ultimate level of the radio isotopes of the same 
element in the same organisms can be predicted. 

The authorhas determined the average con
centrations of two stable elements, Co and Cr, 
in various biogeochemical phases. What the 
author calls "standard abundance" values (in 
p.gfkg) are presented in his Table 1. As can be 
seen, considerable concentrations of these trace 
metals are found in several organisms and 
sediments, compared with those in sea water. 

The author has also compiled from the litera
ture and from his own studies, data on the dry 
weight as a percentage of the wet weight in 
representatives of four phylae (Fig. l). As can 
be seen, the spread is quite large, in the case of 
algae, for instance, from less than 5% to 45%. 
Thus, the average values of "standard abun
dances" cannot be accurate, as the author him
self points out, but they are useful in giving the 
first rough idea of the concentration of the 
element in representatives of different trophic 
levels. 

To express the relationships between the 
concentration of a certain element in marine 

organisms and that in sea water, the term con
centration factor or enrichment factor is in 
common use. The term is usually defined as the 
ratio 

amount of a nuclide or element in unit mass 
of a fresh organism 

amount of the same nuclide or element in' 
unit mass of sea water 

Thus, for trace elements the ratio is usually 
expressed 

p.g of element/kg fresh organism. 

p.g of element/1 sea water 
According to the opinion of the author, the 
term concentration or enrichment factor implies 
that in the case of radionuclides the higher 
concentrations are more hazardous. He points 
out that this is not so, however, as it is a high 
specific activity (Ci per g stable element) of 
the radionuclide which is hazardous, not a high 
"absolute level" (Ci per g tissue). The author 
proposes the term "abundance ratio" to be 
used instead of concentration or enrichment 
factor, to avoid confusion. 

Personally, I am not convinced that the 
introduction of a third name for this same ratio 
would decrease or increase the confusion, al
though it might be preferable from one point of 
view. The colourful term enrichment factor 
also has its advantages, at least for accuracy, 
as it need not be based on an average dry weight 
of a phylum. 

The second paper, by Dr. W. Feldt, from the 
Isotope Laboratory of the Federal Research 
Institute of Fischery, in Hamburg, Germany, is 
titled "Radiation Protection Aspects in the 
Survey of Fish regarding their Radioactive 
Contamination". Dr. Feldt looks at the problem 
not only from the viewpoint of the radiation 
protection of man, but also that of fish. ln 
addition he studies critically the factors affecting 
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the contamination levels in fish. The author 
states that the contamination level of fish in 
regard to 90Sr is inversely proportional to the 
Ca concentration in the water and can be cal
culated from the 90Sr and Ca concentrations in 
the water by the equation 

K - D . 9oSr/l. 
F- WF Ca/1. 

DwF is the discrimination factor water/fish, its 
value varying from 0.2 to 0.3 in various fish 
species. 

The 90Sr and 137Cs contents of fish from lim
nologically widely different waters during 1964 
are presented in the author's Table I. As 
the fish species caught from fresh water and 
marine environments are different, direct com
parison is not possible, but one can see that 
the radionuclide contents in the fresh water 
fish are generally 10 to 100 times higher than 
in the marine fish. 

In his Table 2 the author presents the con
centration factor for 90Sr and 137Cs in waters 
having different Ca contents. In each column 
values for 90Sr are on the left-hand, those for 
137Cs on the right-hand side. The concentration 
factor is defined in the usual way, for 90Sr for 
instance 

pCi 90Sr per kg fish (fresh wt) 

pCi 90Sr per liter water 

For 90Sr the enrichment factor changes from 570 
to 1 with increasing Ca content of the water 
(from 10 to 400 mg Cafl). For 137Cs the values 
change from 2000 to 23, with increasing Ca 
content. We shall see in a later paper of this 
session that it is really the potassium content of 
the water which determines the 137Cs level in 
fish. 

Dr. Feldt points out, that in order to evaluate 
the possible radiation risk to man from con
sumption of contaminated fish, one can use the 
specific activity of water and fish assuming that 
they must not exceed the maximum permissible 
specific activity (MPSA) in the human body, 
which has been set to 30 t-tCi/g Sr by the U.S. 
National Academy of Sciences National Re
search Council in its Publication No. 985 
(1962), titled "Disposal of Low-Level Radio
active Wastes into Pacific Coastal Waters". 
Dr. Feldt presents in his Table 3 the specific 
activities of fish, t-tCi 90Sr/g Sr. As can be seen, 

the most radioactive fish, pike from an oligo
trophic fresh water lake, have an activity 0.14% 
of the MPSA, ocean fish having only 0.001% or 
less. 

For 137Cs the specific activity of North Sea 
fish is about 0.0001% of the MPSA. For fresh
water fish it cannot be calculated as their 
content of inactive caesium is not known well 
enough. 

Dr. Feldt has calculated the gonad doses for 
fish of two species, the contamination levels 
of which are presented in Table 4. The first 
species is typical of the Baltic Sea and the 
second represents the highest contamination 
level in the oligotrophic fresh waters. According 
to rather complicated calculations, the gonad 
dose of the Baltic Sea fish due to the two arti
ficial nuclides 90Sr and 137Cs amounts to only 2% 
of the gonad dose caused by the natural radio
nuclide 4°K. 

For the fresh water fish the dose from 4°K 
is 0.23 mremfweek and from 90Sr plus 137Cs 
is practically the same, i.e. 0.29 mremfweek, 
thus the latter together add about 100% to the 
natural dose. 

The author concludes that the consumption 
of marine fish as human food does not constitute 
a radiation risk to man at present. The popula
tion of Northern Germany gets only about 5% 
of its body burden of 137Cs through fish. Only 
fresh-water fish from the most calcium deficient 
lakes can play an important role in the dietary 
intake of 137Cs to some population groups. The 
author emphasizes the need for increased 
monitoring of such critical waters. We shall 
see below that in Finland we have come to 
exactly similar conclusions in our studies. 

The third and fourth papers report results 
of a research project carried out in our 
laboratory, The Department of Radiochemis
try of the University of Helsinki, using a grant 
from the U.S. Department ofHealth, Education 
and Welfare. The third paper, by Drs. Hasa
nen, Kolehmainen and myself, is titled "Bio
logical Half-times of 137Cs and 22Na in Different 
Fish Species, and Their Temperature Depen
dence". This paper summarizes our results on · 
this subject obtained during the last two years. 
These studies became of real importance "when 
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we found very high concentrations of 1
37Cs 

in fresh water fish in 1962. The highest value 
observed hitherto is 26 nCifkg fresh weight 
in the Finnish perch, measured in 1965. This 
is more than twice as high as Dr. Feldt's maxi
mum value for the Kolksee pike. Fish flesh is the 
primary source of 137Cs for Finnish population 
groups consuming fresh water fish, with the 
exception of reindeer herding Lapps and others 
consuming much reindeer or caribou meat, 
which contains even more 137Cs than fresh water 
fish. The very laborious half-time determina
tions became necessary as very few papers have 
been published on excretion rates of 137Cs in 
fish and none of these studies was made with 
species living in Finnish fresh waters. 

Our experimental technique has varied 
slightly, but in most cases we have labelled 
each fish individually by giving it a precisely 
known amount of 137Cs-usually 250 or 500 
nCi-orally in a tiny gelatine capsule. The 
capsule has been applied by small forceps 
through the oesophagus of the fish. Each fish 
has been marked by clipping different fins and 
measured alive in the Institute's mobile whole 
body counter, first daily, later less frequently 
(Fig. 1). In laboratory experiments the fish 
were kept alive in thermostated aquaria. In 
field experiments they were placed in large 
cages made of Japanese nylon net suspended in 
an oligotrophic lake. The fish were regularly 
fed with either commercial inactive fish food, or 
milled inactive fish. The counting was per
formed by using a multichannel analyzer and 
the statistical error was smaller than 3%. Such 
a statistical error is small compared with the 
biological variance, which we have found to 
be 25% for individual fish, and 6% (1 a) for a 
group of 15 fish of the same species and age after 
one half-time from the labelling. 

The results of a typical experiment are 
illustrated in Fig. 2. We can see that, as in 
many mammalia, the excretion rate follows a 
double-exponential function. A smaller fraction, 
typically 10 to 20%, shows a short biological 
half-time marked TBH usually varying from a 
part of a day to a few days (in this case it is 
7 days at 15 °C). Evidently this fraction mainly 
represents 137Cs in the extracellular space. The 
remaining amount shows a biological half-time 
(TB2) many times longer, varying from a few 

days to hundreds of days (in this case 80 days 
at l5°C). This fraction evidently represents 
1 37Cs in the intracellular space and especially 
within the muscle cells. In fish and other cold 
blooded animals the half-time is sharply depen
dent on temperature. When, in this experiment, 
at the beginning of October, the water tempera
ture decreased within 2 weeks from 13° to 5°C, 
the value of the slow component increased to 
about 230 days. 

The other results are summarized in Table 1. 
After the fish species, the type of experiment is 
mentioned. In the third column the age of 
the fish is given since in most species the half
time increases with increasing age of the fish 
(e.g. see roach). The next column gives the num
ber of fish in the experiment. We attempted to 
have at least 15 similar fish in each experiment, 
but it was not always practicable. In the next 
column is the temperature, which in the field 
experiments varied more than in the aquaria, 
which could be thermostated. The last two 
columns contain figures for the fast and slow 
components of excretion: the half-times in 
days and the percentage of the component. 

As can be seen, perch have the longest half
time, 200 ± 20 days at l5°C. There may be 
some increase in the value of the slow component 
with the ageing of the fish but the change is not 
definite. In roach the half-time in young fish 
(57 days) is about half that in the old fish (105 
days). The age dependance is also clear in the 
rainbow trout, also the temperature dependance 
in all cases when determined. The half-time 
is about doubled when the water temperature 
decreases from 15° to 5°C, i.e. by 10 degrees. 

The results on 22Na are presented in Table 2. 
Only the long component is recorded since 
for sodium the presence of a short component 
in the excretion curve is not always certain.· 
From perch and roach a small amount (5 ± 
3%) was consistently excreted very rapidly, and 
from rainbow trout 20% at 6°C, but none was 
observed at the higher temperature. Tempera
ture dependance seems to be similar to the case 
of the 137Cs excretion: reduction to about one
half, with a temperature decrease from 15° to 
5°0. 

Also in this paper there is mentioned 
all of the similar studies that we have 
found in the literature. Unfortunately, most 
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cases are of little interest as a different species 
was studied and it is not clear whether the fast 
or slow component is given. Also the age of the 
fish and the temperature were not mentioned, 
but in two cases results rather similar to ours are 
reported. Scott reports for the brook trout 
(Salvelinus jontialis) a half-time of 47 days which 
corresponds to our 25 to 80 days in rainbow 
trout (Salmo iridaeus) of different ages at l5°C. 
Kevern, Griffith and Grizzard report for the 
carp (Cyprinus carpio) 98 days at 20°C, and 
174 days at 12.5°C, values which are rather 
similar to those we found for the closely related 
Crusian carp (Cyprinus carassius). It may be 
mentioned also that Williams and Pickering, 
and Nelson and Early, in two different studies, 
report for the blue gills (Lepomis machrochirus) 
a half-time of 40 days for the 137Cs excretion. 

It can be concluded from these studies that: 
( 1) the biological half time of 137Cs in different 
fish species varies greatly, up to 10-fold, being 
one of the main factors causing different body 
burdens of this nuclide in different fish species; 
(2) in winter the half-times are much longer 
than in summer, for instance in perch well over 
one year. 

The fourth paper, by Drs. Kolehmainen, 
Hiisanen and myself, is titled " 137Cs in 
the Plants, Plankton and Fish of the Finnish 
Lakes and Factors affecting its Accumula
tion." 

In this paper results from the years 1964 and 
1965 are reported of an environmental investi
gation for 12 lakes of widely different limnologi
cal types, varying from eutrophic (rich in 
nutrients) to oligotrophic (nutrient deficient). 
Some limnological analyses of these lakes are 
presented in Table 1. The first lake is nutrient 
rich, the last ones extremely nutrient deficient. 
The potassium content in the first lake is 3. 5 
mg/l., in No. 10 only 0.2 mg/1. As can be seen 
in the last column the pollution level in these 
lakes from the global fallout varies very little, 
only about 2-fold, the extreme difference being 
4-fold. This is, of course, one of the factors 
determining the contamination level of the 
organisms, but as can be seen, a minor one from 
the viewpoint of differences in the Finnish lakes. 

Our results further show that the 137Cs 
content of all organisms depends sharply on the 

potassium concentration of the water, which 
is the main factor determining the 1

37Cs level. 
The contamination of the same organism varies 
more than 10-fold in different types of lakes as 
can be seen below. 

In Table 2 some plankton analyses are pre
sented, the lakes being in the same order as in 
the previous table, No.1 being the most nutrient
rich. As can be seen, the 137Cs content of the 
plankton varies about 10-fold, in one extreme 
case even 500-fold. The results represent mainly 
zooplankton, the percentage of phytoplankton 
being shown in the last column. Comparison 
between different years and lakes is difficult 
as the composition of the samples varies greatly, 
even from the same lake at different times. The 
approximate composition of the samples col
lected in 1965 is shown in Table 3. 

The above tendency is also visible in the 137Cs 
values of the higher plants, especially species 
rich in minerals like the horsetail (Equisetum 
fluviatile). Values for 2 higher plants are pre
sented in Table 4. As can be seen, there is an 
approximately 20-fold difference in the 137Cs 
content of plants grown in eutrophic and oligo
trophic lakes. The values of higher plants do 
not always change regularly, but horsetail 
seems to be usable as an indicator species. 

Relatively few samples of bottom animals have 
been obtained. Results of three samples are pre
sented in Table 5. The values are practically 
the same as in plankton from the same lake. 

Most clear-cut is the inverse relationship of 
the 137Cs content of fish and the potassium 
content of the lake water. It is best illustrated 
in Fig. l of this paper. As can be seen, down to 
a K content of l mg/1. the 137Cs content in pike 
remains low ( < 3 nCifkg), but with the K 
content 0.6 mg/1. it reaches the very high value 
of 21.3 nCi/kg fresh wt. The extreme differences 
within the same species are 1 00-fold. The 
deviating case is a lake polluted by wastes 
from the cellulose industry, mainly Na and Ca 
cations. The 137Cs contents of other fish species 
are shown in Table 6. 

A third factor determining the body burden 
offish is the 187Cs content of the food of the fish. 
Our results show that this is a minor factor 
effecting usually no more than 2- or 3-fold 
differences. 

The fourth factor, and an important one, is 
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the biological half-time of 187Cs which in the 
previous paper was shown to vary from 20 to 
200 days at l5°C. The biological half-time of 
137Cs in perch and pike, for instance, is over 
a year in natural conditions, the annual mean 
temperature in the Finnish lakes being 4° to 
6°C. This explains also why the 137Cs values 
in many lakes, especially the oligotrophic ones, 
were still increasing in 1965. 

To summarize, we can state that it is the 
potassium level of the lake water and the biolo
gical half-time of mcs in the species which 

mainly determines the 137Cs-level in the fish 
at a given pollution level. Especially in oligo
trophic lakes, body burdens are fully determined 
by intake in the food. Our studies show that 
direct intake of the nuclide by an osmotic 
mechanism in the gills is negligible. Dr. Feldt's 
studies show that the 00Sr level in fish is similarly 
determined by the Ca level in the water, and 
we can generalize that the contamination of 
fish in different waters is practically determined 
by the carrier ion levels in the water at a given 
pollution level. 



SOME BIOGEOCHEMICAL CONSIDERATIONS ON THE 

RADIOACTIVE CONTAMINATION OF MARINE 

BIOTA AND ENVIRONMENTS 

RINNOSUKE FUKAI 

International Laboratory of Marine Radioactivity, IAEA, Monaco 

Abstract-The problem of the radioactive contamination of marine biota and environments 
can be regarded as the successive links of biogeochemical processes in the sea, in view of the 
transfer of radioisotopes from one geochemical sphere to the other. In the present paper the im
portance of the accumulation of biogeochemical data concerning the distribution of trace ele
ments in marine biota is emphasized in relation to the prediction of radioactive contamination. 
The significance of obtaining the "standard abundance" of trace elements for various groups of 
marine organisms is discussed by presenting some examples. In order to avoid misunderstand
ing, the significance of the term "concentration factor" or "enrichment factor" is critically re
viewed and the use of the term "abundance ratio" is proposed. In aid of the accumulation 
of comparable data on the trace element distribution in marine biota, remarks are made on 
the expression and the interpretation of the analytical results and on the computations of the 
abundance ratio. 

INTRODUCTION 

Since the radioactive contamination of the 
sea became the subject of scientific research in 
the past two decades, valuable scientific infor
mation has been supplied from the newly de
veloped studies, not only to the specific field 
concerned, but also to the general fields of marine 
science. The ultimate aim of these studies is 
to clarify the quantitative effect of the radio
active contamination of the oceans on human 
life, and, thus, to establish a proper scheme of 
radiation protection for the human being against 
the potential hazards of contamination. It 
appears that the goal has been approached 
from several angles, but in reality, the final goal 
of these studies, except for some special cases, 
has not been achieved mainly due to the in
completeness of the scientific understanding of 
the various phenomena occurring in the sea. 
The present status of the studies in this field is 
still essentially in preparation of basic materials 
for further progress. Each study must be oriented 
correctly to the final goal, which lies several 
steps beyond. This paper is concerned with 
orientation for the purpose of radiation pro
tection. 

SIGNIFICANCE OF BIOGEOCHEMICAL 

DATA 

Although the possible effect of radioactive 
contamination of the sea to human life can be 
expected through various direct and indirect 
ways, the most important effect is likely to be 
caused through the consumption of contamin
ated marine products as protein sources. For 
radiation protection, therefore, it becomes very 
important to predict the level of radioisotopes 
in marine organisms living in a given condition 
of the contamination. In order to make this 
prediction possible, a number of uptake experi
ments of various radioisotopes by different 
types of marine organisms have been carried 
out in laboratory conditions. The results ob
tained by these experiments are indispensable 
for understanding the physiological mechanisms 
of the uptake of radioisotopes, although it is 
necessary, in general, to make some assumptions 
in order to apply these results to natural con
ditions. On the other hand, the transfer of 
radioisotopes from sea water to marine organisms 
or from one organism to another can be regarded 
as successive biogeochemical processes in the 
sea. The law which governs the distribution of 
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corresponding stable isotopes in sea water and 
marine organisms is considered to be valid for 
the distribution of radioisotopes themselves. 
In other words, if the over-all distribution of 
corresponding stable isotopes in each link of 
biogeochemical cycles is known, the ultimate 
level of radioisotopes in the links can be pre
dicted. Although the distributions of stable 
isotopes cannot tell much about the dynamic 
aspects of the uptake of radioisotopes, these are 
supposed to be close to the steady state in natural 
conditions. The hazard estimation of the radio
active contamination will be based on the overall 
levels of radioisotopes concerned in marine 
organisms rather than the mechanisms of the 
uptake of radioisotopes by the organisms. Thus, 
in this aspect, the significance of a systematic 
accumulation of data on the biogeochemical 
distribution of trace elements in sea water and 
marine biota must be emphasized. 

The data obtained to date on the distribution 
of various trace elements in sea water, and 
marine organisms, were comprehensively 
compiled by Riley, <1 > and Vinogradov, <2 > 

respectively. Unfortunately, however, these 
complications cover only a part of the necessary 
information. Moreover, the majority of the 
data, especially in the latter, appeared before 
modern techniques in analytical chemistry be
came available, so that the accuracy of the results 
tend to be low, in many cases. For this reason 
further accumulation of biogeochemical data 
on the distribution of trace elements in marine 
organisms has still to be stressed. 

STANDARD ABUNDANCE OF TRACE 

ELEMENTS IN MARINE BIOTA 

Since marine biota consists of a large number 
of species of organisms, complete understanding 
of the distribution of trace elements in marine 
biota requires an enormous amount of data. 
From the view of radiation protection, however, 
the subject can be restricted to edible species 
and species which are directly related to edible 
species in the trophic webs. Although this 
restriction reduces the number of analyses re
quired, a large amount of labour is still needed 
to cover the species of marine organisms con
cerned. Moreover, it is well known that the 
distribution of trace elements in marine organ
isms varies, even within one species, depending 

on various factors, such as stage of growth, 
part of the body, season, location, etc. For 
the complete understanding of the distribution 
pattern of trace elements in marine biota, there
fore, the variation of the content of trace ele
ments with the various factors stated above 
must be clarified. For the practical purpose of 
radiation protection, however, the time required 
for complete understanding is certainly too 
long to wait. For this reason, it seems necessary 
to compromise between the accuracy of the 
distribution pattern and the time required for 
improving the accuracy. In other words, it is 
necessary to simplify the subject by introducing 
uncertainty into the conclusion. Based on this 
idea, an attempt was made by the present 
author <3 • 4 > to introduce the concept of "stan
dard abundance" of trace elements for different 
groups of marine organisms. In Table 1, for 
example, the set of geochemical data for cobalt 
and chromium was summarized. The data are 
supposed to represent the standard abundance 
of these elements in various biogeochemical 
phases. 

Although these data are only tentative and 
will be improved when more materials are 
available, they are useful for the prediction of 
the levels of corresponding radioisotopes in 
marine organisms with reservation for the 
uncertainty implied. 

ABUNDANCE RATIO 

In order to express the relationships between 
the concentrations of a certain element in marine 
organisms and that in sea water, the term 
"concentration factor" (or "enrichment factor") 
has been in wide use. This factor is important 
for the prediction of the levels of radioisotopes 
as well as trace elements in marine organisms. 
The term is defined, in general, in the following 
way: 

Concentration factor Cn 
(enrichment factor) = Cw 

where Cn: amount of an element in unit mass of 
an organism 

Cw: amount of the same element in unit 
mass of sea water. 

In this definition wet weight is usually based 
for expressing the concentration of the element 
in marine organisms, so that the unit used is 
microgram of element per gram or kilogram 
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Table 1. Distribution of Cobalt and Chromium in Various Marine Geochemical Spheres 
in the Mediterranean* 

Sphere Sample Cobalt Chromium 
,..,gjkg p.g(kg 

Hydrosphere 
Sea Water 

{Cra+ 0.1 in solution 0.1 
CrH 0.3 

in particulate 0.01 > 0.05 

Lithosphere Sediments 5000 25000 

Algae 100 200 
Crustacea 

Copepoda (whole animal) 200 400 
Decapoda (soft parts) 40 60 

Biosphere 
Mollusca 

Lamellibranchia and 100 200 
Gastropoda (soft parts) 

Fish (flesh) 3 30 

* Abundances are given on dry weight basis for sediments, and on wet weight basis for organisms 

of wet weight of the organisms. Of course, the 
unit for sea water is similar. However, this 
definition of the term has not always been 
followed by different authors. For example, 
some of them used dry weight of organisms as 
the basis <6

• 
6 > and the others extended the 

definition into the different meanings. <7
• 8 > Due 

to these deviations from the definition, there 
seems to be considerable confusion in the litera
ture. Moreover, the term concentration or 
enrichment indicates the process, where ele
ments are concentrated or enriched into organ
isms to a high level, and in turn implies that 
the higher concentration is more hazardous 
in the cases of radioisotopes. For the purpose 
of radiation protection, however, the specific 
activity of radioisotopes with respect to the 
corresponding stable isotopes is, in general, 
more important than the absolute level of radio
activity. If a marine organism has concen
trated a trace element to a high level, there 
will be a higher degree of isotope dilution of the 
corresponding radioisotopes in the body of the 
organisms, when the organisms are exposed to 

contaminated sea water, before the steady 
state will have been reached. In this case the 
higher concentration factor does not neces
sarily indicate the higher potential hazard. For 
the reasons discussed above, it seems that the 
simpler term "abundance ratio" can replace 
the term "concentration factor" in a way to 
avoid the misunderstanding without introducing 
any confusion. 

PRESENTATION OF BIOGEOCHEMICAL 

DATA 

In the course of the systematic accumulation 
of data on the content of trace elements in 
marine organisms, it is important that the data 
supplied by different authors be comparable. 
Although the content of trace elements can be 
expressed on the basis of wet weight, dry weight, 
ash weight or some special components, it 
seems most simple and reproducible when dry 
weight at around 105°0 is taken a'l the basis. 
For this reason the universal use of dry weight 
as the basis of the expression of the analytical 
results may help to increase the comparability 
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of the data obtained by different authors. Of 
course, one is free to use any kind of expres&ion 
depending on the purpose of the studies. How
ever, if the data are referred to the universal 
basis, beside the special expression of the studies, 
the usefulness of the data will be doubled. 

In order to compute the "abundance ratio" 
of an element in an organism, the data based 
on dry weight have to be converted to those 

..... 
~ 
,::: 
Q; 

& 
Q; 
.... 

F; 

(!) 

'OJ), 

ed -~ 
Q 
~ .... 
Q 

P-1 

40 

30 

20 

10 

0 

70 

60 

50 

40 

30 

20 

10 

0 

30 

20 

10 

0 

Mollusca 
(so It parts ) 

Crustacea 
(soft parts) 

Pisces 
(I lesh) 

I I I I I I I I I 'I 

5.0 10.0 15.0 20.0 25.0 30.0 35.0 40.0 45.0 50.0 

Percentage of Dry W~ight based on 

Wet Weight 

FIG 1. Frequency distribution of percentage of 
dry weight based on wet weight for the different 

groups of marine organisms. 

based on wet weight. Since the measurements 
of wet weight of marine organisms are variable 
depending on the procedures of sample prepara
tion, comparable results are not likely to be 
obtained. As shown in Fig. 1, however, the 
percentages of dry weight based on wet weight 
for some groups of marine organisms seem to 
have a Gaussian rlistrihutinn around a certain 

value. In order to make this figure, more than 
a hundred results obtained by different authors 
have been taken as well as those obtained by 
the present author. The figure indicates the 
possibility to chose a representative value for 
each group of marine organisms. By using 
these representative values the data on a dry 
basis may be converted to those on a wet basis 
with reasonable accuracy for obtaining an 
"abundance ratio". 

Since the data, required in this field for the 
proper radiation protection, are still far from 
complete, the effectiveness of data accumulation 
must be encouraged by choosing a reasonable 
basis of expressions agreed upon by different 
workers in this field. 
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STRAHLENSCHUTZASPEKTE BEl DER UBERWACHUNG 

DER FISCHE AUF IHRE RADIOAKTIVE 

KONTAMINATION 

W. FELDT 

Isotopenlaboratorium der Bundesforschungsanstalt filr Fischerei 2 Hamburg BRD 

Zusa:nunenfassung-Die Aufgaben der Strahlenschutzuberwachung fUr die See- und 

Si.il3wasserfische werden diskutiert. 

Nach einem Uberblick tiber die okologische Rolle des Strontium und Casium werden die 

gefundenen Kontaminationswerte von Strontium-90 und Casium-137 in Fischen mitgeteilt. 

Experimentell gewonnene Diskriminierungsfaktoren sowie ein einfaches Rechenmodell 

gestatten die Berechnung der Fischkontamination aus der Kontamination des Wassers und 

umgekehrt. 

Die Konzentrationsfaktoren einiger Radionuklide in Abhangigkeit vom Salzgehalt des 

Wassers werden mitgeteilt. 

Auf Grund der vorliegenden Ergebnisse wird eine zweckmassige Fischuberwachung 

diskutiert. Die derzeitige Zufuhr radioaktiver Nuklide tiber den Fisch zum Menschen wird 

abgeschatzt. 

EINLEITUNG 

Eine Strahlenschutzuberwachung der radio
aktiven Kontamination von Fischen kann unter 
folgenden Aspekten geschehen: 

(a) Schutz der Bevolkerung vor unzulassig 
hoch kontaminierten Fischen; 

(b) Aufdeckung radiookologischer Zusam
menhange; 

(c) Schutz der im Wasser lebenden Tierwelt 
vor schadigenden Auswirkungen P-er in 
das Wasser eingebrachten radioaktiven 
Abfalle. 

Gegenuber der unter (a) genannten Aufgabe, 
der Aufgabe der Strahlenschutziiberwachung, 
die einer iiblichen Lebensmittelkontrolle gleich
zustellen ist, stellt die unter (b) genannte Auf
gabe eine Grundlagenforschung fUr die gesamte 
Strahlenschutziiberwachung dar. Die Aufdeck
ung radiookologischer Zusammenhange ver
mittelt die Grundkenntnisse, aus denen heraus 
notwendige vorbeugende MaBnahmen getroffen 
werden konnen. Dber diese heiden Aufgaben 
hinaus sollte die Strahlenschutzforschung die 
unter (c) genannte Fragestellung nicht vernach
lassigen, damit wichtige EiweiBreserven der 
Menschheit vollgiiltig erhalten bleiben. 

Im F olgenden werden anhand von MeBwer
ten tiber die radioaktive Kontamination von 
Fischen aus den verschiedensten Biotopen 
okologische Zusammenhange aufgezeigt, die 
eine Abschatzung des Transportes von Radio
nukliden vom Wasser tiber den Fisch zum 
Menschen sowie eine Berechnung der derzeiti
gen Strahlenbelastung der Fische gestattet. 
Die Betrachtungen werden mit dem Entwurf 
einer zweckmaBigen Fischiiberwachung ab
geschlossen. 

DIE RADIOAKTIVE KONTAMINATION 

DERFISCHE 

Unter den kontaminierenden radioaktiven 
Nukliden des Fallouts und der Abfalle der 
Kerntechnik spielen die Elemente 96Sr und 
1 370s eine besondere Rolle, da sie den fiir das 
Bestehen des Lebens wichtigen Elementen Ca 
und K chemisch ahnlich sind. 

Inaktives Cs wurde im Meerwasser in einer 
Konzentration von 0,5-0,05 ttg/Liter nachge
wiesen. <1> Es ist in allen weichen Gewebeteilen 
wiederzufinden, in die auch K eingebaut wird. 
Damit tragt 137Cs auch zur Gonadenbelastung 
bei. 
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Tabelle 1. Die radioaktive Kontamination der Fische 1964 (pCifkg Gesamtfisch) 

90Strontium 
Analvsen-

137Ciisium 

Fischart Herkunft zahl Minimal- Maximal- Mittel- Minimal- Maximal- Mittel-
wert wert wert wert wert wert 

Scholle Nordsee 3 11 
(Pleuronectes platessa) 

14 12 42 53 49 

Hering 
" (Clupea harengus) 

3 0,44 2,0 1' 1 35 61 52 

Schellfisch 
" (Melanogrammus aeglefinus) 

7 1,5 2,2 1,9 24 30 25 

Makrele 
" 

3 0,60 
(Scomber scombrus) 

7,8 3,2 26 54 40 

Scholle Ostsee I - - 0,44 - - 33 
(Pleuronectes platessa) 
Dorsch 

" 
7 4,8 

(Gadus callarias) 
13 7,6 88 160 120 

Brachse Ratzeburger See 1 - - 73 - - 360 
(Abramis brama) i. Norddeutschland 
Hecht 1 - - 76 - - 1500 
(Esox lucius) 
Platze Gr. Planer See 2 140 170 160 630 700 670 
( Leuciscus rutilus) i. Norddeutschland 
Barsch Gr. Planer See 1 - - 42 - - 800 
(Perea jluviatilis) i. Norddeutschland 
GroBe Mariine 

" 
1 - - 54 - - 640 

(Coregonus maraena) 
Hecht Kolksee 6 200 1200 780 2700 9900 5500 
(Esox lucius) i. Norddeutschland 
Schleie 

" 
9 320 2800 1500 3200 11000 6000 

(Tinea vulgaris) 
Karpf en 

" 
2 1200 2200 1700 3500 5400 4500 

( Cyprinus carpis) 
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Inaktives Sr, das iiberall als Begleitelement 
des Ca auftritt, ist nach unseren Messungen im 
SiiBwasser in Konzentrationen von 20 1-'g bis 
lmg/Liter vorhanden, wahrend es im Meer
wasser in einer Konzentration von 9 mg/Liter 
vorzufinden ist. 90Sr erscheint in allen Stiitz
geriisten, die aus Ca aufgebaut sind. 

Die Kontamination der Fische in den ver
schiedenen Biotopen des Meeres und der Bin
nengewasser ist sehr unterschiecllich. Zur ver
gleichenden Betrachtung werden im folgenden 
MeBwerte in einer Tabelle zusammengefaBt, die 

im Jahre 1964 gewonnen wurden (Tab. 1). 
Wie die MeBwerte zeigen, ist die radioaktive 
Kontamination der StiBwasserfische his zu zwei 
Gr6Benordnungen hoher als die Kontamination 
der Meeresfische. Die Einstellung der Kern
waffenversuche fiihrte in den Lebensraumen 
des Meeres und der Binnengewasser bisher 
nicht zu einer Abnahme der radioaktiven 
Kontamination. 

KONZENTRATIONSFAKTOR UND 

SPEZIFISCHE AKTIVITAT 

Wie schon in friiheren Arbeiten berichtet, 
ist die Hohe der radioaktiven Kontamination 
umgekehrt proportional zum Ca-Gehalt der 
Gewasser. <2• 3 l Die radioaktive Kontamination 
der Fische durch 90Sr in pCijg Ca laBt sich aus 
der Kontaminatiori des Wassers berechnen nach 
der G1eichung 

K - D . 90Sr/l. 
F- wF Cajl. 

DwF ist der Diskriminationsfaktor Wasser/Fisch, 
der von der Fischart abhangig ist und im 
Mittel zwischen 0,2 und 0,3 betragt. Die 
radioaktive Kontamination durch 1

37Cs ist 
ebenfalls abhangig vom Ca- und K-Gehalt der 
Gewasser. 

90Sr und 137Cs Werden in Fischen in unter
schiecllichen Gr6Benordnungen konzentriert. 
Tabelle 2 zeigt einige 1964 gewonnene Konzen
trationsfaktoren, geordnet nach dem Ca- und 
K-Gehalt der Gewasser. Der Konzentrations
faktor fur 90Sr liegt im Bereich 1-570 und steigt 
mit sinkendem Ca-Gehalt des Wassers. Der 
Konzentrationsfaktor fur 137Cs liegt im Bereich 
23-2000, ebenfalls ansteigend mit sinkendem 
K-Gehalt des Wassers. 

Urn eine Abschatzung tiber die mogliche 
Gefahrdung des Menschen durch den V erzehr 
radioaktiv kontaminierter Fische vornehmen 
zu konnen, kann man sich der spezifischen 
Aktivitat bedienen, indem man postu1iert, 
daB die spezifische Aktivitat im Wasser und 
in den Fischen nicht die maximal zugelassene 
spezifische Aktivitat im menschlichen Korper 
iiberschreiten dar£ Im Vergleichsjahr 1964 
wurde die spezifische Aktivitat an verschiedenen 
Fischarten in den unterschiedlichen Gewiissern 
bestimmt. Tabelle 3 faSt einige Ergebnisse 
zusammen. Die maximal zuge1assene spezifische 
Aktivitat im menschlichen Korper wird mit 
30 f.kCi/g Sr angenommen. <4 > 

Die radioaktive Kontamination des Nordsee
wassers durch 137Cs betrug nach unseren Mes
sungen maximal 1,5 pCi/1. Bei einem Gehalt 
an inaktivem Cs von 0,5 J.'g/1. ergibt das eine 
spezifische Aktivitat von 3 1-'Cijg Cs. Die maxi
mal im Menschen zugelassene spezifische Ak

tivitat von 137Cs wird mit 3,1 ·106 1-'Cifg ange
nommen, so daB die in der N ordsee vorgefundene 
spezifische AktivitiH 0,001 %o der zulassigen 
GroBe erreicht hat. 

MeBwerte tiber den Gehalt an inaktivem Cs 
in den Binnengewassern oder in den Organismen 
der Binnengewasser sind dem Autor leider nicht 
bekannt, so daB ein Vergleich der spezifischen 
Aktivitat in dem SiiBwasserbereich nicht ge
bracht werden kann. 

KONTAMINATION VON FISCHGONADEN 

In Tabelle 4 werden einige MeBwerte mit
getei1t, die an den Gonaden von Dorschen und 
Schleien gewonnen wurden. Aus den MeBwer
ten kann der Beitrag zur Gonadendosis errech
net werden, der durch die in den Gonaden 
enthaltenden Radionukliden 90Sr und u'Cs 
hervorgerufen wird. 

Im folgenden wird diese Dosis mit der durch 
4°K hervorgerufenen Dosis verglichen. Urn 
die Strahlenbelastung durch 4°K, eosr, eoy, 

und 137Cs berechnen zu konnen, benutzen wir 
die folgende Gleichung< 6> 

Eerr =~ 0,33PJJiEpi (1- y'Z) (1 + y'Ept) 
z,k 43 4 

+ p1" E1k ( 1 - e -ukR) 

Hierin bedeuten 



Tabelle 2. Konzentrierungifaktorenjilr 90Strontiumf 131Ciisium 

Fischart 
Ca1cium-/Ka1iumgehalt der Gewiisser 

10/1 mg/1 30/3 mg/1 60/6 mg/1 90/9 mg/1 120/30 mg/1 170j170 mg/1 400/400 mg/1 

Scholle - - - - - - 11/45 
( Pleuronectes platessa) 
Hering - - - - - - 1/47 
( Clupea harengus) 
Schellfisch - - - - - - 1,7/23 
( Melanogrammus aeglefinus) 
Makrele - - - - - - 2,9/36 
(Scomber scombrus) 
Dorsch - - - - - 6,9/93 1,7/32 
(Gadus callarias) 
Brachse 570f690 170/- -/100 53/- - -- -

(Abramis brama) 
Hecht 220/2000 - 26/100 8/- - - -
( Esox lucius) 
Schleie 280/610 96/280 59/140 - - - -
(Tinea vulgaris) 
Karpf en 320/560 120/35 - - - - -

( Cyprinus carpis) 
Barsch 240/1800 - - - - - -

(Perea .fluviatilis) 
Kau1barsch - - - 29/260 17/180 - -
(kerina cernua) 
Rutte - - - 22/350 - - -

(Lota vulgaris) 



Tabelle 3. Spezifische Aktivitiit (00Sr/Sr) in Fischen 

Spez. Akt. %o der max. 
Fischart Herkunft t-<Cifg Sr zulassigen 

spez. Akt. 

Hering Nordsee 0,000 051 0,003 3 

( Clupea harengus) 
Dorsch Ostsee 0,000 160 0,01 

(Gadus callarias) 
Hecht Gr. Planer See 0,002 6 0,17 

(Esox lucius) i. Norddeutschland 

" 
Kolksee O,o2l 1,4 

i. Norddeutschland 

Tabelle 4. Die radiaaktive Kantaminatian van Fischganaden 

oosr i.d.Gonaden 137Cs i.d.Gonaden 

Fisch art Fangort Fangdatum pCifg pCijkg pCi/g pCijg pCifkg pCi/g 
Asche Frischgew. Ca Asche Frischgew. J<. 

'". 
Dorsch Ostsee 6.1.66 0,013 0,21 1,5 4,8 81 27 
(Gadus callarias) -

' 
Schleie Kolksee 1.7.65 0,26 5,6 22 160 3 500 I 900 

( Tinea vulgaris) i. Nord- ·' 

deutschld. 
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Eett: Die gesamte absorbierte ( effektive) Ener
gie in MeV, 

pP;: Emissionswahrseheinliehkeit fiir das 
B-Spektrum der Maximalenergie Epi, 

p 1 ~c: Emissionswahrseheinliehkeit fiir y

Quanten der Energie E
1

1c, 

a~c: Linearer Sehwaehungskoeffi.zient-Com
tonstreukoeffi.zient (em - 1

) von Gewebe 
fiir y-Quanten der Energie E

1
1c, 

R: Wirksamer Radius des "kritisehen Or
gans" (em), 

Z: Kernladungszahl des Radionuklids. 
In der obigen Gleiehung wird die pro Zerfalls
akt im Gewebe des kritisehen Organs im Mittel 
absorbierte Energie erreehnet. Mit den in 
Tabelle 4 angegebenen Kontaminationswerten 
erreehnen wir fiir die Dorsehgonaden eine Dosis 

dureh 4°K 'von 0,36 mremfWoehe 
und dureh 90Sr u. 1370s von 0,006 mrem(Woehe. 

Das heiBt, die dureh die radioaktive Kontam
ination hervorgerufene zusatzliehe Belastung 
der Dorsehgonaden betragt ea 2% der natiirli
ehen Belastung dureh 4°K. 
Fiir die Sehleigonaden ergibt sieh eine Dosis, 
hervorgerufen 

dureh 4°K lvon 0,23 mremfWoehe 
und dureh 90Sr u. 137Csvon0,29mremfWoehe. 

Fiir den SiiBwasserfiseh wird dureh die radio
aktive Kontamination eine zusatzliehe Gona
denbelastung gegeben, die genau so hoeh ist 
wie die natiirliehe Strahlenbelastung. 

FISCH0BERWACHUNG 

Die hier angefiihrten Daten zeigen, daB die 
radioaktive Kontamination der Meeresfisehe 
dureh 90Sr und 1370s zur Zeit keine Gefahren
quelle fiir den Mensehen bedeutet. Von den 
heiden genannten Radionukliden spielt das 
137Qs eine gewisse Rolle. Die Zufuhr von 1370s 
iiber die Fisehe zum Mensehen macht fiir 
Norddeutsehland zur Zeit 5% der Gesamt-

zufuhr iiber die Nahrung aus. <3 > Zu bedeuten
den Zufuhren von Radionukliden kommt es nur 
bei den SiiBwasserfisehen aus sehr ealciumar
men Gewassern, in denen die SiiBwasserfisehe 
besonders stark kontaminiert werden konnen. 

Die Fisehiiberwaehung wird sieh der Ver
sehiedenheit der Kontaminationsmogliehkeiten 
anzupassen haben. Eine regelmaBige Kontrolle 
der Fisehanlandungen an den Seefisehmarkten 
kann in groBen Zeitabstanden erfolgen, urn die 
Entwieklung zu verfolgen. Diese Uberwaehung 
muB sogleieh verseharft werden, wenn z.B. dureh 
Reaktorunfalle auf See begrenzte Fise}:lweidege
biete sehr stark kontaminiert werden. Die 
Uberwachung der SiiBwasserfisehe sollte hau
figer in allen "kritischen Gewassern" durchge
fiihrt werden. Kritisehe Gewiisser sind z.B. 
FluBgebiete unterhalb eines Reaktors und 
unterhalb der Abfliisse groBer Stiidte sowie 
Teichwirtschaften mit besonders ungiinstigen 
Wasserverhaltnissen, die auBerdem eine hohe 
Fischproduktion aufweisen. 

Bei der Einleitung radioaktiver Abfalle in das 
Meer und die Binnengewiisser sollte nieht die 
mogliche Gefiihrdung des Menschen allein MaG
stab des Handelns sein. Die im Wasser lebende 
Tierwelt muB ebenfalls berucksichtigt werden, 
urn nicht durch eine unnotige Belastung einiger 
Glieder der Nahrungskette okologische Folgen 
heraufzubeschworen. 
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BIOLOGICAL HALF-TIMES OF 137Cs AND 22Na IN 

DIFFERENT FISH SPECIES AND THEIR 

TEMPERATURE DEPENDENCE 

ERKKI HASANEN, SEPPO KOLEHMAINEN and J. K. MIETTINEN 

Department of Radiochemistry, University of Helsinki, Finland 

Abstract-Biological half-times of 137Cs in 5 species of fish were determined by giving per as 
a precisely known dose (usually ca. 250 nCi) of 137Cs in a gelatine jelly or in a tiny gelatine 

capsule and by whole body counting the fish, first daily, then weekly, in the Institute's mobile 
whole body counter. Experiments were continued for up to 6 months. Twelve experiments 

were carried out in the field in summer (May-October) and 16 in the laboratory, where it was 
possible to keep a constant temperature (from 6 to 20°C) in the aquarium. 

The excretion of 137Cs from fish follows a two-differential equation: the fast component 

(usually 5 to 10% but in Salma 25 and in Cyprinus 50% of the amount administered) has a half
time of a few days, the slow component is about one order of magnitude longer. At l5°C the 

long component is for perch (Percafluviatilis) 200 days, roach (Leuciscus rutilus) from 100 days 
(age 11 years) to 57 days (3 years). For the rainbow trout (Salma iridaeus) the long component 

varies from 20 to 80 days depending on the age of the fish. The value for young fish ( 1 year, 
20 days at 20°C) is increased to 36 days at 7-8°C. Crucian carp (Cyprinus carassius) of about 

5 years of age has a half-time of 55 days at 20°C, 120 days at 10°C. 
The biological half-times of 22Na are much shorter, but the temperature dependence seems 

to be very similar to that of 187Cs. For perch, half-times of 22Na were 7 days at 20°C, 15 days 
at 10°C; for roach 7 days at 20°C, 11 days at 10°C; for bur bot 30 days at 10°C, for the 
Crucian carp 10 days at zooc, 25 days at 10°C. 

Knowledge of the body burden and of the biological half-time make possible calculation 

of the daily intake of 137Cs by fish in natural conditions. 

INTRODUCTION standing of the behaviour of the nuclide in a 
The excretion rate of 137Cs is known for a foodchain. 

number of animal species. <1> It usually follows a Except for 66Fe which cannot be measured <2> 

two-exponential equation: a smaller fraction, by ordinary thick crystal gamma spectrometry, 
typically 10 to 20% shows a short biological 137Cs is the only artificial long-lived nuclide 
half-time (T~) varying from part of a day to a present in easily measurable amounts in the 
few days. Evidently, this fraction mainly rep- flesh of fish. 90Sr is also present in fish in con
resents 137Cs in the extracellular space. The siderable concentrations but it is mainly located 
remaining bulk shows a biological half-time in the bones, which are not eaten by man. 
(TB2) many times longer, varying from a few The presence of 56Fe has been recently shown 
days to one hundred days. This fraction evi- independently by Jaakkola <3 > in fresh water 
dently represents 137Cs in the intracellular fish and Palmer< 2> in ocean fish. Ocean fish 
space and especially within the muscle cells. may contain it in high concentration (max. 
Knowledge of the biological half-time(s) is 2 rtCifkg fresh wt. in salmon liver. <2> 137Cs is 
necessary for the quantitative treatment of found in fresh water fish in high concentrations, 
the behaviour of 137Cs (and any other nuclide the highest value was in 1965 in the Finnish 
having an exponential excretion rate) in organ- perch 26 nCifkg fresh weight, <4 > which is more 
isms, which again is necessary for clear under- than in any other food eaten by man except 
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reindeer meat. Fish flesh is the primary source 
of 137Cs for population groups consuming fresh 
water fish, with the exception of reindeer-herd
ing Lapps and other peoples consuming mainly 
reindeer or caribou meat having 2 to 4 times 
higher maximal 137Cs contents than the fresh 
water fish. Even for these peoples fish is usually 
the second source of 137Cs in importance. (5 J 

137Cs content oflake fish varies greatly in differ
ent waters according to the limnological type 
of the water, <4 J but even in the same water there 
exist great differences in the 137Cs content be
tween various species of fish. These are partly 
due to differences in the diets of the fish, but an 
equally important cause is a different excretion 
rate of 137Cs in the various fish species, as will be 
shown in this paper. 

EXPERIMENTAL 

The experimental technique has varied to 
some extent. The first experiment was carried 
out with 150 small perch, 6 months of age, 
weighing 1-1.5 g each, in an aquarium in 
the laboratory. In this experiment labelling 
was given externally by keeping the fish for l hr 
in water (electrolytic conductivity 250 mho, 
potassium 5 mgfl) containing 860 ~-tCi carrier
free 137Cs in 8 1. Each fish took up 1.8 nCi, 150 
fish thus taking 0.27 ~-tCi or 0.03% of the amount 
given. The concentration factor was 0.012. Then 
the fish were grown with inactive food in a 
200 l. aquarium (conductivity 250 mho, potas
sium content 5 mg/1.) in slowly changing inac
tive water. The experiment was continued for 
6 months taking samples of 15 to 25 fish for 
measurement with intervals from 2 days to 
several weeks. 

In most other experiments each fish has been 
labelled individually by giving it a precisely 
known amount of 137Cs (usually 250 or 500 nCi) 
orally in a tiny gelatine capsule (4 X 8 mm). 
Each fish was then marked by clipping different 
fins and measured alive in the Institute's mobile 
whole body counter (Fig. 1), first at one-day 
intervals, later l~ss frequently. 

Jn field experiments the fish were kept in large 
cages made of Japanese nylon net and placed 
in the oligotrophic Suolijarvi lake. <4 J They were 
regularly fed commercial fish food or milled 
inactive fish. In laboratory experiments they 
were kept in aquaria of different sizes, up to 

StALE. 

10 

Fw. 1. Arrangement for whole body counting 
of live fish, initially labelled by an oral dose of 
250 nCi 137Cs. This activity gives 1170 cpm 
net within the 137Cs photopeak channel at a 
distance of 42 em. BG is ZOO epm. The lead 
shield is 4 to 8 em thick and weighs 1800 kg. 

I m X 2m X 70 em (depth). In some experi
ments, with quite young fish, the isotope was 
given orally by injecting an aliquot of 1 37Cs
containing gelatine jelly into the oesophagus. 
In one experiment the isotope was given by 
feeding labelled food to the fish. 

As the fish in nature get the bulk of their 
137Cs in food, oral administration corresponds 
best to the natural conditions. In addition, a 
precise determination of the short component 
requires instantaneous administration of the 
isotope. Furthermore, the external labelling 
seems to give a higher percentage of the short 
component, probably due to partial adsorption 
on the surfaceofthe fish (Table I, line 1). There
fore, oral administration has been used in all 
experiments but the first. 



Fish species 

Perch 
(Perea jluviatilis) 

Roach 
(Leuciscus rutilus) 

Rainbow trout 
( Salmo iridaeus) 

Crusian carp 
( Cyprinus carassius) 

Bur bot 
(Lata vulgaris) 

Table 1. Biological Half-time of 131Cs in Five Species tif Fresh-water Fish 
(F, Field experiment; L, Laboratory experiment) 

Type of I Age of fish No of fish Temp. Fast comp. (TB1) 

expt. yr. in expt. oc days % 

L 0.5-1* 150 18 ± 2 17 
F 2-3 16 15 ± 5 12 6 
F 2-3 6 15 ± 5 6 
F 3-6 12 15 ± 5 4 
F 6-8 3 15 ± 5 10 

F 2-3 11 15 ± 5 6 
F 4-6 4 15 ± 5 6 
F 9-12 3 15 ± 5 10 
F 2-3 11 5 ± 2 

L 0.5-1 7 20 ± 0.2 
L 0.5-1 11 14 ± 1 
L 0.5-1 10 7 ± 1 3 26 
F 0.3-0.5 50 15 ± 5 5 25 
F 1-2 18 15 ± 5 5 34 
F 2-3 15 15 ± 5 7 24 
F 1-2 17 4 ± 1 
F 2-3 15 4 ± 1 

L 5 29 20 ± 0.2 2 50 
L 5 28 8 ± 3 3 55 

L 5 1 B ± 3 B 14 

* Labelling given externally. 

Slow comp. (TB2) 

days % 

200 83 
175 94 
220 94 
200 96. 
220 90 

57 94 
85 94 

150 90 
340 

20 94 
19 90 
34 74 
25 75 
55 66 
80 76 

~ 150 
~230 

55 50 
120 45 

110 86 
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The measurement has been made with a multi
channel analyzer at 42 em distance from the 
5 X 3Nai(Tl) crystal (Fig. 1). With 250nCi 
1170 cpm net are obtained within the 137Cs 
photopeak channel. With 250 to 500 nCi initial 
labelling and 2 to 4 min counting time a statis
tical accuracy ( l a) better than 3% is obtained 
throughout the experiment of 2 X TB2• This 
statistical error is small compared with the 
biological variance which is for individual fish 
25%, and for a group of 15 fish 6% (l a) after 
external labelling and one TB2 (unpublished). 
This is mainly due to differences ofTB2 between 
individuals of the same speciEs. 

RESULTS 

The results for 137Cs are presented in Table l. 
Those for rainbow trout are also illustrated in 

I 

-~B 2 (15'C)= BOd. 

SQ I l o 

~ ' : .. ____ .:: .. ::/· c ) = 2 30d. 

0 : i -------+-
" 

TB
1 

(1s•c)= 1 d. 

50 100 150 d. 

Fw. 2. 137Cs retention in rainbow trout (15 fish) 
with biological variance (two a) marked. At 
least two components are noticeable in the 
retention at l5°C: a "short" one having a half
time 7 ± 3 days (TB1), and a "long" one, 
80 ± 4 days (TB 2). At 4°C the value of TB 2 

is 230 ± 10 days. 

Fig. 2. The points for TB1, the fast component 
of the biological half-time, have been obtained 
by subtracting from the total retention the 
part due to the slow component, TB2, obtained 
by extrapolating to zero in the usual way. At 
the beginning of October the water temperature 
decreased in 2 weeks from 13°C to 5°C; the 
value of TB 2 then increased to about 230 days. 

As can be seen from Table 1, perch has the 
longest half-time (TB 2), 200 ± 20 days at 15°C. 
There may be some increase in the value of 

TB 2 with the ageing of the fish, but the change 
is not clear. As the youngest age group (0.5 to 
1 year) was labelled externally the results are 
not strictly comparable with the others. . 

In roach the half-time (50 days) in young fish 
is about half of that in old fish (100 days). The 
age dependence is clear also in rainbow trout 
as is the temperature dependence in rainbow 
trout and in the crusian carp. The table is 
incomplete in many respects due to technical 
difficulties. In laboratory experiments these 
include lack of space, presence of impurities 
in tap water, malfunction of thermostats and 
occasional infectious diseases. The field experi
ments have the advantage of more natural con
ditions, but the disadvantage that the water 
temperature cannot be kept constant. It was 
concluded from parallel determinations and 
parallel experiments that the accuracy of the 
data presented is better than 10%. Because 
the biological variance is rather large (see 
above) it is for most purposes not meaningful to 
have the average value determined with much 
higher accuracy; and in any case this would be 
very cumbersome. 

In experiments made with oral labelling of 
perch and roach the percentage of the short 
component was 4 to 10%. In rainbow trout it 
was 25 ± 1% in three experiments, but 34% 
in one experiment. A large percentage is 
understandable in salmon which have rapid 
metabolism and short half-time (TB 2). The 
high percentage in the crucian carp is excep
tional. There was no excretion during the first 
24 hr, then about 50% of intake was suddenly 
excreted during the next 24 hr, and after that 
a very slow excretion rate (TB 2 55-120 days) 
was observed. 

The results for 22Na are presented in Table 2. 
The presence of a short component in the 
excretion curve for sodium is not always clear. 
From perch and roach a small amount (5 ± 
3%) was consistently excreted very rapidly, and 
from rainbow trout 20% at 6°C but none was 
observed at the higher temperatures. As the long 
component was only 2 .. 2 to 2.5 days it would 
have needed measurements at I hr intervals 
to notice the short one, but these were not made. 
No signs of a third component were noticed 
although most of the experiments were contin
ued for several half-times (30 to 40 days). 
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Table 2. Biological Half-time of 20 Na in Five Species of Freshwater Fish 

Fish Age, yr. No. offish Temp. Bioi. half-time 
in expt. oc of 22N a, days 

Perch 1-2 6 
5 

Roach l-2 5 
5 

Rainbow trout 0.5-I 7 
ll 
IO 

Crusian carp 5 30 

Bur bot 5 

Temperature dependence seems to be similar to 
137Cs-excretion: a 10° temperature decrease 
(from 15 to 5°C) reduces the excretion rate to 
about one-half. 

CONCLUSIONS AND DISCUSSION 

It is of interest to compare the above results 
with those obtained elsewhere, although the 
species are evidently different in all cases. Dean 
et al. <6 > have studied the uptake and excretion 
of 137 Cs in different tissues of another species 
of rainbow trout, Salmo gairdneri. By injecting 
10 jtCi intravenously into yearling fish they 
found the "effective half-time" (TB 2) of 187Cs 
in red muscle 5-! days, in white muscle 13 days. 
The curves published 'also suggest the existence 
of a short component ofless than a day in most 
tissues (heart, gills, blood, liver, kidney). Tem
perature was not given, but if it was around 
20°C and the whole body burden was deter
mined by the white muscle, 13 days corresponds 
approximately to our value of 19 days at l4°C 
in Salmo iridaeus. Scott <7 > reports 4 7 days for 
the brook trout (Salvelinus fontialis) and Ichi
kawa<8> 5 to 10 days for salmon (Salmo salar). 

Rudakov<0> has studied Crusian carp (Cyprinus 

sp.) and reports 10 to 15 days, but this value 
may represent the short component. Our 
values for TB 2 in the Crusian carp are 55 and 

30 

I 

20 ± 0.2 7 
8 ± 3 15 

20 ± 0.2 7 
8 ± 3 II 

20 ± 0.2 2.2 
I4 ± I 2.5 
7 ± 1 7 

20 ± 0.2 IO 
8 ± 3 25 

8 ± 3 30 

120 days at 20 and 8"C, respectively, but there 
may be a different species in question. Kevern 
et al. <10> report for the carp (Cyprinus carpio) 

98 days at 20°C and 174 days at 12.5°C, i.e. 
about similar temperature dependence as found 
in this work. From the data of Williams and 
Pickering <11 > we can estimate for very young 
bluegills (2 g each) the fast component to be 
about 3 to 4 days, the slow one 40 days. Nelson 
and Early <12> report the same value, 40 days, 
for blue gills (Lepomis macrochirus). Baptist and 
Price <13> studied retention of 137Cs in skin, 
muscle, liver and gonad of the Atlantic croaker 
fish (Micropogon undulatus) finding that each 
tissue required multiple rate functions involving 
two or four exponents. Muscle had the longest 
retention time and it evidently governed the 
whole body retention. In most of the above 
studies the age of the fish and the water tem
perature are not given. 

It is evident from the present results, and 
from those of the earlier workers, that the excre
tion rate of 137Cs in fish varies greatly, by at 
least one order of magnitude. For instance, 
old perch has a two times longer half-time 
(200 days) than the old roach (100 days). 
137Cs body burdens in perch have been in most 
Finnish lakes 3 to 6 times higher than in roach. <4 > 

Half of this difference is evidently due to different 
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food activity as perch eats mainly small perch, 
but roach plankton and bottom animals, <14 > 

half to different half-times. As shown in the 
above paper by us, <14> if one knows the 137Cs 
body burden in a fish species at intervals of one 
to two half-times, and the percentage and value 
of the long component, one can calculate very 
accurately the daily intake of 137Cs by the fish. 
Direct intake of 137Cs through gills is so small 
that it can be neglected. <4 > If, in addition, the 
activity of the food of the fish is known, one 
can calculate the food intake by the fish, a factor 
which is of great interest to fish investigators, 
and otherwise difficult to determine. Food 
intake by roach was in this way estimated in 
6 lakes and found to vary from 0.8 to 2.3% 
of the weight of the fish per day. The intake 
was lowest in eutrophic lakes where a large 
number of small fish evidently limited the 
amount of food available. The annual growth 
of the fish was greater in the oligotrophic 
lakes where the food intake was greater, too. <

14> 

These examples show that some benefit may 
be obtained from the worldwide fallout to 
ecology and limnology. 
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137Cs IN THE PLANTS, PLANKTON AND FISH OF .THE 

FINNISH LAKES AND FACTORS AFFECTING 

ITS ACCUMULATION 

S. KOLEHMAINEN, E. HAsANEN and J. K. MIETTINEN 

Department of Radiochemistry, University of Helsinki, Finland 

Abstract-Bioaccumulation of 187Cs in the fresh water organisms was studied during 1964 and 
1965 by taking water, plankton, plant, bottom animal, and fish samples from water courses re
presenting widely different limnological types: from eutrophic (rich in nutrients) to oligo
trophic (nutrient deficient) lakes. 

It was shown that the 187Cs content of all organisms sharply depends on the potassium con
tent of the water. In lakes where this value is less than I mg K/l. water, very high values of 
137Cs in fish were reached in 1965-max. 26 nCijkg fresh weight in perch (Percafluviatilis L.). 

Quantitative estimations show that the four main factors determining the 137Cs body burdens 
in the last link of the food-chain, the fish, are: 

I. 187Cs content of water-a minor factor as observed differences in the lakes studied have 
been only about 2- to 3-fold. 

2. The limnological type of the lake-this is the main factor effecting 10- to 100-fold differ
ences in the same fish species in different lakes. 

3. The quality of food eaten by the fish-a minor factor effecting 2- to 3-fold differences. 
4. The biological half-time of 187Cs in fish-an important factor varying from 20 to 200 

days at l5°C in different species and effecting up to IO-fold differences in various species in the 
same water course. 

The bulk of the 137Cs intake takes place through food chains. Direct gill absorption plays 
a minor role only. 

INTRODUCTION 

It was observed in 1961-62 that the 137Cs 
content of fish in Finnish lakes was high ( 1 to 5 
nCi/kg fresh wt.) <1 > compared with values 
reported from northern Germany ( 10 to 100 
pCi/kg fresh wt.). <2> This was astonishing 
insofar as the cumulative fallout in Finland is 
only from one-half to two-thirds of that in 
Germany. Great variations in the 137Cs con
tent of the same fish species in lakes of different 
limnological types were observed, also. <1> This 
led to a more systematic study, in 1963, of the 
factors governing the 137Cs uptake in fish. Up 
to 100-fold differences in the 137Cs content of 
fish in 12 lakes and 3 rivers of widely different 
limnological types was found. <3 > For instance, 

wt., when the limnological type changed from 
eutrophic (rich in nutrients) to oligotrophic 
(nutrient deficient). Simultaneously, the elec
trolytic conductivity varied from 79 to 11 mho, 
resp. <3 > In a later publication it was shown by 
us that it is the potassium ion which determines 
the 137Cs level of the whole fresh water biota. <4> As 
different fish species in the same water have 
different 137Cs content, other factors must function 
in addition. It is the purpose of this paper to dis
cuss the relative importance of four main factors 
effecting the ·137Cs uptake in fish: the 137Cs and 
potassium content of the water, the kind of 
food consumed by the fish, and the biological 
half-time of 137Cs in the fish. 

in perch (Perea .fiuviatilis L.) the 187Cs content RESULTS 

varied from 0.2 to 20 nCi/kg fresh wt., in pike Samples of water, plankton, higher plants, 
(Esox lucius L.) from 0.16 to 16 nCijkg fresh bottom animals and fish have been collected 
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since 1962 from a total of 23 lakes and 3 rivers 
representing widely different limnological types. 
There has been some variation in different 
years in the lakes studied, but those under study 
in 1964 and 1965 are presented in Table I. 
The limnological type varies from fully eutro
phic (No. 1) to dys-oligotrophic (No. 1 Oa). 
A few of the limnological characteristics deter
mined are presented in Table 1. Other factors 
determined were color, pH, and the frequency 
of plant and animal species which were used for 
characterization of the lake type. The methods 
and techniques used have been described 
earlier. (I, 3 • 4 > 

1. 137Cs content of the water varied in the lakes 
studied (see Table I) from 0.3 to 1.2 pCi/1. in 
1964, when the highest values were observed 
in most of these lakes. A larger survey of 
Finnish surface waters was carried out by the 
Institute of Radiation Physics, which reports 
values between 0.2 and 2 pCi/1. in Finnish 
lakes in general. <5> Thus, variations in the 
amount of fallout were small compared with 
up to one-hundred-fold variations observed in 
the body burdens of fish. 

2. The limnological type of the lake. This is the 
main factor affecting great differences in the 

1 37Cs content of the whole biota, as is evident 
from Tables 2 to 6. 

In Table 2 there are presented the 1370s 
content of plankton samples from 7 lakes in 
1964 and 8 in 1965. Analysis of8 stable elements 
in these same samples ( 1964) as well as in the 
corresponding waters have been published 
earlier, <6 > together with the frequency of species 
present. Composition of the samples collected 
in 1965 is presented in Table 3. Comparison 
between different years and lakes is made diffi
cult by the fact that the composition of the 
samples-even from the same lake at different 
times-varies greatly. In addition, the fat 
content of some species (Diaptomus, Cyclops, 
Daphnia and Bosmina) varies at different times 
and one specie (Holopedium gibberum) may con
tain up to 90% of slime, which causes great 
differences in the percentage of dry matter. If 
the sample contains diatoms, these increase the 
ash content. However, the 137Cs content per g 
of dry wt., and especially per g of potassium, 
changes rather regularly being lowest in the 
sample taken from the eutrophic lake 1 and 
highest in one of the oligotrophic lakes 4 to 9. 
The difference between the extreme values is 
I 0- to 500-fold. 

Table l. Limnological Ana(yses of the Finnish lakes studied during 1964 and 1965. 

Con d. KMnO Na K Ca I37Cs Limnological 
No. Lake Date mho cons. mgfl. mg/l. mg/l. pCi/1. lake type 

l8°C mg/1. 

--
l Niemenjiirvi 9.9.65 85 75 5.2 3.5 8.8 eutrophic 

16.7.64 0.8 

2 Kytiijiirvi 8.9.65 72 45 3.0 1.8 7.4 dys-eutrophic 
14.7.64 0.3 

3a Pyhiijiirvi 19.9.65 71 32 3.5 2.4 8.0 eutrophic 
3b Ilmoilanselkii 20.7.65 58 35 2.8 1.7 6.0 eutrophic 
3c Piiijiinne 2.7.64 47 43 3.8 1.0 4.8 1.2 ±eutrophic 
3d N iisij iirvi 25.6.64 75 120 5.8 1.0 6.0 1.0 dys-oligotrophic 
4 Suolijiirvi 11.8.65 44 65 2.2 0.9 4.4 dys-oligotrophic 

14.7.64 0.8 
8 Melkutin 22.6.65 43 6 2.1 1.0 5.8 oligotrophic 

6.9.64 0.5 
9a Vuohijiirvi 3.6.65 31 32 1.8 0.8 3.4 oligotrophic 

14.8.64 1.2 
9b Keritty 30.7.65 26 1.7 0.6 2.5 dys-oligotrophic 

10 Mutkajiirvi 23.7.64 16 100 1.3 0.2 1.0 dys-oligotrophic 
lOa Akulampi 24.8.65 15 1.3 0.4 1.0 dys-oligotrophic 
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Table 2. Radiochemical Anaryses of Plankton Samples 1964-65 

Dry wt. Ash wt. 
Lake Date %of %of 1S7Cs 

No. fresh wt. dry wt. pCi/1. 

1964 
1 17.7 2.90 15.6 45 
2 13.7 3.36 15.8 105 
3a 18.9 4.38 13.3 180 
3d 25.6 2.15 24.8 250 
4 13.7 7.80 19.5 120 
8 6.9 5.62 5.0 730 
9a 11.8 3.75 13.5 600 

1965 
1 9.9 3.17 50 
2 8.9 2.49 110 
3a 10.9 4.11 90 
3b 20.7 4.43 260· 
3d 16.9 4.35 250 
4 28.7 2.84 440 
8 23.6 0.42 120 
9b 30.7 5.48 360 

This same tendency is usually visible from 
the 137Cs values of the higher plants, especially 
species rich in minerals like the Horsetail 
(Equisetum fluviatile). Values for two higher 
plants, Equisetum.fluviatile and the Yellow Water 
Lily (Nuphar luteum) from the years 1964 and 
1965 are presented in Table 4. Again the 137Cs 
content is lowest in the eutrophic lakes Nos. 1 
to 3, highest in the oligotrophic lakes Nos. 9 and 
10. The values of higher plants do not always 
change regularly, however. One cause of the 
irregularities may be the algae living on the 
surface of the plants. 

Relatively few samples of bottom animals 
have been obtained. Even in the eutrophic lakes 
it is a difficult task to obtain large enough 
samples of any single species for gamma-spectro
metric analysis, and in the oligotrophic lakes it 
is even more difficult. Results on three samples 
from the years 1963 and 1964 are presented in 
Table 5. As can be seen, the value for Chaoborus 
sp. in lake No. 1 in 1964, 1.44 nCi/kg dry wt., is 
practically the same as that of the simultaneous 
plankton sample from this lake (1.51 nCifkg dry 

137Cs JS7Cs Phyto-
pCi/g Kmg/g pCi/mg plankton, 

dry wt. dry wt. K %of 
plankton 

1.51 17.3 0.09 
3.12 18.8 0.17 
4.08 15.2 0.27 5 

13.2 10.7 1.23 25 
16.0 11.4 1.40 25 
11.9 9.7 1.22 
15.9 12.7 1.25 

1.48 55.1 0.003 
4.17 8.6 0.48 35 
1.97 20.9 0.09 5 
5.29 28.5 0.19 
9.25 21.5 0.43 
9.05 23.9 0.38 

27.22 14.5 1.88 
16.86 19.1 0.88 

wt.). The mcs content of the Trichoptera-larvae, 
on fresh weight basis, is about 3.5 times greater, 
but the potassium content in this lake is only 
one-third of that in Lake No. I, as can be 
seen from Table 1. 

Most clear-cut is the inverse relationship of 
the 137Cs content of fish and the potassium 
content of the lake water. In an earlier paper (t) 
this relationship was shown for several fish spe
cies. It is also evident from Table 6 and Fig. 1 
of this paper. As can be seen in Fig. 1 down to a 
potassium content of 1 mgfl. the 137Cs content 
of pike remains low ( < 3 nCifkg), but with the 
potassium content 0.6 mgfl. it reaches the very 
high value 21.3 nCi/kg fresh wt. The same 
regular relationship is visible in other species 
(Table 6). The larger sized perch have the 
highest 137Cs content, which in one lake (No. 
9b) was 26.2 nCi/kg fresh wt. This is the 
highest 137Cs content of fish obtained anywhere 
in natural waters, as far as we know. 

3. 137Cs content of the food. Small perch contain 
only about one-half of the level in the larger 
perch, the difference evidently being due to 



Table 3. Description of Plankton Samples collected from lakes of Table 2 in 1965. 

Lake Sample Dry 
No. Lake name Date volume weight Phytoplankton Group % Zooplankton Group % 

ml g 

I Niemenjarvi 9.9.65 Eudiaptomus cracilis Copepoda 90 
Ceriodaphnia palchella Cladocera 
Daphnia cucullata Cladocera 5 
Cyclops sp. Copepoda 5 

2 Kytiijiirvi 8.9.65 96 2490 Melosira varians Diatomae lO Bosmina coregonii C1adocera 10 
Asterionella formosa Diatomae 5 Cyclops sp. Copepoda 45 
Melosira islandica Diatomae 20 Daphnia cucullala Cladocera 10 

3a Pyhiijiirvi 10.9.65 190 9211 Anabaena circinalis Cyano- Chydorus sphaericus Cladocera 30 
phyta 

Microcystis aeruginosa 
" 

5 Eudiaptomus cracilis Copepoda lO 
Bosmina coregonii C1adocera 25 
Cyclops sp. Copepoda 5 
Daphnia cucullata Cladocera 25 

3b Ilmoilanselkii 20.7.65 464 22,170 Bosmina coregonii Cladocera 10 
Daphnia cucullata C1adocera 75 
Mesocyclops hyalinus Copepoda 15 

3d Niisijiirvi 16.9.65 288 Bosmina obtusirostris C1adocera 40 
Daphnia longispina C1adocera 15 
Eudiaptomus craciloides Copepoda lO 
Mesocyclops leuckartii Copepoda 35 

4 Suo1ijiirvi 28.7.65 230 11,351 Bosmina coregonii C1adocera 15 
Daphnia cucullata C1adocera 70 

Mesocyclops hyalinus Copepoda 15 

8 !so Melkutin 23.6.65 500 2012 Eudiaptomus cracilis Copepoda 40 
490 2202 Bosmina obtusirostris Cladocera 10 

Heterocope borealis Copepoda 25 

Holopedium gibberum Cladocera 25 

9b Keritty 29.7.65 500 10,948 Daphnia cucullata Cladocera 40 

Chydorus fPhaericus Cladocera 10 
Diaphtomus brachyurum Copepoda 40 
Cyclops sp. Copepoda 10 

~··-·- ---·-



Table 4. 187Cs Content tif Two Water Plants in 1964 and 1965 

1964 1965 

Horsetail Yellow Water Lily Horsetail Yellow Water Lily 
( Equisetum fluviatile) (Nuphar luteum) ( Equisetum fluviatile) ( Nuphar luteum) 

No. Lake utcs 1stCs 1stcs utcs 

nCi/kg nCi/ nCifkg nCi/ nCi/kg nCi/ nCi/kg nCi/ 
d.w. gK d.w. gK d.w. gK d.w. gK 

1 Niemenjiirvi 0.68 0.03 1.9 0.15 0.67 0.04 
2 Kytajarvi 2.3 0.10 l.l 0.05 0.82 0.03 
3a Pyhajlirvi 3.7 0.16 2.2 0.10 
3b Ilmoilanselkii 1.9 0.06 
3d Niisijlirvi 8.9 0.43 6.62 0.28 6.7 0.40 7.10 0.26 
4 Suolijarvi 4.9 0.17 5.66 0.28 
9a Vuohijarvi 44.8 2.03 12.20 0.66 
9b Keritty 16.9 0.84 23.3 1.28 

lOa Akulampi 92.5 3.40 

± -
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Table 5. 187Cs Content in Two Species of Bottom Animals, 1963 and 1964 

Lake 
No. Lake name Date Specie 

1 Niemenjiirvi 11.6.63 Chaoborus 
16.7.64 Chaoborus 

3c Piiijanne 4.8.64 Trichoptera 

variations in the diet. The small perch con
sumes mainly plankton and bottom animals, 
the larger ones small fish. However, roach, 
bream and whitefish also eat plankton, bottom 
animals and water plants like small perch, 
but they have lower 137Cs content than the 
latter. To understand this, however, it is 
necessary to study the fourth factor affecting 
the body burdens in fish. 

4. The biological half-time of 137Cs in different 
fish species. As shown in another paper in this 
meeting, <7 > the biological half-times of fish (the 
"slow" component) varies from 20 to 200 days 
at l5°C. Perch has the longest half-time of 
those hitherto determined-200 days at l5°C. 
This is evidently one of the main reasons for 

137Cs, pCi 
K,g 

per kg per kg per per kg 
fresh wt. dry wt. gK dry wt. 

70 800 66 1.22 
90 1440 - -

330 - 122 (2.7 per 
kg fresh 

wt.) 

its high body burden. At 5°C the excretion of 
1

37Cs is slowed down to about one-half of the 
value at l5°C. In perch, the half-time of 137Cs 
does not change noticeably in different ages 
but in roach (Leuciscus rutilus) the old fish (9 to 
12 years) have about a two times longer half
time (100 days at l5°C) than the young ones 
(2-3 years old, 57 days at 15°C). In rainbow 
trout (Salmo iridaeus) the change is even greater: 
0.5 years: 20 days; I to 2 years: 55 days; 2 to 
3 years: 80 days, all at 15°C. Pike (Esox lucius) 
also has a relatively long half-time of 137Cs 
(unpublished) which corresponds well to its high 
body burden. As the annual mean temperature 
in the Finnish lakes is low-usually around 4 to 
6°C-the average half-times the year round in 

Table 6. 131Cs Content of Fish in some Finnish Lakes during summer 1965 

nCi per kg fresh weight 

Perch 
(Perea fluviatilis) Pike Bur bot Roach Bream Whitefish 

No. Lake (Esox (Lota (Leuciscus (Abramis (Corego-
smaller larger lucius) vulgaris) rutilus) brama) nus sp.) 
<20 em >20cm 

1 Niemenjiirvi 0.24 0.25 0.18 0.06 

2 Kytii.jarvi 0.52 1.49 0.99 0.63 0.30 0.21 
3a Pyhlijiirvi 0.79 0.60 0.37 

Sb Ilmoilanselka 2.16 1.38 0.71 

:3c Piiijiinne 1.10 2.17 3.02 1.18 
:3d Niisijiirvi 2.60 2.66 2.87 1.20 0.80 
4 Suolijiirvi 3.35 7.92 4.91 2.48 1.14 

8 Melkutin 5.97 2.73 1.75 
9a Vuohijiirvi 9.39 13.18 7.07 6.26 4.23 2.78 
9b Keritty 26.25 21.27 6.29 3.55 
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these predatory fish species must be of the order 
of one year. This explains also why the 137Cs 
values in many lakes were still increasing in 
1965. This seems to be true especially in the 
oligotrophic lakes (lake No. 9a; perch 1964 
7.9, 1965 13.2 nCi; pike 1964 6.5, 1965 
7.1 nCi; burbot 1964 4.3, 1965 6.3 nCi; roach 
1964 3.3, 1965 6.3 nCi per kg of fresh wt.). <4 > 

In eutrophic and some oligotrophic lakes a 
slight decrease has taken place. 

CONCLUSIONS AND DISCUSSION 

Our results presented above suggest that 
137Cs remains in circulation within the biokeno
sis in the oligotrophic lakes a longer time than 

0 
.c 
E 

• 

nCi 137 Cs/kg frw 

the midge larvae ( Chionomus commutatus; Diptera) 
3.5 days. <8 > Thus, their activity closely follows 
the 137Cs level of the water. 

Except through food, fish take up 137Cs 
directly from water by the osmotic mechanisms 
in the gills. However, this intake is relatively 
unimportant compared with the intake through 
food. Preliminary experiments with young 
rainbow trout in an oligotrophic water show 
that within one biological half-time (ca. 25 days) 
the fish obtain a specific activity which is about 
10 times higher than that of the water. The 
present 137Cs levels in the Finnish surface waters, 
about 1 pCi/1., would thus correspond in equili
brium state to a body burden of about 20 pCifkg 

0> 

E 

----------------· 

FIG. 1. 187Cs content of pike in different types of lakes in summer 1965 as a function of 
conductivity (left) and potassium content of the water (right). 

in the eutrophic lakes. The reason for this may 
be a greater content of clay particles, a faster 
sedimentation, or a slighter depth and a smaller 
volume of the eutrophic lakes in general. It 
is evident that the 137Cs contamination of the 
biota is accentuated in two ways in the oligo
trophic waters: the enrichment of 137Cs is 
increased because of the low potassium level, 
and it remains high longer. The long half
times in perch and pike, about one year in 
natural conditions, during the longer pollution 
times effect continuous increase of the body 
burdens of fish. 

The biological half-times of the lower animals 
are generally short, a few days or even hours. 
For instance, in mayfly nymph (Ephemera varia; 
Ephemerida) the half-time of 137Cs is 8.3 days, in 

which is negligible compared with the values 
observed in oligotrophic lakes. We can come 
to about the same conclusion by estimating from 
the data published by Friend et al. <9 > (their 
Figs. 3-6). 

In reality, a 137Cs content of about 1 pCifl. 
effects in oligotrophic lakes in the fish of prey 
body burdens of 5 to 20 nCifkg, in other fish 
about 1 to 5 nCifkg fresh wt., in eutrophic 
lakes correspondingly 0.2 to 2 and 0.1 to I 
nCi/kg fresh wt., respectively. The bulk of 
the body content is thus obtained through 
food. 

The correctness of the above quantitative 
interpretations was checked in an earlier study <4 > 

by calculation of the intake in diet of 137Cs 
and of dry matter by perch and roach. The 
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amount of food intake calculated in this way 
was fo'-\nchto ,be reasonable when compared 
with estimations by other means. In different 
lakes it was in direct relationship with the 
growth rate of roach. It is thus evident that 
the calculations are essentially correct. 

Relatively little 137Cs analyses of fresh-water 
fish have been published elsewhere. In the 
U.S.A. the fresh water studies have been mainly 
concentrated to "on-site" areas like the Colum
bia River and White Oak Creek, where the 
discharged activity is mixed with fallout-activity 
and nuclide concentration is rapidly reduced 
downstream. Although locally important, such 
studies warrant little generalization. Some 
results on fish from natural fresh waters 
have been published from Alaska and the 
Great Lakes region, however. Watson and 
Rickard <10 > report in whitefish and grayling 
from two Alaskan lakes during the summer 
1962 1.9 and 0.6 to 2 nCi/kg dry wt., respectively, 
values which are small compared to those 
from Lapland at the same time-whitefish 7, 
grayling 5 to 9 nCifkg dry wt. <1 > Gustafson (11,12) 

reports for fresh water fish purchased ·during 
1965 in food markets in the Chicago area, the 
following values: northern pike l.l to 4.1, 
lake perch 0.3 to 1.1, and whitefish 0.18 to 2.8 
nCifkg fresh wt., values comparable with our 
values for corresponding species in eutrophic 
or slightly oligotrophic lakes. 

Liden, <13 > in an oligotrophic lake (K I mg/1.) 
in southern Sweden during 1962 and 1963 found 
in pike 2 to 4 nCijkg fresh wt., values quite 
similar to ours. <1 > Hannerz <14> reports from the 
·years 1964 and 1965 in the eutrophic lake Malar, 
near Stockholm, for pike and pike-perch 0.9, 
for perch and burbot 0.8, roach 0.4 and bream 
0.25 nCi 137Cs/kg fresh wt., values 2 to 4 times 
higher than those in the same species in the 
Baltic, and supposes the difference to be due 
to different potassium concentrations in the 
water. 
· Values for German fresh water fish and waters 
are regularly published in the quarterly reports 
of the Ministry of Science. <16 > Pike contained 
5.7 to 9.9 nCi, carp (Cyprinus carpio) 5.4 nCi 
and tench (Tinea vulgaris) 3.2-11.0 nCijkg fresh 
wt. in the lake Kolksee (Ostholstein) having 
1.8 mg K and 6.6 pCi 137Csjl. (ref. 15, I/65, 
pp. 107-1-08). Feldt (ref. 15, III/65, pp. 169-

183) gives the following relationship for three 
fresh waters in Germany: 

Gr. 
Kolksee Ploner Elbe 

See 

K content in water, 
ratios 1 5 10 

137Cs/g K in fish, 
ratios 300 30 1 

From Italy, values for perch in four lakes 
are reported from the year 1963. <16 > While 
our values varied from 0.2 to 20.4 nCifkg, <3 > 

those from the four Italian lakes studied, the 
Lake Maggiore, Varese, Comabbio and Monate, 
were in June 1.1, 1.2, 2.8 and 7.4, and in 
September 1.9, 3.3, 5.2 and 6.3 nCifkg, respec
tively. These values are about in the middle of 
our range, our lakes evidently representing 
a much wider range of limnological conditions. 
The unpolluted Alp lakes are usually oligo
trophic. 

Hannerz <14 > reports for plankton (mainly 
Limnocalanus and Diaptomus) during summer 
1964 in Lake Malar, Sweden, ca. 90 to 130 
pCi/1. which corresponds to our plankton value 
in lake No. 2 ( 105 pCi/1.); to summer 1965 his 
values had decreased to about one-half of those 
in the previous year. For plankton in the 
Kolksee, Germany, 1.6 nCi/kg dry wt. is re
ported for April 1964 (ref. 15, I/65, p. 108), 
which corresponds to our plankton value in the 
most eutrophic lake No. I (1.5 nCifkg). For 
horsetail in the same lake 4.0 nCi in stem below 
water, 9.2 nCi in stem above water per kg dry 
wt. is reported (ref. 15, II/65, p. 103). This 
corresponds to our lakes 3 to 4 but is only one
tenth of the horsetail activity in our lake No. 
10 (92.5 nCi/kg dry wt. in stem above water). 

Several authors who have studied the uptake 
of 137Cs in lower organisms have observed the 
negative effect of potassium-ions in the water. 
Rice <17> observed it while studying algae, Wil
liams <18

• 
19 > while studying Euglena and Chlorellti, 

and Bryan and Ward <20> while studying 1 37Cs 
uptake in crustaceans. 
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SUMMARY 

It can be generalized that uptake of 137Cs 
in the whole biota of a fresh water lake is 

sharply accentuated especially if the potassium 
content of the lake water is below I mg/1. The 
four main factors affecting the 137Cs body bur
dens in fish are: 

1. 137Cs content of water-a minor factor, 
as observed differences in the lakes studied 
have been only 2- to 3-fold. 

2. Potassium content of the water-a major 
factor effecting 10- to 1 00-fold differences and 
very high 137Cs levels in the whole biota in the 
most oligotrophic lakes. 

3. The quality of food eaten by the fish-a 
minor factor effecting 2- to 3-fold differences. 

4. The biological half-time of 137Cs in fish
a major factor varying from 20 to 200 days at 
l5°C and effecting up to 10-fold differences in 
various species in the same water course. 
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ACCUMULATION, RETENTION AND ELIMINATION OF 
65ZN IN FRESH WATER ORGANISMS STUDIED IN POND 

EXPERIMENTS 

L.HANNERZ 

National Water Protection Service, Drottningholm, Sweden 

Abstract-A pond 82 X 33 X 4 ft was lined with polyethylene sheets which were welded 
together. Water plants and gravel were introduced and a continuous flow of untreated water 
from Lake Malar was arranged. 

One hundred small pikes and about 5000 fry of roach and perch were introduced. In all 
3 · 27 mCi 66Zn was gradually dosed into the water to a mean concentration of about 3 x 10-6 

1-'Cijml. 
The activity concentrations were continuously recorded in pond water, sediments, plants, 

invertebrates and fish. 
Considerable concentrations of 65Zn were found in the bottom sediments (concentration 

factor: about 20,000). 
65Zn was taken up in the emergent parts of the water plants to low concentrations. The sub

mersed parts of the plants had much higher concentrations indicating a considerable surface 
adsorption. Several explanations for this surface absorption are conceivable. The attached 
microflora and microfauna are believed to play important roles in this connection. Also in 
invertebrates high concentrations of 65Zn were found. The concentration factor for chironomid 
larvae was 1700, for snails 590 and for leaches 400. 

The mean concentration factor for pike was about 1250. The variation in concentration 
between individual fishes was, however, considerable. It was found that the 65Zn concentra
tion of the fish was inversely related to its length. 

The concentration of 65Zn in the pond water was changed during the experiment. The 
concentrations in sediments and submerged parts of the plants followed the concentrations of 
the water rather closely indicating that an exchange equilibrium is rapidly reached for these 
types of material. The emergent parts of other plants accumulated 65Zn throughout the 
experiment. 

At the end of the experiment about 75 pikes were transferred from the pond to a tank with 
running water from Lake Malar and kept there from 27 August to 10 October without being 
fed. Samples were analysed regularly. No decrease in 65Zn was found. 
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DISCUSSION 

R. B. HoLTZMAN (U.S.A.): 

Have you measured the 224Ra in urine or other 
excreta in order to estimate body burden? 

T. L. CuLLEN: 

The Institute of Biophysics has been measuring 
(1) food contamination: it is innocent, as most of it 
comes from outside Guarapari; (2) human excreta: 
with low concentrations. I feel, however, that they 
have tried to measure Ra 226

• The Ra 226 would be 
found in a ratio of 1: 20 compared with Ra 228 • This 
should be measured more carefully. 

P. CouRVOISIER (Switzerland): 

Are there any public misapprehensions in the 
town, such as that a young man from another town 
should not marry a girl from there because, being 
irradiated, she may have abnormal children? 

T. L. CuLLEN: 

No; people in Guarapari believe that the sand is 
health-giving. People bury themselves in the sand to 
cure arthritis and rheumatism. On the other hand 
they are afraid of radiation measuring devices and 
ask if a Geiger counter is harmful. If there are two 
requirements you need to work in Guarapari they are 

diplomacy and wit. It would be good to have 
science too. 

P. SPAANDER (Netherlands): 

I shall be very pleased to be informed about the 
measurements of Sr90 (Feldt) and Cs137 (Koleh
mainen) in fish. Are they carried out on whole fish, 
or is any distinction made between bones and 
muscles? I think this will be of importance, since 
the muscles are eaten by man, and the bones norm
ally are not eaten. 

J. K. MIETTINEN: 

I answer regarding the 137Cs values alone. They 
were measured in whole fish, entrails removed. We 
know of course that the 137Cs is mainly located in the 
flesh of the fish. The contents in the flesh alone would 
be slightly higher. I suggest that Dr. Feldt answers 

regarding 90Sr. 

W. FELDT (Germany) : 

90Sr wurde nattirlich in allen Organen gemessen. 
Da jedoch 90Sr auch im Fleisch auftritt (6-10%), 
sind in den Tabellen die Kontaminationswerte pro 
kg Gesamtfisch angegeben. Aus der Kenntnis des 
Verteilungsmusters lassen sich aus den pCijkg
Werten aile gewiinschten Aussagen erhalten. 
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RAPPORTEUR PAPER 

THERMOLUMINESCENT DOSIMETRY 
W. A. LANGMEAD 

Radiological Protection Division, Authority Health and Safety Branch, U.K.A.E.A., Harwell, Didcot, Berkshire 

INTRODUCTION 

Although several groups of workers were 
interested in the phenomenon of thermolu
minescence well before the last war, it is only in 
recent years that suitable techniques have been 
developed for applying the thermally released 
luminescence in suitable crystalline materials 
to the dosimetry of the exciting radiation. The 
great interest in this subject of thermolumines
cent dosimetry (abbreviated to TLD) was 
demonstrated conclusively last year at the 
First International Conference on Luminescence 
Dosimetry held at Stanford University when 
260 people from 17 countries discussed the sub
ject exhaustively for three days. That Con
ference was stimulating not only for the high 
quality of the papers presented but also because 
some attempts were made to explore possibilities 
for the future development of the subject. One 
of the main points highlighted in the final dis
cussion was the need for further work to illu-
minate our understanding of the thermolu
minescent mechanism and the parameters on 
which it depends. A second requirement was 
for further practical experience of the method 
in order that TLD could take its rightful place 
in the armoury of those concerned with dosi
metry, including the health physicists. 

The six papers which it is my pleasure to 
review this morning are concerned with one or 
other of these aspects of the subject. I will 
start by considering experiments carried out to 
investigate the mechanism of the TL pheno-
menon. 

rate of 7000 R/hr. The range of total exposure 
studied was 1000 to 20 million R, i.e. that part 
of the response-exposure curve showing "super~ 
linearity" and also that region of the curve 
in which the response passes through a maxi
mum. Most of the work was done with Harshaw 
TLD-1 00 LiF powder, annealed for 15 min 
at 400°C prior to exposure and heated for 15 
min at 100°C after exposure in order to ensure 
emptying of shallow traps. The powder was 
exposed in 1 mm thick polyethylene vials 
thickened with plastic sleeves to ensure elec
tronic equilibrium when irradiated with 6°Co 
gamma rays. Enough powder was used to 
allow two read-out values which agreed within 

3%. 
The results of the irradiations with 6°Co 

gamma-rays at the three highest exposure 
rates are shown in Ehrlich's Fig. 1. Typical 
glow curves which are not significantly rate de
pendent, are shown for three values of exposure. 
Within the limits of the experimental accuracy 
(about ± 15%) no change in the shape of the 
response curve with exposure rate was found 
over the whole range of exposure rate or ex
posures studied. This confirms the work of 
others, notably Karzmark et al., and Ehrlich 
suggests that the thermoluminescence of TLD-
100 is associated at least mainly with centres 
other than F-centres, the formation of which are 
known to be rate dependent. 

Ehrlich's Fig. 2 shows the response curves 
obtained for the two different photon energies. 
The gamma-ray curve also supplements the 
previous diagram in showing the negligible 

REPORT effect of exposure rate for the three lower rates. 
Dr. Ehrlich from the National Bureau of It will be seen that for gamma-rays superlinea

Standards, Washington, has studied the shape of rity sets in at around 350 rad whereas for soft 
the r~ponse curve of lithium fluoride as a X-rays not until 2000 rad. The slope of the 
function of radiation exposure, exposure rate and superlinearity region is steeper for gamma-rays 
photon energy. 6°Co gamma radiation was used than for X-rays although the curves have the 
at six different exposure rates in the range 100 same slope above about 20,000 rad. These 
to 7 million R/hr, as well as X-radiation of results confirm those obtained by Naylor for 
half value layer about 5 mm Al at an exposure lower exposures but do not support the findings 

423 
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of Morehead and Daniels in which considerable 
difference in curve shape with radiation energy 
was found at high level exposures. However 
the importance of the present work is that the 
possible effect of exposure rate as a parameter 
has been eliminated, the difference in slope 
being shown to be due solely to photon energy. 

Dr. Ehrlich concludes that the decrease in the 
slope of the response curve with photon energy 
supports Cameron's theory that superlinearity 
is due to the creation of additional electron 
traps by the radiation. 

Turning to new applications in the TLD 
field, Monsieur Van Espen in his paper, dis
cusses improved systems of operation of the 
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calcium fluoride TL dosemeters manufactured 
by the Belgian firm of M.B.L.E. He points 
out that erasing the dose effect in the read-out 
process is a disadvantage of TLD in that it is 
not possible to recheck a suspect dose-reading or 
to measure the integrated value of a series of 
doses if the latter have been read out previously. 

Three alternative systems are described to 
obviate this difficulty. The first consists essen
tially of two dosemeters in the same glass 
envelope; by means of twin heating cathodes 
it is possible to read out doses successively from 
the two dosemeters, or alternatively to read out 
individual doses by heating one cathode and 
to use the other dosemeter as a dose integrating 
device. These dosemeters are sensitive to doses 
as low as I 00 mR. 

The second system depends on a single 
dosemeter which may be read at two different 
read-out temperatures. Fig. l of this report 
shows a typical glow curve of M.B.L.E. calcium 
fluoride. Individual doses are read out by 
emptying trap II of the glow curve which 
occurs at about l80°C. Check doses or inte
grated dose values may be obtained by reading 
out at a temperature of 375°C which empties 
traps III', (and III) of the glow curve. The 
sensitivity of this system allows integrated doses 
in the range l-1000 R to be measured. 

The third method depends on the use of UV 
light to transfer a fraction of the energy accu
mulated in deep traps into shallower traps which 
are emptied by read-out at normal tempera
tures. In M.B.L.E. calcium fluoride the main 
trap (peak III) shown in Fig. l is normally 
emptied at a temperature of 265°C. Electrons 
trapped at levels corresponding to peak V 
in the glow curve, which occurs at about 
500°C (not shown in the diagram) are not 
significantly released at 265°C. Hence in a 
series of irradiations the energy stored in trap V 
may be used as a measure of the integrated 
dose level. It is impracticable to tap this energy 
directly by reading out at 500°C but if the 
dosemeter is exposed to UV light of wavelength 
about 3300 A for 5 min under standard condi
tions and is then read out at 265°C, about 
0.25% of the total dose received by the dose
meter is recorded with an accuracy of 15% or 
better. The transfer procedure can be repeated 
a number of times, the results being reproducible 
within a few per cent, but at present the 
method is restricted to total doses greater than 
20R. 

The measurement of finger and hand doses 
incurred when radioactive material is handled 
has always given rise to difficulty particularly 
when the dose gradient is steep such that ring 
or wrist dosemeters are of limited value. Drs. 
Bjarngard and Jones of Controls for Radiation 
Inc. (Conrad, for short) describe experience 
with their firm's TL dosemeters consisting of 
Teflon discs incorporating LiF, which were 
introduced over a year ago. 

The dosemeters, shown in Bjarngard's Fig. 3, 
are 12.5 mm diameter and 90 mgfcm 3 thick 
and 28 mg of lithium fluoride is incorporated 
uniformly throughout the disc. The lightproof 
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polyethylene pouch is 7 mgfcm 2 thick. Read
out is conventional and in nitrogen but annealing 
at 300°C is necessary rather than 400°C since 
Teflon softens at about 320°C. The response of 
the disc is a measure of the energy absorbed in 
it, that is, at effective depths between 7 and 
97 mgfcm 2 • Although the biologically impor
tant dose is usually taken to be at 7 mgfcm 2 

depth, for the palmar surfaces of the hand and 
fingers this is usually a gross underestimate, and 
the average dose to the basal layer is effectively 
measured by the disc. However, for soft beta 
radiation a small correction may have to be 
applied. 
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Bjarngard's Fig. 4 shows the precision attain
able with known doses of 6°Co gamma radiation 
down to 10 mR. At this dose level the standard 
deviation from the mean of 20 determinations 
is 20% but decreases to 3% for doses above 3R. 
It is interesting to compare Bjarngard's results 
with those obtained by Burton, Foster and 
Townsend from the U.K. Central Electricity 
Generating Board. Following similar experi
ments with Conrad Teflon-LiF discs, these 
authors found poorer reproducibility, as shown 
in Fig. 2 of this report, unless the discs were 
recalibrated after each exposure when similar 
results to those of Bjarngard and Jones were 
obtained. However, the British authors under
line the need to avoid measurement of the low 

temperature peak which, on account of its 
short half-life, can give rise to poor reproduci
bility of results unless a rigid time schedule is 
adopted between irradiation and read-out, or 
the low temperature peak is reduced to insig
nificance by post-irradiation annealing at 
say 80°C for several minutes or by delaying 
24 hr or so before read-out. Glow curves taken 
before and after the partial elimination of this 
peak are shown in Burton's Figs. 4 and 5. 

Bjarngard and Jones point out that the back
ground reading associated with unirradiated 
discs is 1.5 times the net TL signal associated 
with a dose of 20 mR. This background is 
made up of the photomultiplier dark current 
and a component due to what the authors term 
"spurious thermoluminescence". It has been 
shown that the latter is not significantly affected 
by friction or mechanical shocks applied by 
shaking the discs. The possible effect of visible 
or ultra-violet light has been investigated 
and the latter, present in fluorescent laboratory 
lighting, has been shown to produce definite TL 
response, as shown in Bjarngard's Fig. 6. It 
would be interesting to know whether these 
experiments were undertaken on freshly manu
factured discs having no ionising radiation 
history or whether they had merely been 
annealed at 300°C following previous irradia
tion. In the latter case the so-called light 
excitation may really represent the transfer to 
shallow traps of stored energy from previous 
ionising irradiation present in deep traps not 
emptied in the annealing process, much as in 
the method employed by Monsieur Van Espen 
described earlier. However, light excitation is 
presumably not the cause of the spurious thermo
luminescence in the present situation since the 
discs are used in light-proof pouches. The 
authors suggest that unirradiated dosemeters 
should be included for background determina
tion in any measurement series. 

There is no doubt that devices of this type 
have an important place in health physics 
practice. The next two diagrams show the 
relative doses received by the hand and fingers 
in handling a radium needle (Bjarngard, Fig. 1) 
and a uranium plate (Bjarngard, Fig. 2) and 
demonstrate the facility with which the system 
may be used. However, the relatively high cost 
of these components-25 shillings each ($ 3.50) 
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-is a limiting factor to their more widespread 
use-at any rate in the U.K. at present. 

Burton, Foster and Townsend have also 
measured finger-tip doses incurred in the hand
ling of radioactive materials but, instead of 
Teflon discs, have used LiF powder in PVC 
sachets. At the same time the total doses to the 
wrist were measured with wrist film badges, 
the contributions from gamma, X- and beta 
radiation being summed. The ratio of the finger
tip dose to wrist dose was found to average 
about 7 with a maximum value of 22. The 
types of radiation source are not defined but 
the large value of the dose ratio clearly arises 
from the inhomogeneity of the irradiation field. 

The remammg papers in this rapporteur 
session deal with comparative studies of TLD 
and film badges. Drs. Johnson and Attix of 
the Naval Research Laboratory, Washington, 
describe an intercomparison experiment in 
which 100 NRL personnel wore one or two TL 
dosemeters in addition to a simple film badge 
for four one-month collection periods. Quartz 
fibre pocket dosemeters, specially selected for 
low electrical insulation leakage, were also 
worn by some of these staff. 

The dosemeters used are shown in Johnson's 
Fig. I. The two TL dosemeters, a U.S. Navy 
experimental prototype (DT-284) and a com
mercial type designated M, use activated cal
cium fluoride as phosphor and both incorporate 
a metal shield which flattens the response per 
rontgen above 80 ke V. The response below 
80 keV rapidly falls to insignificance. The film 
holder is made of stainless steel with a single 
filter of 1 mm Cd as developed at Oak Ridge. 
Dual emulsion film packets were used in the 
holder, the processing and assessment being 
conventional; the same 6°Co source was used to 
calibrate both film badges and TL dosemeters. 

The dosemeters were worn in medium dose
rate areas (although the highest available), 
only three exposures greater than l 00 mR being 
measured in the monthly periods. Almost all 
employees wore their film badges on their belts 
and their TL and quartz fibre dosemeters in 
their shirt pockets. However, the authors be
lieve that the exposures in the two sites were not 
significantly different and state that "seldom 

did any individual wear only part of his com
plement of dosemeters"! The TL dosemeter 
readings were corrected for signal fading, shown 
inJ ohnson's Fig. 2, and for radiation background, 
although a large part of. the measured back
ground was due to radioactivity present in the 
dosemeter structures. Johnson's Table 5 sum
marizes measurements of this radioactivity 
which contributes some 25 mR/month to the 
background reading. 

Figure 3 of the same paper shows some of the 
results of the intercomparison in terms of the 
readings of the DT-284 dosemeter. The points 
chosen were from among the highest exposures. 
Considering the low level of the doses being 
measured, it is surprising that such good agree
ment was found. In studying this graph it 
should be borne in mind that the lowest dose 
measurable with the film badge is 25 mR; 
smaller doses than this are all recorded as I mR 
on the graph. Further, the authors point out 
that the largest discrepancies between the film 
badge results and the TL readings occurred 
during a failure of the air conditioning system 
in the NRL Reactor Hall giving rise to tem
peratures of 27-32°C and relative humidity 
above 90%; this led the local Health Physicist 
to disallow the film readings for the purpose of 
the employees exposure histories. The authors' 
comment "clearly the film badges were at a 
disadvantage in these tests", although apparent
ly environmental conditions approaching those 
described are not atypical ofWashington in the 
summer months. The authors conclude that it is 
premature to consider replacing film badges 
by TL dosemeters for personnel monitoring at 
NRL in the immediate future. 

Burton, Foster and Townsend also describe 
operational trials in which LiF dosemeters are 
compared with film badges for personal moni
toring. These authors used Conrad Type 7 LiF 
in 45 mg aliquots in PVC sachets; the film badge 
was the U.K. multi-filter badge. The experi
ments were performed in two parts. In the 
first part sachets of LiF powder were attached to 
the film badges which were issued monthly to 
about 12 members of the staff. In the second part 
of the experiment the sachets were not attached 
to the film badges, it being left to the operator 
to wear the sachet as near to the film badge as 
possible. Burton's Fig. 2 shows the results 
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obtained with the composite dosemeter. Apart 
from the dose region up to 50 mrad, which is 
near the limit of sensitivity of both dosemeters, 
the correlation is reasonably good despite the 
fact that the operators were working with 
varying amounts of gamma, X- and beta 
radiation. The results of the second part of the 
comparison (Fig. 3 of this report), unlike the 
results of Johnson and Attix, show very poor 
correlation, in most cases attributed to the 
different positions of the dosemeters on the 
body. 
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The British authors have also irradiated film 
badges and LiF powder in PVC sachets placed 
in the front and back surfaces of a man-equiva
lent thorax using radiation sources of 198Au 
and 8°Co. Very good agreement(± 10%) was 
obtained in the results with 8°Co both for the 
pairs of dosemeters on the front and back sur
faces of the phantom, but the film badges con
sistently gave higher readings amounting to 
about+ 30% with the 0.4 MeV gamma radia
tion from the 188Au. 

The paper by Cameron and Suntharalingam 
from the University of Wisconsin, describes a 
laboratory intercomparison experiment using 
single crystals of LiF (TLD-100) and film bad
ges supplied by commercial companies. The 
Li!f crystals were enclosed in lucite capsules 

having 4 mm wall thickness and attached to 
the film holder. The crystals, of mass approxi
mately 20 mg, were cleaved from a single 
piece of virgin TLD-1 00 and annealed for 1 
hour at 400°0 before use in the experiment. 

Known exposures of radium and caesium-137 
gamma-rays and 140 kVp X-rays, measured 
with a Victoreen R-meter to an accuracy of 
± 10%, were given to the composite dose
meters. The film badges were returned to the 
company together with 300 other operationally 
exposed badges. The company were not in
formed that a special intercomparison experi
ment was being undertaken. The LiF crystals 
were read by the authors using the read-out 
process described in the literature. In a further 
similar experiment the irradiations were not 
made by the authors but by the National 
Sanitation Foundation Testing Laboratory at 
Ann Arbor. Twenty composite dosemeters were 
irradiated with exposures not known to the 
authors until after they had evaluated the 
LiF thermoluminescence in their own laboratory. 
The film badges were evaluated as previously 
by the commercial company . 

Cameron's Fig. 3 shows results of the inter
comparison using radium gamma rays. The 
broken lines represent ± 20% of the true dose. 
When mixtures of radium gamma rays and 140 
keV X-rays were used the results were still satis
factory (Fig. 4 of same paper) except for dose 
values of about 20 mR. As the detection thres
hold for the film badges of one of the companies 
was stated to be 50 mR, good correlation clearly 
cannot be expected at these levels. The results 
of the experiment involving the N.S.F. Testing 
Laboratory are shown in Cameron's Fig. 7. 
The LiF results are slightly high and the film 
readings by and large underestimate the results 
by a small amount. 

The authors claim an overall accuracy of 
± 30% for the single crystal LiF results which 
can be improved upon if a slight energy correc~ 
tion is applied. The principal disadvantage 
of these crystals at present is the slow read-out 
time of 15 min, required because of the need to 
calibrate each crystal individually. 

CONCLUSIONS 

In conclusion in view of my earlier restraint 
perhaps I may use the last minute or two of 
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GAMMA RAYS; A STUDY OF RATE AND ENE~GY 

DEPENDENCE OVER A WIDE RANGE OF EXPOSURES 

MARGARETE EHRLICH 

National Bureau of Standards, Washington, D.C. 

Abstract-The total thermoluminescence light emission ("response") ofLiF (TLD grade) was 
studied as a function of exposure and exposure rate, and as a function of photon energy. 6°Co 
gamma rays and a broad spectrum of low-energy bremsstrahlung were employed. No rate 
dependence of the response was detected over the entire range of exposures and exposure 
rates employed (from about 102 R to 2 X 107 R, and from about 102 R/h to 7 X 106 R/h, 
respectively). This represents further evidence that centers other than F centers are involved 
in the thermoluminescence of LiF (TLD grade). 

A comparison of the curves of response versus exposure for the two photon spectra confirms 
Naylor's findings that the superlinearity region is steeper for 6°Co gamma radiation than for 
low-energy X-rays, and reveals that the effect is indeed dependent on photon energy rather 
than on exposure rate. These findings are compatible with an explanation of super linearity as 
being due to the formation of additional traps by the radiation proper. For exposures above 
those causing superlinearity, the difference in curve shape again disappears. Also, there 
is no dependence on energy of the location and height of the response maximum, which 
suggests that the inhibiting mechanism is independent of photon energy. 

INTRODUCTION 

Most of the work reported in the literature 
on the influence of exposure rate (or absorbed

dose rate) and photon energy on the thermo

luminescence of LiF (TLD grade) was done over 

a limited range of total exposure (or dose). 
Karzmark et al., <1 > for example, established the 

absence of rate dependence over a rate range 

from about 500 to 2 X 108 radsfsec at three levels 
of absorbed dose lying between 15,000 and 

25,000 rads. More recently, Tochilin and Gold

stein <2 > employed exposure levels between 
about 1300 and 5000 R, but not any two of 

them at the same rate, and found no rate 

dependence up to 2 X 1011 Rfsec. Many authors 

publishing data on the energy dependence of the 
thermoluminescence of LiF do not even indicate 

at what exposure level the data were obtain

ed. <3
•
4 > Frequently, a single exposure level falling 

curve* over a total absorbed-dose range from 

below 50 to around 1 000 rads for photons of 

energies between about 30 keV and 1 MeV. 

He found that, at the 50-rad level, the response 
of ConRad "N" LiF powder to bremsstrahlung 

of an effective energy of 130 ke V is more than 

110% of that to 6°Co gamma radiation, while, 

at the 800-rad level, it is less than 90% of 

the 6°Co response. He concluded from these 
findings that, since, in the light of the current 

theory, superlinearity is due to the formation of 

new traps, 6°Co gamma radiation is considerably 

more effective in producing new traps in the 

range from 50 to 800 rads than is 130-keV X
radiation. Naylor found the same effect to 

exist also in Harshaw TLD-100 powder, but 

to a lesser degree. No mention is made in his 

* Throughout this paper, the terms "thermo-
in the linear region of the response curve is luminescence-response curve" and "response curve" 
investigated. A notable exception to this prac- are used to designate the curve obtained by plotting 
tice is the work of Naylor<5

> who studied the the area under the glow curve as a function of 
shape of the thermoluminescence-response exposure. 

429 
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my time in considering some general issues 
relating to personnel monitoring policy. 

Several papers in this session have been 
devoted to showing that in many situations 
TLD produces results as good as or better 
than film badges. For the measurement of the 
dose at a point on the surface of the body lithium 
fluoride certainly takes some beating. However, 
the film badge does other things besides mea
suring the dose at a point. It can define the 
type of radiation giving rise to the dose, whether 
the radiation is entering or leaving the body 
at the point of measurement and, when large 
numbers are involved, the film badge can give 
results more quickly and more cheaply than 
lithium fluoride. On the other hand we have 
seen that for measuring doses to the fingers or 
the hand the film badge is almost worthless 
compared with sachets of lithium fluoride or 
Teflon-LiF discs. A strong case has also been 
made for using calcium fluoride devices as 
integrating dosemeters, or as alternatives to 
quartz fibre dosemeters (although they have not 
the self-reading facility of the latter); and of 
course equally strong claims have been made for 
radio-photoluminescent glass as the basis of a 
suitable integrating dosemeter. It would seem, 
therefore, that in view of all these developments 
in the dosimetry field, the time is not ripe for 
taking up prepared positions in the defence of 
either the film badge, TLD, glass or any other 

system for personnel monitoring. In my view 
a flexible policy is the correct one in present 
circumstances--one which allows plenty of 
opportunity for experimental and operational 
trials. 

Developments I should like to see reported 
at the second I.R.P.A. Conference would include 
the following: 

(i) Further work on solid TL systems along 
the lines of the LiF single crystals dis
cussed by Cameron; 

(ii) Automation to simplify and speed up 
the read-out procedures; 

(iii) Investigations into other TL materials 
having fewer idiosyncracies than LiF 
and cheap enough to throw away after 
read-out (e.g. lithium borate, which 
sells at ld. per dosemeter); 

(iv) Further work on TL methods for per
sonnel monitoring of fast neutrons; 

and, perhaps only obliquely concerned with 
thermoluminescence, 

(v) Consideration by I.C.R.P. of alternative 
methods of specifYing maximum per
missible doses for external irradiation, 
in terms of the dose at the surface of the 
body. This would resolve the present 
difficulty whereby personnel dosemeters 
must also take on the characteristics of a 
simple spectrometer. 
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note of the dose rates used in the experi
ments. If the dose rates were different 
for the different energies, the observed pheno
menon could be due just as well to a variation 
of curve shape with the rate of energy absorp
tion by the LiF crystal lattice, regardless of 

photon energy. 
The work reported here, which had been 

conceived before Naylor's note was published, 
deals with the shape of the LiF (TLD) response 
curve obtained with photons at different expo
sure rates and photon energies, with emphasis 
on the regions of non-linear response. Non
linearity in the response-versus-exposure curve 
points to either a multiple-stage process or a 
change in the relative importance of two com
peting processes. Therefore, shape changes 
with exposure rate and photon energy are most 
likely to occur in the non-linear regions of the 
curve, if at all, i.e. in the "superlinearity" region 
and the region in which the response curve goes 
through a maximum. 

STATUS OF THEORY 

Nature of thermoluminescence centers. Morehead 
and Daniels exposed LiF crystals to different 
types of ionizing radiation and studied the 
resulting thermoluminescence, and the forma
tion and destruction of F centers and their 
composites. <6 l They found the energy required 
for F-center formation to be different for dif
ferent types of radiation, and to increase with 
the total dose delivered. They showed that both 
the thermal and optical bleaching characteris
tics of LiF depend on the type of radiation 
employed, and that, in fact, two LiF crystals 
exposed to different types of radiation have 
different types of glow curves, even when they 
contain the same concentration of F centers. 
This indicates· that, for LiF (TLD grade), a 
simple F -center theory of thermoluminescence 
does not suffice. Recently, Claffy reported <7 l 

that the concentration of impurities in the LiF, 
in particular the concentration of the Mg ions 
present, determines the shape of the absorption 
bands of the resulting centers, and also the glow 
curves. Thus it seems that the thermolumines

cence may be due in part to the impurity 
centers. 

The role of lattice damage in the superlinearity 
region. A further puzzling phenomenon in the 

thermoluminescence of LiF (TLD grade) is the 
presence of the "superlinearity" region of the 
response curve. Cameron et al. <8 l developed a 
theory explaining the enhanced thermolumines
cence in this region by the assumption that, 
above a 6°Co exposure level of about 2000 R, 
new electron traps are created by the radiation 

proper. 
A study of the shape of the response curve 

in the superlinearity region as a function of 
photon energy could furnish a clue as to 
whether or not new trap formation is important. 
Since the probability both for direct lattice-.ion 
displacement by the incident radiation and for 
the formation of new vacancies at dislocations 
should decrease with decreasing radiation energy, 
a decrease in superlinearity with decreasing 
radiation energy would be compatible with 
formation of new traps. 

Thermoluminescence inhibition. For the segment 
of the thermoluminescence response curve close 
to its maximum, Morehead and Daniels (6 ) 

obtained information on curve shape as a 
function of the type of the incident radiation. 
They found considerable difference in curve 
shape, as well as a difference in the location 
and height of the response maximum, the 
radiation depositing the largest amount of 
energy for a given interaction producing the 
highest response maximum. They explained 
this effect by the greater ability of radia
tion depositing large amounts of energy per 
interaction to produce new traps and thus 
a higher saturation concentration of F 
centers. 

EXPERIMENTAL TECHNIQUE 

Sources. A commercial kilocurie 6°Co therapy 
source and two water-shielded kilocurie 6°Co 
sources were used to provide six different expo
sure rates between about 10 2 and 7 x 106 Rfh. 
Both sources had been calibrated previously 
with suitable cavity-ionization chambers. Low
energy bremsstrahlung was furnished by a com
mercial 250 kV constant-potential X-ray ma
chine, modified to provide precision- regulation 
of voltage and current. The X-ray machine was 
operated at 200 kV constant potential, with in
herent filtration only (HVL about 5 mm Al). 
The exposure rate at the position of the samples 
was about 7 X 10 3 R/h. Space did not permit 
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a vanatwn of X-ray exposure rates over a 
large enough range to warrant the effort, and 
variation of rates through adding of filtration 
was decided against, because of the associated 
change in spectral shape. A calibrated Vic
toreen R-meter was used to determine the 
X-ray exposure rate. All exposures are estimated 
to have been accurate to within 3%. 

Choice and treatment of LiF powder. Most of 
the experiments were done with Harshaw 
LiF, TLD-100 powder, of batch DW-48. Some 
were performed with both TLD-100 and TLD-
700 powders. Yet, since the results were quali
tatively similar for both types of powder, only 
the TLD-100 results will be discussed here. 
All powder was annealed prior to exposure for 
15 min at 400°C, and was exposed in hard 
polyethylene vials of 3 mm i.d. and l mm wall 
thickness. Plastic sleeves were provided around 
the vials for electronic equilibrium at 6°Co 
photon energies. All powder was stored in the 
dark in air-conditioned rooms. Before the 
"readings", the powder samples were heated 
in their vials for 15 min at l00°C, in order to 
empty possibly filled shallow traps. 

Readout procedure. A commercial powder dis
penser, whose operation was found to be repro
ducible to within If% standard deviation, was 
used to fill the heating cup of a commercial 
thermoluminescence "reader". Each polyethy
lene vial contained sufficient powder for two 
individual reading samples. The particular 
reader employed permitted simultaneous re
cording of glow curves and readout of "integral 
counts". With suitable precautions (such as a 
sufficient waiting period between readings to 
bring the temperature of the heating pan 
down close to room temperature each time), 
individual readings obtained on simultaneously 
exposed powder samples with a given photo
multiplier setting in any one readout session, 
could be made to agree to within 3%. Below 
the region of thermoluminescence inhibition, 
the number of integral counts proved to be 
proportional to the height of the glow peaks to 
within5%. 

In order to cover the required five decades 
of thermoluminescence intensities, the photo
multiplier gain had to be changed during the 
reading sessions. Since the high exposure range 

I,R,P. VOL. I-P 

necessitated readout with photomultiplier vol
tages between only 500 and 1000 V, the weak 
light source provided with the "reader" as a 
constancy check could not be used. Instead, 
gain ratio and gain constancy checks had to be 
provided by a determination of photomultiplier 
voltages obtained in the readout of identically 
exposed powder samples. Whenever possible, 
inaccuracies due to variations in reader per
formance were avoided by reading all powder 
samples belonging to a particular phase of the 
experiment on the same day. This caused the 
period between exposure and reading to vary 
between about one and ten days. No correc
tions for image fading or growth were made, 
since the variations of response with time 
between exposure and reading were within 
the limits of over-all experimental accuracy. 
The readings for the various individual phases 
of the rate-dependence experiment which, 
in some instances, were obtained weeks 
apart, were scaled at suitable overlapping tie-in 
points. 

RESULTS OF EXPERIMENTS AND 

CONCLUSIONS 

Rate dependence. Figure l is a plot of integral 
counts as a function of exposure to soco gamma 
rays at the three rates obtained with the water
shielded sources (range from below 5 X 10 3 

to above 7 X l 06 Rfh). Also shown, at selected 
exposure levels, are samples of glow curves 
(total counts versus temperature, not to scale). 
One curve suffices at any one level, since there 
is no significant change in curve shape ·with 
exposure rate. In order to avoid further scaling 
and the resulting further inaccuracies, the data 
obtained with the therapy sources (exposure 
rate range from about 100 to 2600 R/h) are 
not shown on this figure, but are included in 
Fig. 2, where they are compared with the 
200-kV data obtained during the same experi
mental phase. (See the following section on 
energy dependence for a full discussion ofFig. 2.) 
It was physically impossible to overlap the 
rates used with the two types of eoco sources. 
Yet, the lowest rate obtained with the water
shielded sources (Fig: I) is less than a factor of 
two higher than the highest rate obtained with 

. the 6°Co gamma-ray therapy sources (Fig. 2). 
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Fw. 1. Rate dependence study with 6°Co gamma radiation (water-shielded sources). 
Circles: 7.2 X 108 Rjh. Squares: 2.0 x 105 Rjh. Triangles: 4.8 X 10 3 R/h. At 
selected exposure levels, samples of glow curves (total counts versus temperature) 

are included (not to scale). 

The continuity provided in this way is considered 
adequate.· 

The spread of the individual data points 
obtained with the water-shielded sources at 
different reading sessions for any one exposure 
and exposure rate is seen to be about ± 15%, 
even after scaling, at least in the ascending 
portion and at the maximum of the response 
curve shown in Fig. l, and does not seem to 
vary with exposure level. The spread in the 
data points is considerably less in Fig. 2, and 
also in Fig. I in the region of decreasing res
ponse, for which the data were obtained in a 
single reading session. Yet, the over-all im
precision probably is still around 10%. Within 
these rather wide limits of experimental impre
cision, no change in the shape of the response 
curve is detected over the exposure-rate range 
from about I 00 to 7 X I 06 R/h for exposures 
lying between about 10 3 and 2 x 107 R. Inas-

much as Karzmark <1 > established the absence 
of rate dependence at the 20,000 R level within 
about 5% or better, over a range of exposure 
rates overlapping the range covered here, and 
inasmuch as the present data show no trend 
with rate over the entire response range, there 
is reason to believe that the thermoluminescence 
response is, indeed, essentially independent of 
exposure rate over the entire range covered. 
This result could be of importance for the theory 
of thermoluminescence in LiF (TLD grade), 
since Mitchell et al. <9 > have shown F-center 
formation to be dependent on exposure rate, 
at least in one of the alkalihalides (KCl). 
It is planned to study the coloration of LiF 
(TLD grade) as a function of exposure rate 
over the same range of rates and total exposures 
over which thermoluminescence 'has been found 
to be independent of rate.· Rate dependence 
of the coloration would be conclusive evidence 
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FIG. 2. Energy-dependence study, and rate-dependence study with 6°Co gamma 
radiation (therapy sources). Filled-in circles: 200 kV X-radiation, 7620 Rjh. 
Open circles: 6°Co gamma-radiation, 101 Rjh. Squares: 6°Co gamma radiation, 
986 Rfh. Open triangles: 6°Co gamma-radiation, 2640 Rjh. Filled-in triangles: 
6°Co gamma radiation, 2 X 10 5 Rjh water-shielded source), repeated from Fig. 1, 

and fitted at about 2 X 104 R. 

that F centers do not play an ·essential role in 
the thermoluminescence of LiF (TLD grade). 

Energy dependence. Figure 2 is a plot of integral 
counts versus exposure to wco gamma-ray 
photons and to low-energy X-ray photons. The 
curve shape suggested by the few data points 
below around 350 R for both photon-energy 
regions, is consistent with the linear response 
usually found in this exposure range. Yet, for 
the soco gamma rays, superlinearity sets in 
above around 350 R, while, for low-energy 
X-ray exposures, the response remains linear 
to about 2000 R. The superlinearity region 
is clearly steeper for 6°Co gamma rays than for 

the low-energy X-radiation. * Above 20,000 R, 
the curves again have the same slope. 

These findings confirm Naylor's results for 
low exposures <5> and extend them to higher 
exposure levels. They also reveal that the 
difference in slope of the response curve to two 

* Inasmuch as the relative response to the two 
different types of radiations depends upon the 
difference in attenuation for different sample geo
metries, locations of the two curves obtained with 
different photon energie.S (in particular, the fact that 
they cross) is fortuitous. The only fact of importance 
is the difference in their slope. 
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different types of radiation is not due simply to a 

difference in exposure rate, but truly to a 
difference in the photon energy, as was assumed 
by Naylor. In the light of the introductory dis
cussions, the findings are compatible with new 
trap formation as the cause of superlinearity. 

Another interesting result is that the difference 
in curve slope disappears as the response maxi
mum is approached. In fact, there does not 
seem to be an appreciable difference in the 
height and peak of the response maximum for 
the two types of radiation-a result that is 
unexpected, particularly considering the findings 
of Morehead and Daniels. <6 > It is planned to 
extend the study of the region of maximum 
response to other types of radiation, in order 
to check these findings over a wider range of 
energy deposit per interaction. 
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OPERATIONAL TRIALS OF LUMINESCENCE DOSIMETERS 

L. K. BURTON, C. J. FOSTER and S. TOWNSEND 

Central Electricity Generating Board, Berkeley Nuclear Laboratories, Berkeley, 
Gloucestershire, England 

Abstract-Since the AERE/RPS film holder containing Kodak RM film is the legally 
accepted method of exposure monitoring in the U.K., comparisons have been made between 
luminescence dosimeters and film badges over a wide range of conditions. Good correlation 
was obtained when lithium fluoride samples were attached to film badges, but not when the two 
were issued together, with instructions that they should be worn close to one another. This 
indicates that more attention should be given to studying the spatial distribution of dose over 
the body. A comparison was made between fingertip mounted lithium fluoride samples and 
film badges worn on the wrist. For operations involving the handling of fission product con
taminated material the ratio between the doses measured by the two systems varied between 
1 and 20:1. Lithium fluoride in teflon has been used for some measurements. Although this is 
physically more convenient to use than the powder, some samples produced a low temperature 
glow peak with a short decay time. This rendered rapid measurements inaccurate. 

Dosimeters, readout devices and ancillary equipment are discussed from the operational 
aspect and disadvantages of present equipment are given, together with suggestions for 
developments required to produce operationally more acceptable equipment. 

I. INTRODUCTION 

Thermoluminescence dosimetry is a method of 
storing and measuring the energy absorbed in a 
small quantity of relatively inert material. It 
is an integrating system which complements 
such devices such as film badges, quartz fibre 
electrometers and integrating ion chambers. It 
is at an early stage of development for opera
tional use, but even now it can solve problems 
hitherto impossible. 

Early papers on thermoluminescence dosi
metry have dealt mainly with the instrument 
technology. Angino <1 > has published a biblio
graphy which probably contains all references 
up to the end of 1964. A comprehensive review 
paper by Spurny <2 > has been published, and 
Langmead< 3 > has dealt with the health physics 
applications. In this paper some of the opera
tional problems associated with the use of LiF 
for thermoluminescence dosimetry are des
cribed. 

electrons a certain fraction of which become 
trapped in metastable states a few eV above the 
ground state. When the material is heated to a 
temperature of a few hundred degrees C, the 
thermal energy is sufficient to remove the 
trapped electrons. When the electrons return 
to the ground state, light is emitted and can be 
detected with a photomultiplier. The tempera
ture of emission depends upon the trap depths 
of the luminescent centres and is highly depen
dent upon the activators present. Pure lithium 
fluoride is not suitable for thermoluminescent 
dosimetry but a commercially available product, 
which is suitably activated, luminesces at a 
temperature of about 200°C. 

Lithium Fluoride 

Lithium fluoride is a white crystalline 
material which is insoluble, non toxic and 
inert in ordinary atmospheres. Due to its low 
atomic number the energy response of lithium 
fluoride is better than most other unshielded 

2. THERMOLUMINESCENCE DOSIMETRY detectors. <4 > Before use the powder must be 

Thermoluminescence is a process in which annealed and a standard procedure has been 
energy due to an exciting radiation liberateS adopted. The powder is heated for 1 hr at 400°C 
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in a muffle furnace followed by 24 hrs at 80°0 
in an oven. Cameron <5 > has shown that a very 
similar procedure anneals out all traps and 
eliminates low temperature glow peaks. 

Table I. Commercially Available LiF 

Manufacturer Number Isotopic 
composition 

Harshaw Chemical Co. TLDIOO Normal 
Harshaw Chemical Co. TLD700 7Li 
Con-Rad TypeN Normal 
Con-Rad Type 7 7Li 
Con-Rad Teflon Disc Normal 

The use of lithium fluoride powder is incon
venient and development of solid systems is ur
gently required. A method is being developed 
in which lithium fluoride is embedded in 
PTFE (teflon). The problem is to find a low 
atomic number material that will withstand the 
annealing procedure and also transmit light. 

Thermoluminescence Reader 

The powder is heated on a metal tray and the 
light output is measured by a photomultiplier 
and amplifier system. The tray is normally 
heated by passing an electric current through it. 
As the temperature rises the light output passes 
through a series of peaks corresponding to the 
energy levels of the trapped electrons. For 
practical purposes a single peak is desirable 
and this can be obtained with annealed lithium 
fluoride. If the glow curve is obtained with an 
unfiltered photo-multiplier three peaks will be 
present. As well as the radiation induced peak, 
a tribothermoluminescence peak and an infra
red peak will be obtained. The tribothermolu
minescence peak is thought to be caused by an 
interaction. between oxygen and the crystal 

surfaces; it can be eliminated by passing nitro
gen through the heating chamber. The effect 
of the infra-red part of the glow curve can be 
reduced by suitable filters and by stopping the 
heating cycle at the correct position after 
the radiation induced peak. It is clear that the 
heating cycle must be accurately timed but it is 

also essential that the heating rate is reproducible. 
This is necessary because the peak position 
depends upon the heating rate as well as tem
perature. <6 > 

In order to obtain a rapid sample turnover rate 
a fast heating cycle can be used with a measure
ment of the peak amplitude of the glow curve. 

The heating tray can be either fixed or 
removable. Perry and George <7 > have used a 
fixed system. This has the advantage that 
sliding contacts are eliminated and a more 
accurately controlled heating cycle should be 
possible. The alternative system employs loose 
trays which are pushed into the heating cham
ber in a slide. This is satisfactory when new 
but may lead to contact troubles after repeated 
use. It is very convenient for loading and un
loading the powder. The small tray can be 
held below the dispenser and can be shaken to 
evenly distribute the powder. Removal of the 
used powder is simple compared with the fixed 
tray systems for which a micro-suction device 
is necessary. The above arguments apply to 
loose powder but in the very near future, lithium 
fluoride may be used in the solid form. For 
PTFE discs, the disadvantages of the fixed tray 

no longer apply and this system may become more 
acceptable because of its inherent reliability. 

The d.c. output from the photomultiplier 
tube can be either amplified as a current or 
after conversion into pulses. Pulse amplification 
avoids stability problems associated with d.c. 
amplification. However, simple stable d.c. 
systems have been developed in which the 
photomultiplier current charges a capacitor 
across which the voltage is measured with a 
digital voltmeter. In the alternative system 
a current to pulse converter is used to produce a 
pulse rate proportional to current. The pulse 
rate is measured by ratemeter or scaler depend
ing upon the accuracy required. <7 > As thi~ 

system can use standard nucleonic units, it 
has the advantage over specialized readers that 
spare units are always available. 

3. HEALTH PHYSICS APPLICATIONS 

Gamma Dosimetry 

The properties of five different integrating 
dosimeters are listed in Table 2. From this it is 
clear that lithium fluoride is very good material 



OPERATIONAL TRIALS OF LUMINESCENCE DOSIMETERS 437 

for dosimetry, even at this early stage in its 

development. The question arises whether or 
not it should replace other methods. 

The film badge is at present the legal method 
of measuring personnel doses in the U.K. Any 
alternative system must therefore show out
standing advantages in order to replace it. 
On a strict comparison of properties, lithium 
fluoride is superior to the film badge for the 
measurement of energy absorbed at the surface. 
However, because of its poor energy response 
the film badge is used with a number of filters 
and as a result it is possible to obtain an indi
cation of the energy of the incident radiation. 
This is necessary to determine the organ dose 
which is required for statutory purposes. The 
developed film also provides what is considered 
for legal purposes in the U.K. to be a permanent 
record of the dose received. For these reasons 
lithium fluoride is unlikely to replace the film 
badge during the next few years. 

It has been suggested by Langmead <3 > that 
although lithium fluoride is unlikely to replace 
the film badge in the U.K. within the next few 
years, it could become a valuable addition to it. 
Lithium fluoride could become the short term 
control dosimeter while film badges continue 
to be the legal dose recording devices. The 
lithium fluoride could be read as often as neces
sary while the film badges could be processed 
at longer intervals than at present unless the 
lithium fluoride results show good reason for 
developing the film earlier in order to obtain 
additional information on beam quality, or to 
obtain a more accurate reading for the dose 
register. This would relieve the film badge 
services of the large load of special badges and 
would also reduce the frequency of routine 
badges to be processed. If the individual health 
physicist still has a method of operational con
trol with on-site lithium fluoride facilities then 
consideration could be given to regionalization 
or centralization of film badge services. 

The quartz fibre electrometer is still the 
best method for the individual to control his 
own exposure. It is unlikely to be replaced by 
thermoluminescence method<>. 

Beta Dosimetry 

Lithium fluoride has the same response per 
rad for beta particles as for gamma rays. It 

can therefore be used without correction factors 
for measurements of mixed beta plus gamma 
radiation. When used in a flat container with a 
PVC cover of the appropriate thickness it can be 
used to determine the dose to the basal layer of 
the epidermis. Since the container can be quite 
small it can be worn on the fingertip, allowing 
a direct measurement of finger-tip dose. For 
this sort of f3 + y measurement thermolumines
cence dosimetry is the only practical method of 
direct measurement. Lithium fluoride is also 

finding wider application for general f3 + y dose 
measurements due to lack of alternative methods. 
It is being used in many cases where a beta 
Q.F.E. would be used if available. If a reliable, 
robust beta Q.F.E. is developed it would prob
ably be used for operational control of general 
body exposure in preference to lithium fluoride. 

4. OPERATING CHARACTERISTICS OF 

DOSIMETERS USING LOOSE POWDER 

Thermoluminescence dosimeters generally 
take one of two forms. In the first type the 
·thermoluminescence material is placed in a 
sealed capsule together with energy correction 
filters and sometimes heating elements. In this 
form the amount of thermoluminescence mat
erial in the dosimeter is fixed, and it is not neces
sary to handle the material when evaluating 
the measured exposure. In the second type of 
dosimeter a measured amount of thermolu
minescence material is dispensed into a suitable 
container for the measurements being carried 
out. After exposure the material is removed 
from the container for evaluation. The most 
common material used in this type of dosimeter 
is lithium fluoride. This is a white crystalline 
solid, and crystals between 80 and 100 mesh 
Tyler in size have been found to be the most 
efficient. <•> Dosimeters using loose powder such 
as lithium fluoride are generally more flexible 
in their applications than the sealed type, but 
are not so simple to use. 

Advantages to be Gained by the Use of Loose Powder 

The main advantage of the loose powder 
dosimeter is its flexibility of operation. With 
this system the container used to hold the pow
der can be specifically designed for the measure
ments made, e.g. it can be thick walled, rigid 



Table 2. Properties of Integrating Dosimeters 

Film badge Q.F.E. Condenser ion 
Glass* LiF 

chambers 

Dose range 0-IOOOR 0-1000 R 0-6000 R 20 mr-3000 R 10 mr-105 R 

Energy dependence High low energy High response and Very good High low energy Very good 
response cut off at low energy response 

Dose rate dependence None Response falls off Response falls off None None 
at very high dose at very high dose 
rates rates 

Size Large Largest Large Small Very small 

Robustness Good Good Fragile Good Very good 

Environment Spoilt by water Waterproof Rapid leakage in Up to 60°C Up to 100°C 
damp 

Shelf life Good in Good Must be stored in Good Very good 
refrigerator dessicator 

Pre-treatment None Charge Sometimes require Measure pre dose. Annealing 
high doses to obtain Annealing 
stability. Charge 

Readout Wet chemical Instant Fast Fast Fast readout but 
treatment. Slow tedious handling 

of powder 

* Photoluminescence with low Z Toshiba 



. Table 2 (continued). Properties of Integrating Dosimetres 

Film badge Q.F.E. 
Condenser ion 

chambers 
Glass* LiF 

Readout equipment Dark room. None Portable charger- Non-portable Non-portable 

Bulky equipment and Small charger reader reader reader 

computation time required 

Fading Leakage rate low Some leak charge 6% year 5% year 

when in good very fast 
condition 

Filters RPSJAERE holder None None Necessary for flat None 

response 

Reading Energy absorbed + Ionization Ionization Energy absorbed Energy absorbed 

indication of 
radiation energy 

Special advantages Legal method of Constant check Victoreen Good dose range, Small, robust 

personal dosimetry of dose possible condenser ion- fast readout. wide dose range 

-permanent during use chambers very Readout does not and rapid readout. 

record-indicates stable-useful for affect reading Good at high 

energy-well known standards temperatures 

* Photoluminescence with low Z Toshiba. 
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and sensitive to gamma-rays only or thin walled, 
flexible and sensitive to both beta and gamma 
radiation. Also the ancillary equipment used 
is not generally specific to any one thermolumin
escence material allowing a choice to be made 
depending on the qualities of response re
quired. Finally a fairly small stock of powder 
can be used to service a wide variety of different 
dosimeters of this type. 
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sachets used for finger dosimetry, and much 
less for small polythene phials. 

3. The retention of powder in any container 
is random, it is therefore necessary to weigh 
each charge of powder before evaluation if an 
accurate measurement is required. The 
actual weight of powder recovered from a 
sachet can be as low as 75% of the initial 
charge. 

0 2 3 4 5 6 7 8 9 10 

TIME. (HOURS.) 

Fw. 1. Processing time for film badges compared with lithium fluoride. 

Problems Caused by the Use of Loose Powder 

Although a system using loose powder is very 
flexible, handling the powder causes some 
operational problems. The following problems 
are not always apparent from a preliminary 
appraisal of such a system. 
l. Powder is easily spilt by careless handling 

especially in difficult working conditions. 
Thus an important measurement or a per
son's exposure record can easily be lost. 

2. Powder losses occur and a 10% loss by weight 
is not uncommon each time the powder is 

used. One form of powder loss is due to 
retention of small amounts in the containers 
after emptying. The amount varies with 
the container used, being very high in the 

4. Powder size is very critical. If the crystals 
of lithium fluoride are less than 80 mesh 
Tyler then their behaviour alters both phy
sically and mechanically. This fine powder 
has an apparent response one third that of 
the larger 80-180 mesh size crystals, and is 
very difficult to handle. It will block a 
dispenser, and when placed on a heating 
tray is not easily spread evenly. Due to these 
difficulties the accuracy of the results obtained 
with it are low. 

5. Due to tribothermoluminescence effects it is 
necessary to heat the powder in an atmo
sphere of nitrogen. Errors can be introduced 
if all samples are not given the same flushing 
time with nitrogen before reading. 
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6. The powder has to be bulked, reannealed, 
and recalibrated after use before it is ready 
to use again. · This means more powder 
than required must be kept to allow for this 
procedure to be carried out without inter
rupting routine work. Variations in response 
after annealing vary from 3-20%. 

7. Different batches of powder also vary in res
ponse by as much as 30%, and it is important 
not to mix dosimeters using different batches 
of powder unless they are clearly marked. 

As a result of the problems listed above the 
processing and reading of lithium fluoride often 
takes longer than expected. In fact as shown in 
Fig. 1 in large numbers exceeding 60 film bad
ges can provide results faster than dosimeters 
using loose lithium fluoride. 

The problems listed above are probably 
only significant when considering a routine 
operational service. As a research tool the 
flexibility of the powder system, added to the 
tissue equivalence of lithium fluoride far qut
weigh the problems involved. 

The regular operational Health Physics use 
oflithium fluoride, or any other thermolumines
cent powder for both beta- and gamma-ray 
dosimetry will require improvements in the 
loose powder technique. Total encapsulation 
of the thermoluminescent material has to date 
produced only a gamma-sensitive dosimeter. 
One technique which may provide a solution 
however and give both beta and a gamma expo
sure is the embedding of powder in a flexible 
high melting point plastic. The results of some 
work carried out with this type of dosimeter are 
given below. 

Finally the cost of lithium fluoride powder 
at present (June 1966) is approximately £5 per 
gram. This is probably due to its limited pro
duction by a few manufacturers. However, 
if increased sales reduced the price to 10/
per gram then it would cost less than the present 
film badge and would be cheap enough for 
reprocessing to become uneconomic. 

5. EXPERIMENTAL RESULTS 

Comparison with Film Badges for Personnel Dosimetry 

Measurements have been made to compare 
the dose recorded by lithium fluoride with the 
sum of the gamma-, X-, and beta-ray compo-

nents of the dose recorded on Kodak RM film 
in an AERE/RPS holder. The lithium fluoride 
powder was contained in a PVC sachet designed 
by the U .K.A.E.A. The experiment was divided 
into two parts. In the first part, sachets con
taining 45 mg of LiF were attached to the 
routine film badges issued monthly to 12 per
sonnel likely to receive doses in excess of 30 
mrem. The sachets were removed from the film 
badge holder at the end of the month with the 
routine monthly film. After weighing, the pow
der was emptied from the sachet, assessed and 
the empty sachet reweighed. The results ob
tained were then corrected to give an estimate 
of dose based on 45 mg of powder. Calibration 
was carried out using a similar method of assess
ment for identically loaded sachets given known 
exposures to 50 mg of 226Ra. The second part 
of the experiment involved the issue of sachets 
of lithium fluoride, prepared and calibrated 
as in part one, to personnel involved in special 
operations for which additional film badges 
were being worn. In this case the lithium was 
worn separately from the film badges but where 
possible adjacent to one of the special films. 
The results of the first part of the experiment 
showed a reasonable correlation between the 
doses estimated with lithium fluoride, and with 
the film badge. 

The results in Fig. 2 show considerable scatter 
in the dose range 0-50 mrad, but this was not 
unexpected as both systems of measurement 
were near the limits of their sensitivity in this 
range. Errors of at least 20% are probable. 
The correlation obtained was apparently inde
pendent of the proportion of the total dose due 
to gamma-, X-, and beta-radiation. 

In the second part of the experiment very 
little correlation was found between the lithium 
fluoride and the film badge measurements. Ih 
most cases this was attributed to their relative 
positions. Due to this random positioning of 
lithium fluoride sachets with respect to the 
accompanying film badge, when issued loose, 
this part of the experiment was stopped. How
ever, loose sachets were still issued for wearing 
on fingers, and these results are reported below. 
It is clear from the scatter of these results that 
dose variations over quite small areas of the 
body make organ doses derived from single 
surface dose measurements highly inaccurate. 
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Beta Surface Dosimetry 

Using a PVC sachet with a 12 mgfcm 2 cover 
it is possible to obtain a direct estimate of skin 
dose, since lithium fluoride has an almost tissue 
equivalent response. The dose recorded by the 
lithium fluoride closely approximate to the 
{3 + y dose that would be received by the basal 
layer of the epidermis. 

Sachets of lithium fluoride made up and 
assessed as described above, were issued both 
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Table 3 show the discrepancy between the 
estimates of exposure made with wrist films and 
those received at the finger-tips. Ratios as 
high as 20: 1 between wrist films and lithium 
fluoride finger dosimeters were obtained with an 
average ratio near 7: 1. Although there may be 
small differences in the response of film and 
LiF dosimeters when worn over bony parts of 
the body, the major part of the discrepancy 
is clearly due to inhomogeneity of the irradiating 

100 1,000 10,000 

FILM BADGE. (TISSUE. MILL!. RADS.) 

FIG. 2. Comparison between the monthly doses as monitored by film badges and 
lithium fluoride dosimeters. 

with monthly wrist films and for special opera
tions. For monthly issues the sachets were first 
attached to leather finger-stalls. The wearers 
were chosen from persons handling active 
materials regularly, and wore the finger-stall 
on the forefinger of either hand with their 
monthly wrist film worn on the wrist of the 
same hand. For special operations sachets 
oflithium fluoride were issued both attached to 
finger-stalls and loose for attaching to the finger. 
Where possible a special film was also issued 
to be worn on the wrist of the same hand 
carrying the lithium fluoride. The results in 

field. Thus wrist measurements alone seriously 
underestimate total hand exposure, and the 
facilities which LiF offers for finger-tip measure
ments are unique. The only operational dis
advantage noted in the series of measurements 
was that some operators found difficulty in 
carrying out fine operations with both the finger
stalls and sachets on their fingers. 

Teflon Discs Incorpdrating Lithium Fluoride 

The recent development of rods and discs of 
PTFE containing 20-30 mg of lithium fluoride 
offers a possible solution to the problems asso-
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Table 3. 

A B 
*Total dose recorded 

by film badges on 
wrist, rad 

Dose recorded by 
lithium fluoride 
on forefinger, rad 

Ratio A :B 

0·09 
0·81 
0·36 
0·09 
0·15 
0·08 
0·23 
0·24 
0·08 
0·20 
0· 17 
1·08 
0·24 
0·70 

0-11 
5·10 
0·94 
0·03 
3·38 
0·89 
2·27 
0·49 
1·34 
0· 19 
0·94 
2·10 
0·83 
0·82 

1: 1· 2 
1: 6· 3 
1:2·6 
1: 0·3 
1: 22· 5 
I: I 1 
I: 9 ·9 
I: 2 
I: 16· 8 
1: 9· 5 
1; 5·5 
I: 2 
1: 3 ·5 
1: 1·2 

*N.B. Total dose consists of the summation of the beta, X, and gamma 
components of the dose recorded on the film badge. 

ciated with handling powder. These dosimeters 
can be read in a standard reader using a spe
cially designed heating jig. This enables the 
dosimeter to be heated uniformly throughout 
its volume. The introduction of these discs 
and rods simplifying handling procedures, pro
duces a useful reduction in processing time, 
but they are expensive. Their response is 
claimed to be identical to the loose powder, 
but we have not yet confirmed this. The econo
mic advantage of this form of lithium fluoride 
dosimeter will depend a great deal on the num
ber of times teflon dosimeters can be reused. 
Our measurements have shown that the repeti
tion of an exposure/reading/annealing cycle up 
to twelve times has altered the response of 15 mm 
discs very little. However, the spread in res
ponse between individual discs all exposed 
simultaneously, and assessed at the same time, 
was as high as 30% of the total exposure. The 
variation in sensitivity of a given batch of discs, 
as revealed by the mean reading of six discs, 
between different cycles was in the order of 
20%. This is illustrated in Fig. 3 where the 

mean, maximum, and mm1mum readings of 
the six discs in a batch are shown for twelve 
consecutive cycles of exposure/reading/anneal
ing. The annealing procedure consisted of a 
period of 15 min at 300°C followed by 2 hrs at 
80°C and was standardized for all cycles except 
the first shown in Fig. 3. No obvious variation 
in linearity was indicated between batches 
exposed to approximately 150 mr, 300 mr and 
600 mr. One reason for the variation in res
ponse between cycles is thought to be due to a 
short-lived low temperature peak in the glow 
curve. This is shown in typical glow curves 
taken directly after irradiation (Fig. 4). In 
glow curves taken several days after exposure 
the low temperature peak is no longer detectable 
(Fig. 5). The presence of this peak thus intro
duces a variation in measured exposure depen
dent upon the time that elapses between the 
irradiation of the disc and its assessment. This 
could in part explain the variation in response of 
the discs between consecutive exposure/reading/ 
annealing cycles. Further investigations will be 
carried out in order to confirm these findings 
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FIG. 3. Variation of teflon disc response with an increased number of 

exposure/reading/annealing cycles. 

which, unless eliminated, could seriously affect 
the usefulness of the teflon discs for exposure 
control. 

Measurements with a Water Phantom 

A standard man equivalent thorax: and 
abdomen consisting of two water filled con
tainers was used. The dosimeters under test 
were placed in groups on the surface of the 
thorax facing the source of radiation. AERE/ 
RPS film badges, PVC sachets and polythene 

phials were used, the latter containing 45 mg 
of lithium fluoride powder. Two sources of 
radiation were used, 20 mCi ofl98Au and 5 mCi 
of 611Co. The exposures were carried out with 
a fixed source to dosimeter distance giving 
approximately the same exposure rate for all 
experiments, with the same source. The total 
exposure was varied by altering the duration 
of the experiment. The results in Table 4 show 
the mean value of the fraction measured dose/cal
culated dose for six dosimeters of each kind. The 
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calculated dose being that expected at the 
distance of the dosimeter from the source in the 
absence of the water phantom. 

The results to date show that at 0·4 MeV 
{ 198Au) the film badge consistently gives a 
measured exposure several per cent higher than 
that obtained with the lithium fluoride dosi-

586 MILLI/RADS. 

LOW TEMPERATURE 

PEAK. 

0. 25Q ISO. SO. 0. 0 c. 

FIG. 4. Teflon disc glow curve read im
mediatdy after exposure showing low tempera

ture peak. 

586 MILLI/ RADS. 

0. 250.150.50. o. °C. 

FIG. 5. Teflon disc glow curve read several days 
after exposure. 

meters. The fairly wide spread in the value of 
measured dose/calculated dose possibly indi
cates that the degree of accuracy obtained 
still leaves room for improvement. However, 
it would appear that the two types of lithium 
fluoride dosimeters do not vary very signifi
cantly in their response to 0 · 4 MeV gamma 
radiation. 

The results obtained with the higher energy 

Table 4. Mean Values of Measured Dose/Calculated Dose for Groups of Six Dosimeters 

Exposed on a Water Phantom 

Radiation 
Position 

Type of 
Measured Dose/Calculated Dose 

energy dosimeter 

0·4 MeV Front of phantom Polythene 
IDs Au phial 1· 12 0·97 1·16 1·14 

PVC sachet 1·07 I ·00 1·15 1·19 

Film badge 1·34 1·20 I ·52 1·21 

1·2 MeV Front of phantom Polythene 
6oco phial 1·04 

PVC sachet 1·24 
Film badge 0·95 

1·2 MeV Back of phantom Polythene 
60Co phial 0·45 

PVC sachet 0·50 
Film badge 

I 
0·50 
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radiation from 6°Co have not been quite 
so conclusive as at the lower energy. In this 
case variations in response were caused by the 
low energy beta-radiation emitted from the 
capsule containing the 6°Co. This had very 
little effect on the thick walled polythene phials 
or the film badges but produced an enhance
ment in the dose measured by the thin walled 
sachets. This effect was confirmed when sachets 
were covered with approximately 90 mg/cm 2 

of additional PVC giving them a wall thickness 
of the same order as the polythene phials. 
Under these conditions the response of the phials 
and the sachets showed only a 5-6% variation, 
which is probably within the present accuracy 
of the methods and equipment. Allowing for 
the sensitivity of the sachet to the low energy 
beta-rays present, the results with 6°Co show 
that at this energy there is very little difference 
in the response of the film badges and the 
lithium fluoride dosimeters. 

Finally one set of measurements were taken 
with the dosimeters on the phantom surface 
facing away from the 6°Co source. Under these 
conditions very little variation in response was 
found between different dosimeters. The degree 
of attenuation due to the presence of the phan
tom was about 50% which is in good agreement 
with the results of H. J. Delafield. <8 > 

6. CONCLUSIONS 

Materials 

We have shown that lithium fluoride can be 
used for some operations hitherto impossible 
and that comparison between lithium fluoride 
and film badges shows good correlation except 
at low doses. However, loose powder is incon
venient for large scale operational use and the 
widespread introduction of TLD into opera
tional Health Physics will probably be delayed 
until a satisfactory solid dosimeter has been 
developed. Lithium fluoride in teflon is a useful 
development but it has some disadvantages. 
The ideal dosimeter should be rigid, transparent, 
large enough to handle easily, be capable of 
annealing up to 25 times and should have no 
low temperature peaks in the glow curve. 
Marking small dosimeters is a difficult problem. 
We suggest that dosimeters should be made 
with a piece of inert base material attached 

for the identification marks. It is worth con
sidering that automatic handling and reading 
will be required in the future and a system of 
symbols for automatic identification should be 
considered. For general personal dosimetry at the 
present time, low Z glass is operationally more 
convenient. It must be remembered, however, 
that glass has many years of development behind 
it while TLD is still in a very early state of 
development. The most prudent policy at the 
present time is to use film, glass and TLD 
where they are most advantageous, but to defer 
consideration of complete reliance upon TLD 
until further development has been carried 
out. 

Readers 

Current commercial readers are designed to 
heat loose powder on a tray. These readers 
are now being adapted to heat solid dosimeters. 
Future development should be directed towards 
producing an alternative heating method to 
heat solid dosimeters directly. This may lead 
to a lighter system with a lower power con
sumption thus providing a more portable rea
der. Solid dosimeters will avoid nitrogen flush
ing which will further simplify the equipment. 

The complete reader in a box concept is 
not necessarily the best system for operational 
use. A more economic system would employ 
a separate reading head, comprising heating 
chamber with a photomultiplier together with 
heating/timing circuits. The output from this 
unit would preferably be measured using con
ventional nucleonic modules. Such a system 
would simplify the supply of spare parts since 
laboratories using TLD will normally be 
equipped with conventional nucleonic equip
ment. 
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A COMPARISON OF TLD AND FILM FOR 

PERSONNEL DOSIMETRY* 

JOHN R. CAMERON 

and N. SUNTHARALINGAMt 

Department of Radiology, University of Wisconsin, Madison, Wisconsin 

Abstract-The film badge is today the most widely used personnel monitoring device for 
want of a more reliable and accurate system. Recent evaluations of the performance of the 
available commercial film badge services report a wide variation in both the accuracy and 
consistency of the reported exposures. The best accuracy that one can obtain for X- and 
gamma-radiation appears to be -50 to + 200%. This paper reports the feasibility of using 
the thermoluminescence of single crystals of LiF (TLD-lOO)t to measure exposure levels of 
X- and gamma-radiation encountered in the personnel dosimetry range. The use of single 
crystals greatly reduces the contribution of the non-radiation induced thermoluminescence. 
The variation in response of individual crystals was taken into account by calibration of the 
crystal in place at the time of read-out. LiF single crystals in lucite capsules were attached to 
film badge holders and given known test exposures from X- and gamma-ray sources and mix
tures of these radiations. The performance of the TLD system is compared with the measured 
values reported by the film badge suppliers. No correction was made for the slight energy 
dependence of LiF at the low ke V exposures. The over-all accuracy of the TLD system 
is about ± 30% for X- and gamma-ray energies above 25 keV effective. 

INTRODUCTION 

The Federal Radiation Protection Code <1 > 

requires that a monitoring device be worn or 

carried by an occupationally exposed individual 

for the purpose of measuring the radiation 

exposure received. The film badge is the mea

suring device most widely used for this purpose. 

Even with its numerous limitations <2- 6 > the 

film badge has been called upon to provide 

accurate dosimetry. Documentation of per

sonnel exposure records have become basic in 

proving compliance or non-compliance with 

Federal and State regulations and as such the 

accuracy and reliability of the available com

mercial film badge services have been ques

tioned. <6 > Two separate evaluations <7
• 8 > of the 

* Part of this paper was presented at the Inter
national Conference on Luminescence Dosimetry, 
Stanford, June 1965. This work was partially sup
ported by AEC Contract No. AT-11-1-1105. 

t National Institute of Health pre-doctoral trainee 

performance of the film badge suppliers report 

a wide variation in both the accuracy and con

sistency of reporting the exposures received by 

the film. In one of these studies even the com

panies that did reasonably well demonstrated 

an accuracy range of only - 50 to + 200% 

in reporting gamma and X-radiation exposures 

with a confidence limit of 90%. <7 > 

A major advantage of thermoluminescent 

dosimeters is their wide usable range. The 

upper limit for LiF (TLD-100) is set by satura

tion effects that become pronounced at 106 R. 

At the low end of the range, measurements are 

limited by the presence of a large background 

part of which is due to the non-radiation in

duced thermoluminescence from the phosphor. 

This effect is of the order of 1 R equivalent for a 

30 mg sample of TLD-100 when it is used as a 

loose powder. <9 > Single crystals of TLD-100 

show a marked decrease (about a factor of 30) 

in this non-radiation induced thermolumines

cence. The feasibility of using the thermoluminesin Radiological Sciences. 
t Obtained from Harshaw 

land, Ohio. 

Chemical Co., Cleve- cence of single crystals of TLD-lOO to m.easure 
milliroentgen levels of exposure was investigated 
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earlier. <10> This paper reports the results ob
tained using single crystals ofLiF (TLD-100) for 
monitoring exposures in the personnel dosimetry 
range in comparison with the film badge evalua
tion supplied by a commercial company. The 
advantages of using a TLD system for personnel 
dosimetry purposes are: (a) relatively good 
energy independence, (b) linear response with 
exposure, (c) dose-rate independence, (d) ap
proximate tissue equivalence, (e) negligible 
decay of stored TL, and (f) unaffected by 
visible light, moisture, and mechanical vibra
tions. 

METHOD 

For the comparative study of personnel 
dosimetry using LiF single crystals and film 
badges, the single crystals were placed inside 
lucite capsules (4 mm wall thickness) and at
tached to the film badge holders. The single cry
stals weighing approximately I 0-25 mg ( ,..._, 2 X 

2 X 3 mm) were cleaved from a chunk of 
virgin TLD-100, and annealed for one hour at 
400°C before being used in the studies. 

Test exposures of known amounts of radium 
and 137Cs gamma-rays and 140 kVp (,....., 3 mm 
Al hvl) X-rays were given to the LiF crystals 
and film badges simultaneously. The calibra
tions for the test exposures were determined 
using Victoreen R-meters, but, because of the 
low exposures used, our values are probably 
accurate to only ± 10%. These test film badges 
were sent back together with the ,..._, 300 
routinely used film badges for evaluation by 
the company. As normal procedure the com
pany is always informed of the type of radiation 
each badge might have been exposed to, but 
no indication was given that some badges were 
being used in a comparative study. The exposed 
LiF crystals were "read" using a technique 
which is described in detail elsewhere. <11> All 
of the readings were done by one of the authors 
(N.S.), who did not have any prior knowledge 
of the test exposure values or the quality of 
the radiation. 

In one study, film badges from a second com
pany were also simultaneously exposed and 
sent back for evaluation. 

In a separate experiment, we subscribed to a 
special testing service offered by the National 
Sanitation Foundation Testing Laboratory, Ann 

Arbor, Michigan, and had sent to them twenty 
badge holders containing both LiF crystals 
and film. These were exposed to known 
amounts of 137Cs gamma-rays, 175 keV effective 
(270 kVp, 4.1 mm Cu hvl) and 24 keV effective 
(68 kVp, 1.25 mm AI first hvl) X-rays and a 
mixture ofl 37Cs and 24 keY-effective radiations, 
and sent back to us for evaluation. The true 
exposures were not known to us until the 
measured values were reported back to the 
National Sanitation Foundation Testing Labo
ratory. The LiF crystals were "read" in our 
laboratory while the films were sent back to 
the company for evaluation. 

RESULTS 

The response of the single crystals in the 
lucite capsules to known exposures of radium 
y-rays, 1

37Cs y-rays, and 140 kVp X-rays is seen 
in Fig. I. The crystals show about a 40% in
crease in sensitivity for the low energy X-rays. 
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FIG. 1. Response of single crystals to radium 
and 137Cs gamma-rays and 140 kVp (hvl3 mm 

AI) X-rays. 

This falls in the range of values previously 
reported. <9 > The 137Cs measurements read 
about 15% lower than the actual exposures. 
This was later verified to be an error in the 
calibration of the source. 

Figure 2 shows the results of an experiment 
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conducted with radium test exposures. The 
broken lines represent an error of± 20%. Four
teen of the 15 crystals measured within ± 25% 
of the actual exposures. 
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Fw. 2. Exposure readings as measured by LiF 
single crystals and film. The solid diagonal 
line represents 100% accuracy. The parallel 
broken lines indicate an error of ± 20% in the 
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FIG. 3. Exposure readings as measured by LiF 
single crystals and film. The solid diagonal 
line represents 100% accuracy. The parallel 
broken lines indicat€ an error of ± 20% in the 

measurements. 

Figure 3 shows the results obtained with 
mixed exposures of radium y-rays and 140 kVp 
X-rays. Twelve of the 15 crystals measured 
within ± 25% of the actual exposures. The 
measured values using LiF crystals appear to be 
higher than the actual exposures and this is 
due to the increase in sensitivity of the LiF to low 
energy X-rays. 

In one experiment film badges from two dif
ferent companies were exposed simultaneously 
with the LiF single crystals, to radium y-rays, 
137Cs y-rays, 140 kVp X-rays and mixtures of 
these radiations. Figure 4 shows the perfor
mance of the LiF single crystals used. Seventeen 
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Fw. 4. Exposure readings as measured by LiF 
single crystals and film. The solid diagonal line 
represents 100% accuracy. The parallel broken 
lines indicate an error of ± 20% in the 

measurements. 

of the 20 crystals measured within ±50% of 
the actual mixed exposures. Those crystals 
that had some X-ray exposure are identified 
separately and these give the higher measured 
values. No corrections were made for the energy 
dependence of the LiF. Note, however, the 
good consistency of measured values on the 
duplicate sets of crystals given the same expo
sure. 

In Fig. 5 this same performance of the LiF 
crystals is shown in comparison to the film badge 
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FIG. 5. Exposure readings as measured by LiF 
single crystals and film. The solid diagonal 
line represents 100% accuracy. The parallel 
broken lines indicate an error of ± 20% in the 
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FIG. 6. The results of test exposures given by 
the National Sanitation Foundation Testing 
Laboratory, Ann Arbor, Michigan. The paral
lel broken lines indicate an error of ± 30% 

in the measurements. 

evaluations of the two companies. Note the 
disagreement between the two companies. One 
company could not detect anything below 50 
mR and reported those badges to have had 
zero exposure. Also note the poor consistency 
of some of the duplicate exposures. 

The results of the Michigan test exposures 
are shown in Fig. 6. The measured values 

using the LiF crystals appear to read high, 
but within 30%. This is to be expected in the 
case of the soft X-rays because of the slight 
energy dependence of the TLD system. No 
correction has been made for this quality depen
dence. 

CONCLUSION 

The film badge continues to be used as the 
principal personnel monitoring device for want 
of a better and more accurate and reliable 
system. This study has clearly demonstrated 
that the potential exists for the use of LiF 
single crystals for personnel dosimetry work. 
The use of single crystals of LiF (TLD-100) in 
place of the powder is a distinct advantage when 
measuring milliroentgen levels of exposure. At 
this lower range the accuracies attainable with 
the TLD system are somewhat lower than those 
at higher exposures. The over-all accuracy of 
± 30% can be improved upon if one also cor
rects for the slight quality dependence of the 
LiF at the lower energies. The TLD system has 
the advantage that these crystals can be reused 
over and over again without any loss in sensi
tivity or accuracy. Also it is possible to monitor 
each individual with several single crystals, one 
could be read and replaced at monthly intervals 
for occupationally exposed personnel and the 
others used as integrating dosimeters over a 
longer period of time. Non-occupationally 
exposed personnel could have their dosimeters 
read annually or after a suspected exposure. We 
are undertaking such a program in our institu
tion. The TLD system is inexpensive, rugged 
and reliable. Suitable single crystals are avail
able in any quantity from the Harshaw Chemi
cal Company. The principal disadvantage at 
present is the relatively slow read-out (approxi
mately 15 min) because of the need to calibrate 
each crystal individually. Work is under way 
to produce single crystals with consistent radia
tion response to eliminate this calibration step. 
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We strongly feel that commercial suppliers of 
film badges should look into the possibility 
of incorporating a LiF dosimeter in their sys
tems and at least as a beginning monitor the 
personnel exposures simultaneously with films 
and the LiF crystals. 
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Abstract-The thermoluminescent (TL) dosimetry methods become more and more popular 

for all applications where personal protection against radiation is needed. For instance, in nu
clear installations-civil populations in the case of nuclear accident and military personnel 

in case of a nuclear conflict. The existing TL systems are very convenient for these applica
tions, as well for low doses as for high doses. However, the principle ofTL does not offer theo

retically more than one measure of the same dose because of the erasing phenomena caused by 

the reading process. This erasing characteristic excludes a new reading of the dose in case of 

an official control or further check. 
To fulfil these rnultireading requirements, we expose three practical methods actually in 

production giving at the same time with the same dosimeter the total accumulated dose and 

the reading of the dose received between two measurements. These principles are: 

( 1) thermal inertia 

(2) multipeak reading 
(3) light transfer effect in some CaF 2 fluorines. 

These three methods are discussed with their respective performances and application field 
and the conclusion is that they lead from now to a TL dosimeter which combines both pro

perties of photoluminescent and thermoluminescent systems. 

INTRODUCTION 

Because of the basic principle of thermolu
minescence, the reading of a thermoluminescent 
dosimeter erases the dose information, since it 
requires emptying the traps. This has the great 
advantage that it is possible to read any new 
dose, as low as it may be, without previously 
recorded doses influencing reading accuracy. 
On the other hand, in the case of a serious 
nuclear accident, it rnay be desirable for medi
cal or legal reasons to check the accidental 
dose. For this purpose we have created three 
different types of dosimeters each intended for 
well defined uses. 

1. Twin-cathode dosimeters with thermal delay 
memory 

In this system, the cumulated dose may 
be read above I 00 mr. The process is such 
that the memorized dose is erased. Thus 
doses can be accumulated with the possibility 
of reading the total dose; nevertheless once 
the total dose has been read, the dose and its 

memory are completely erased. This system 
is particularly suited to measuring low doses 
from 100 mR up. 

2. Twin-peak memory dosimeter 

This system is based on the normal reading 
of dose by emptying trap II of CaF 2 which 
occurs at about 180°C. The dose accumu
lation is normally made in peak III which 
is read at about 375°C. As in the twin
cathode system, the memory is erased by 
the reading process. The memory facility for 
this type of dosimeter is designed for doses 
between I and l 000 R. 

3. Memory effect by light transfer 

In this case light is used to transfer a fraction 
of the energy accumulated in deep traps to 
traps oflower energy. The memorized doses 
are read by a normal measurement of these 
shallow traps after light transfer. The great 
advantage of this process is that it is possible 
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to transfer only a very small fraction of the 
stored energy. Thus the process can be 
repeated and access to the memory can be 
made several times with good reproducibility. 
The process is as follows : 

(a) Let us suppose that during its use a 
dosimeter has received in one or 
several irradiations, doses totalling 
more than a score of roentgens, and 
that has been read and thus erased. 

(b) If this dosimeter is exposed to a light 
source for some time, a new reading 
made in the usual way gives a dose 
corresponding to a fraction of the 
total dose received by the dosimeter. 

(c) For constant lighting conditions, the 
dose read in this way is proportional 
to this total dose, subject to certain 
threshold limitations. 

It has been proved experimentally that 
after irradiation and reading, the light trans
fers charge carriers from traps V and VI to 
trap III. This phenomenon gives a method 
for checking repetitively the total dose 
received by a dosimeter. It is indeed pos
sible, by using appropriate light, to transfer 
only a very small fraction of the energy 
stored in peaks V and VI and thus to repeat 
the measurement a great many times with a 
good reproducibility. These readings may 
be repeated ten times with a precision of 15% 
or better, for total doses exceeding several 
scores of roentgens. Because of this pheno
menon of light transfer the M.B.L.E. CaF2 

thermoluminescent dosimeters have a mem
ory and consequently it is possible to read 
both partial and total dose. 

THE PHYSICAL MODEL OF LIGHT TRANSFER 

In a thermoluminescent phosphor, the charge 
carriers created by ionization at the time of 
irradiation are trapped in sufficiently deep traps 
not to be released at ambient temperature. 
When the phosphor is. heated the carriers are 
released in increasing order of trap depth. They 
then recombine with light emission. It is the 
measurement of this light which gives the dose 
reading. In M.B.L.E. CaF2, the main trap 
(peak III) is normally measured at a temperature 
of 265°C. Nevertheless other traps exist in 
M.B.L.E. CaF2 , including deeper traps, e.g. 

peak V, at about 500°C. During manufactur
ing, all the traps of a new dosimeter are emptied, 
including those corresponding to peak V. On 
the other hand, when the dosimeter is used, the 
reading or erasing heatings do not produce the 
temperature required to empty peak V traps. 
Thus traps of peak V fill up progressively at 
each irradiation, and the amplitude of peak V 
corresponds to the total dose accumulated by 
the dosimeter since its manufacture. Because 
of the high temperatures involved it is difficult 
to read the amplitude of peak V directly without 
strongly disturbing the dosimeter characteris
tics. On the other hand, it is possible to make 
this measurement indirectly, but with pre
cision, by using the light transfer phenomenon. 

OPERATIONAL USE OF LIGHT TRANSFER 

The dosimeter is exposed to U.V. light (about 
3300 A) of such an intensity and for such a 
time (about 5 min) that a new reading of the 
dosimeter gives a dose exactly eq1,1al to 1/400 
of the total dose received by the dosimeter. 
Under these conditions, the measurement may 
be made ten times with very good reproduci
bility. 

RANGE OF USE AND ACCURACY 

At the present stage of development there is a 
lower limit (about 2R) to the dose which can 
be read by light transfer. The accuracy of 
the transfer measurement is 15% of the total 
dose, and the reproducibility of several transfers 
is a few per cent. 

CONCLUSION 

There exist today several possible memory 
techniques associated with the thermolumines
cence phenomenon. The first two processes 
listed require specially designed dosimeters and 
permit only one measurement of the memorized 
dose, while the third process (light transfer) has 
the great advantage that the total dose can be 
reread a number of times. 

Further research may well reduce the present 
threshold level of 20 R. 

At the present time all M.B.L.E. standard 
CaF 2 dosimeters can make use of this effect 
and hence the partial doses can be read by 
thermoluminescence, and the total dose can be 
reread as with photoluminescent glass. 
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Abstract-An intercomparison was made of the performance of two thermoluminescent dosi
metry (TLD) systems and conventional film badges in a routine y-ray personnel monitoring 

operation. Quartz fiber pocket dosimeters were worn in some cases also but were read out 

more frequently than the monthly interval used for the other systems. 
One of the TLD systems consisted of the U.S. Navy experimental prototype Computer

Indicator CP-748 (XN-1)/PD and Detectors DT-284 (XN-1)/PD (respectively the "reader" 
and "dosimeters"). The other was a commercial model of foreign manufacture which will be 

referred to here as the "M" system. Both of these types of dosimeters employed calcium 
fluoride TLD material sealed in a glass envelope with an internal ohmic heater. 

The "M" dosimeters were found to agree with the DT-284's within 10% + 6 mR almost 

without exception and within 10% + 3 mR in three cases out of four. The quartz-fiber dosi
meters agreed with the DT-284's within 10% + 6 mR in three fourths of the cases. 20 mR was 

regarded as the minimum exposure detectable with the film; in the 3! cases where the film 
exceeded this minimum, it also exceeded the DT-284 reading by 10% + 25 mR in 18 cases, 

and by 10% + 50 mR in 8 cases. 
Both types of TLD's were found to contain radioactive contamination which gave rise to 

background readings in excess of ambient background by ~ 21-24 mRfmo. 

I. INTRODUCTION The second TLD system was a foreign commer-
In earlier Naval Research Laboratory Test cial one which will be denoted here as the "M" 

and Evaluation Reports, (l, 2> brief descriptions system. 
of the radiation performance of two thermo- The cited reports (I, 2> indicated that the 
luminescent dosimetry (TLD) systems were immediate use of either of these systems for 
given. The first, a U.S. Navy experimental routine personnel-monitoring applications at 
prototype, consisted of a thermoluminescence NRL would be somewhat premature, and it 
reader Computer-Indicator CP-748 (XN-1 )/PD was felt that an intercomparison with typical 
and TL dosimeters identified as Detectors film badges on a pilot basis in monitoring NRL 
DT-284(XN-l)/PD. This system was developed personnel might indicate further strengths and 
under contract from the Bureau of Ships and weaknesses not revealed by the other laboratory 
was loaned to the Laboratory through the tests. Hence, some one hundred NRL person
courtesy of Messrs. C. S. Hollander and D. D. nel were asked to wear simultaneously a DT-284 
Helton, Code 682B of the Bureau of Ships (now and/or an "M" thermoluminescent dosimeter, 
NAVELECSYSCOM, Code ELEX 05162). in addition to their regular film badge, for four 
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one-month collection periods beginning in 
February 1965. A part of this group also car
ried a 0-200 mR quartz-fiber pocket dosimeter 
for day-to-day routine monitoring. 

U. THE DOSIMETRY SYSTEMS 

A. Navy Experimental Prototype System (CP-748 
(XN-I)fPD Reader and DT-284(XN-I)fPD Dosi
meters) 

The DT-284 dosimeters (see Fig. 1) use 

sensitivity distribution; the reading reproduci
bility of a single dosimeter repeatedly given 
the same exposure (near full-scale on the 0-10 R 
range) had a standard deviation of about± 2%. 
The response of the reader vs. Co60 y-ray 
exposure was strictly linear on each scale, but 
the high-exposure scales ( > I R) read lower 
than they should by as much as 40% because 
of incorrect densities of the built-in light filters 
used for range-changing. This had no bearing 

{e l (.f) 

FIG. I. Principal dosimetry systems involved in the tests: (a) Shielded carrying 
case for the DT-284 (XN-1)/PD thermoluminescent dosimeter. (b) DT-284 
(XN-1)/PD dosimeter. Glass bulb contains CaF 2 : Mn phosphor on a Nichrome 
coil. Numbered cams on attached rod contain identification number information 
for automatic printout. (c) Carrying case for "M" dosimeter. (d) "M" dosi
meter, containing CaF 2 :( ?) coated on a cylindrical, indirectly heated cathode. ") 
(e) 0-200 mR quartz-fiber pocket ion-chamber type dosimeter. (f) NRL film · 

badge. 

CaF2 : Mn phosphor of the type developed at 
NRL by Ginther< 3 > and are normally enclosed 
in a shield which flattens the response per 
roentgen over the y-ray-energy interval from 
80 keV to 1.3 MeV; below 80 keV the response 
rapidly decreases. The reader covers a range 
of six decades of exposure, full-scale readings 
being 0.1, I, 10, 100, 1000 and 10,000 R. The 
exposure reading is printed out on paper tape 
along with the serial number of the dosimeter. 
The group ofDT -284 dosimeters tested showed a 
standard deviation of ± 9% in their y-ray 

on the present tests, however, since all exposures 
encountered were less than 1 R. A more de
tailed description of this system may be found 
in ref. I. 

During the latter part of these tests the Health 
Physics Staff purchased a commercial TLD 
reader and a group of dosimeters from the same 
company that manufactured the Navy proto
type, and this commercial system was used in 
the signal-fading measurements and in some of 
the radiation background determinations (see 
Sections IV A and VI). These dosimeters were 
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similar to the DT-284's except for the elimina
tion of the stem bearing the identification cams. 

B. The "M" System 

These dosimeters contain a type of CaF2 with 
an unknown activator (not Mn). The reader 
displays the y-ray exposure on a meter having 
full-scale readings of 0.15, 0.5, 1.5, and 5 R. 
The proper scale (which need not be chosen 
before the dosimeter is heated in the reader) 
is selected by push buttons. The sensitivity 
variation among the individual dosimeters was 
found to have a standard deviation of about 
5%, the reproducibility of readings of a given 
dosimeter was about 2% S.D., and the response 
vs. Co6a y-ray exposure was linear within ± 2% 
except on the most sensitive scale, where the 
response was about 15% too low at exposures 
less than 25 mR. The detectors (see Fig. l) were 
enclosed in shields which made the dosimeters' 
energy response similar to that of the DT-284. 
A more detailed description of the "M" system 
will be found elsewhere (e.g. ref. 2). 

C. Film Badge 

The film badge utilized in these tests (see 
Fig. l) was the single-filter (l rum Cd) stainless
steel type developed at Oak Ridge National 
Laboratory and identified as AEC Catalog No. 
PF-4B. The badges were fitted with a conven
tional dosimetry film packet containing high 
and low sensitivity component films. All the 
results in this report refer to the more sensitive 
film. The films were developed at 20°0 for 
5 min using X-ray developer, rinsed, fixed for 
10 min using X-ray fixer, rinsed for 30 min, 
dried, and their optical densities measured on a 
densitometer. A calibration set of twenty films 
(exposure range I 0 to 1000 mR) was developed 
with every film batch, and a calibration curve 
determined. The film and the quartz-fiber 
dosimeters were calibrated using the same Co60 

source. Intercomparison was made of this 
source with the Co60 source used to calibrate 
the thermoluminescent dosimeters, to assure 
consistency. 

m. TEST SITUATION 

The thermoluminescent dosimeters were worn 
by four groups of employees during these tests. 
They were: the Reactor Branch of the Radiati?n 

Division, the Reactor Materials Branch of the 
Metallurgy Division, the Dosimetry Branch of 
the Nuclear Physics Division, and the Health 
Physics Staff. Physically these groups were 
located (and the employees primarily worked) 
in the following NRL buildings: Reactor Branch, 
71 R; Reactor Materials Branch, 71 M; Dosi
metry Branch, 5AB, 28A, and 83; Health Phy
sics Staff, 70E. Employees were identified by 
employee number and building. These four 
groups of employees were chosen because pre
vious film exposure records indicated that these 
were the groups most likely to receive detectable 
radiation exposures. During the first month of 
the test, February 1965, only an "M" dosimeter 
plus the film badge and quartz-fiber dosimeter 
(if issued) were worn by each employee, since 
the necessary DT-284 dosimeters had not yet 
arrived from the manufacturer. Both an "M" 
and a DT-284 dosimeter, in addition to the 
regular film badge and quartz-fiber dosimeter, 
were worn during March and April, and only a 
DT-284 dosimeter plus the film badge and 
quartz-fiber dosimeter in May. It was originally 
planned to have a three-month test of the TLD 
systems plus the film badge and quartz-fiber 
dosimeter, but the addition of two thermo
luminescent dosimeters to the quartz-fiber dosi
meter already worn by the Reactor Branch and 
Reactor Materials Branch employees proved 
too much strain on shirt pockets (not to mention 
inconvenience to personnel) and it was decided 
to omit the "M" dosimeter during the final 
month of the test. 

During the test almost all employees wore their 
film badges on their belts and the thermolumine
scent and quartz-fiber dosimeters in their shirt 
pockets. This was not ideal, but trying to keep 
all the devices constantly side by side did not 
prove practical. It is very unlikely, for the 
conditions under which the employees worked, 
that the exposure to the midsection was sig
nificantly different from that at the chest. Be
cause of administrative controls on the wearing 
of personnel-monitoring devices, it is believed 
that very seldom did any individual wear only a 
part of his complement of dosimeters. Racks 
were provided for overnight storage of all 
dosimeters, except in Building 83, where they 
were left on employees' desks. A DT -284, an 
"M" dosimeter, and a film badge were stored 



Table lA. March Results 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 
and readings (mR) factors readings ( mR) less bkg. (mR) dosimeter badge 

Bldg. No. readings (mR) readings (mR) 
''M'' DT-284 "M" DT-284 "M" DT-284 ''M'' DT-284 (I) (2) 

0000-71R 27 29 0.9I 1.05 26 30 3 2 5· -
018l-71R 29 33 1.01 1.20 29 40 6 12 5· -
0338-7IR 37 30 0.88 1.14 33 34 10 6 - -
0760-7IR 32 27 0.88 1.09 28 29 5 I - -
1049-71R 27 26 0.94 1.27 25 33 2 5 5 -
I I81-7IR 27 24 0.90 l.I3 24 27 I -I -
1233-71R 35 35 0.91 1.14 32 40 9 I2 5 -
15I I-71R 28 (3) 0.90 25 2 - -
2I27-71R 28 25 0.86 1.24 24 31 I 3 - -
2I30-71R 28 32 0.89 1.05 25 34 2 6 10 -
2I55-7IR 25 29 1.00 1.08 25 31 2 3 - -
2160-71R 4I 34 0.87 l.I8 36 40 I3 12 - -
2170-71R 30 30 1.00 1.21 30 36 7 8 15 -
2347-71R 33 26 0.92 1.41 30 37 7 9 5 -
2471-71R 30 32 0.88 1.13 26 36 3 8 - -
2692-7IR 36 (4) 0.90 I.40 32 9 - -
3405-71R 27 32 0.93 1.02 25 33 2 5 - -
3413-71R 27 23 0.94 1.32 25 30 2 2 - -
3509-71R 28 26 1.01 1.20 28 31 5 3 - -
3581-71R 72 57 0.92 1.08 66 62 43 34 35 -
3606-71R 97 89 0.87 0.93 84 82 61 54 45 50 
3673-71R 32 31 0.88 1.03 28 32 5 4 - -
3808-71R 28 28 0.90 1.11 25 31 2 3 - 25 
3941-71R 110 (8) 52 1.08 56 28 30 -
4596-71R 47 37 0.85 1.18 40 44 17 16 15 60 
4768-71R (5) (5) 

) 32 
5 -

5012-71R 25 26 0.95 1.23 24 1 4 - -
5055-71R 38 34 0.96 1.08 36 37 13 9 - -
BKG-71R 30 24 0.86 1.28 26 31 3 3 -

For explanation of references (I )-(8) see page 462, 



Table lA (continued) 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 

and readings (mR) factors readings (mR) Jess bkg. (mR) dosimeter badge 

Bldg. No. readings (mR) readings (mR) 

"M" DT-284 "M" DT-284 "M" DT-284 "M" DT-284 (I) (2) 

OJ38-7IM 34 98 0.93 1.21 125 119 102 91 145 50 

0484-71M 26 30 1.05 1.!3 27 34 4 6 - -
0890-7lM 26 29 0.95 l.l6 25 34 2 6 - -
l067-7JM (5) (5) - -
1117-71M 33 30 0.94 1.17 31 35 8 7 5 -
1405-7IM 112 79 0.88 1.25 99 99 76 71 65 40 

1429-7IM 27 23 0.89 0.98 24 23 l -5 15 -

l619-7IM 52 42 0.93 1.21 48 51 25 23 30 -
1787-71M 28 28 0.96 1.23 27 34 4 6 20 -
2290-71M 26. 29 0.88 l.l3 23 33 0 5 - -
2688-71M 28 29 0.85 I. 12 24 32 I 4 - -
3368-71M 44 37 0.91 !.13 40 42 17 14 10 -

3439-7IM 33 62 (6) 0.85 28 5 - -
3655-71M 28 25 0.86 1.22 24 31 I 3 -
3875-7IM 33 31 0.80 0.97 26 30 3 2 - -
4237-71M 28 28 0.94 1.!5 26 32 3 4 - -
4309-71M 27 25 0.88 1.23 24 31 I 3 -
5125-7IM (5) (5) -
BKG-71M 27 25 0.84 1.20 23 30 0 2 -

Oll4-70E 27 26 0.96 1.13 26 30 3 2 -
0117-70E 34 34 0.91 1.03 31 35 8 7 -
0136-70E 25 (3) 0.89 22 -1 -
0172-70E 52 47 0.93 l.ll 48 52 25 24 30 -
0495-70E 71 62 0.85 1.14 60 71 37 43 -
0616-70E 25 (3) 0.83 21 -2 -

0777-70E 27 (3) 0.83 22 -1 -
0894-70E 31 23 0.83 1.13 26 26 3 -2 -
0949-70E 63 (7) 0.90 57 34 -
l330-70E 24 (3) 0.95 24 I -



Table I A (continued) 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 
and readings (mR) factors readings ( mR) less bkg. (mR) dosimeter badge 

Bldg. No. readings (mR) readings ( mR) 
"M" DT-284 "M" DT-284 "M" DT-284 "M" DT-284 (I) (2) 

23I4-70E 27 25 0.92 1.13 25 28 2 0 -
2527-70E (5) (5) -

3046-7IE 33 33 0.81 I.l3 27 37 4 9 -
3189-70E 24 (3) 0.93 22 -I -
3239-70E (5) (5) -
40I0-70E 32 31 0.88 1.08 28 33 5 5 -
463l-70E 33 29 0.87 1.07 29 31 6 3 -
BKG-70E 25 25 0.90 I. 13 23 28 0 0 -

0893-5AB 28 23 0.91 1.20 25 28 I -1 -
3873-5AB 27 31 0.92 0.99 25 31 I 3 -
BKG-5AB 28 23 0.93 1.27 26 29 2 1 -

2633-28A 27 23 0.90 1.25 24 29 0 0 -
3637-28A 28 30 (6) 0.92 26 2 -
BKG-28A 29 26 0.89 l.l4 26 30 2 2 -

0359--83 32 34 0.93 1.01 30 34 6 5 40 
2738-83 27 26 0.89 1.07 24 28 0 -1 -
BKG--83 32 28 0.91 0.98 29 28 5 -1 -

1. Quartz-fiber dosimeter readings are corrected for background and insulation leakage. Dash indicates no detectable reading ( > 5 mR); 
blank indicates none issued. 

2. Film badge readings are less background in Building 70E. Dash indicates no detectable reading ( > 20 mR). 
3. Dosimeter not issued. 
4. Broken dosimeter. 
5. Dosimeter not read. 
6. Apparent malfunction of reader. 
7. Dosimeter dropped during readout. 
8. Dosimeter worn two months. 



Table lB. April Results 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 
and readings ( mR) factors readings (mR) less bkg. (mR) dosimeter badge 

Bldg. No. readings (mR) readings ( mR) 
"M" DT-284 "M" DT-284 "M" DT-284 "M" DT-284 (I) (2) 

0000-71R 26 26 0.91 1.05 24 27 3 1 5 20 
018l-71R 32 33 1.01 1.20 32 40 11 14 15 35 
0338-71R 32 30 0.88 1.14 28 34 7 8 10 -
0760-71R 38 33 0.88 1.09 33 36 12 10 - 75 
1049-71R 26 24 0.94 1.27 24 30 3 4 - 25 
1181-7IR (3) (3) -
1233-7IR 33 31 0.91 1.14 30 35 9 9 - 100 
1511-7IR 27 (4) 0.90 24 3 - -
2127-7IR 28 21 0.86 1.24 24 26 3 0 - 100 
2130-71R 27 27 0.89 1.05 24 28 3 2 - 50 
2155-71R 23 27 1.00 1.08 23 29 2 3 5 20 
2160-7IR 40 31 0.87 1.18 35 36 14 10 25 50 
2170-71R 59 51 1.00 1.21 59 62 38 36 60 50 
2347-71R 28 24 0.92 1.41 26 34 5 8 10 60 
247l-71R 28 26 0.88 1.13 25 29 4 3 10 20 
2692-71R 28 22 0.90 1.40 25 31 4 5 - 25 
3405-71R 26 30 0.93 1.02 24 31 3 5 5 50 
3413-71R 26 22 0.94 1.32 24 29 3 3 - 25 
3509-71R 31 25 1.01 1.20 31 30 10 4 10 25 
3581-71R 68 60 0.92 1.08 63 65 42 39 30 75 
3606-71R 71 69 0.87 0.93 62 64 41 38 40 120 
3673-71R 32 28 0.88 1.03 28 29 7 3 - 50 
3808-7IR 26 28 0.90 1.11 23 31 2 5 - 75 
3941-71R 51 46 0.91 1.08 46 50 25 24 40 100 
4596-71R 37 30 0.85 1.18 31 35 10 9 - 75 
4768-71R 77 (5) 64 (5) 1.00 1.29 77 82 56 56 - 35 
5012-71R 24 24 0.95 1.23 23 29 2 3 5 20 
5055-71R 32 32 0.96 1.08 31 35 10 9 5 60 
BKG-71R 28 21 0.86 1.28 24 27 3 1 -

-
For explanation of references (1)-(8) see page 465. 



Table l B (continued) 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 
and readings ( mR) factors readings ( mR) less bkg. (mR) dosimeter badge 

Bldg. No. readings (mR) readings (mR) 
"M" DT-284 "M" DT-284 "M" DT-284 "M" DT-284 ( l) (2) 

Ol38-71M 76 56 0.93 1.21 71 68 50 42 35 -
0484-7IM 24 140 1.05 l.l3 25 158 4 132 - -
0890-71M 23 23 0.95 1.16 22 27 l l - -
l067-71M 87 (6) 50 (5) 20 -
lll7-71M 155 70 0.94 l.l7 146 82 125 56 60 -
l405-71M 40 29 0.88 1.25 35 36 14 10 15 -
l429-7IM 26 (7) 0.89 23 2 - -
l619-71M 37 31 0.93 1.21 34 37 13 ll 30 -
l787-71M 57 47 0.96 1.23 55 58 34 32 45 -
2290-71M 38 41 0.88 l.l3 33 46 12 20 25 -
2688-7IM 27 22 0.85 l.l2 23 25 2 -1 - -
3368-71M (3) (3) - -
3439-71M 28 35 0.85 1.07 24 37 3 ll - -
3655-71M 27 21 0.86 1.22 23 26 2 0 -
3875-7IM 28 29 0.80 0.97 22 28 l 2 - -
4237-7IM 23 (7) 0.94 l.l5 22 l - -
4309-71M 26 21 0.88 1.23 23 26 2 0 -
5125-71M (3) (3) -
BKG-7IM 26 23 0.84 1.20 22 28 l 2 -

0114-70E 61 48 0.96 l.l3 58 54 37 28 -
Ol17-70E 27 (3) 0.91 24 3 -
0136-70E 24 (4) 0.89 21 0 -
Ol72-70E 56 50 0.93 l.ll 52 55 31 29 65 75 
0495-70E 28 25 0.85 l.l4 24 28 3 2 -
0616-70E 26 (4) 0.83 21 0 -
0777-70E (3) (4) -
0894-70E 28 20 0.83 l.l3 23 23 2 -3 -
0949-70E (3) (3) -
l330-70E (3) (4) ;,.,., -



Table 1B (continued) 

Employee Gross Correction Corrected Corrected readings Quartz-fiber Film 

and readings (mR) factors readings ( mR) less bkg. (mR) dosimeter badge 
Bldg. No. readings (mR) readings (mR) 

"M" DT-284 "M" DT-284 ''M" DT-284 "M" DT-284 (I) (2) 

2314-70E 24 22 0.92 1.13 22 25 1 -1 -
2527-70E 55 60 1.00 1.03 55 62 34 36 -
3046-70E 43 37 0.81 1.13 35 42 14 16 -
3189-70E 26 (4) 0.93 24 3 -
3239-70E (3) (3) -
4010-70E 27 21 0.88 1.08 24 23 3 -3 -
463l-70E (3) (3) -
BKG-70E 23 23 0.90 1.13 21 26 0 0 -

0893-5AB 30 31 0.91 1.20 27 37 2 7 -
3873-SAB 27 39 0.92 0.99 25 39 0 9 -
BKG-5AB 27 28 0.93 1.27 25 35 0 5 -

2633-28A 29 26 0.90 1.25 26 32 1 2 -
3637-28A 32 32 0.92 1.12 29 36 4 6 -
BKG-28A 35 30 0.89 1.14 31 34 6 4 -

0359-83 36 38 0.93 1.01 33 38 8 8 -
2738-83 38 41 0.89 1.07 34 44 9 14 -

BKG-83 85 130 0.91 0.98 77 127 52 97 -

I. Quartz-fiber dosimeter readings are corrected for background and insulation leakage. Dash indicates no detectable reading ( > 5 mR); 
blank indicates none issued. 

2. Film badge readings are less background in Building 70E. Dash indicates no detectable reading ( > 20 mR). 
3. Dosimeter not read. 
4. Dosimeter not issued. 
5. Dosimeter wom two months. 
6. Dosimeter wom three months. 
7. Broken dosimeter. 
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in each building on the dosimeter rack to 
determine the local background radiation level. 
The thermoluminescent dosimeters were col
lected and read on the same night that the film 
badges were collected, and were returned to the 
employees the next morning. 

IV. INDICATED EXPOSURES 

Tables lA and IB show the results of the 
testing program for March and April, the months 
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These data were obtained at NRL* with the 
exception of two points at 60 hr and 45 days for 
the "M" dosimeters (shown by ",o"s), which 
were determined by the Belgian Army (private 
communication). Fading is arbitrarily taken 
as zero at 6 min after exposure. The fading 
correction factors used for the monthly thermo
luminescent dosimeter readings were 1.02 for 
the "M" dosimeters and 1.09 for the DT -284 
dosimeters. 
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STORAGE TIME IN DARK AT 24° C (HRS) 

FIG. 2. Percentage of "prompt" (6 min after exposure) reading remaining vs. 
storage time in dark at 24°C. for thermoluminescent dosimeters. Exposures 

used for NRL results were 4 R, for the Belgian Army, 60 R. 

during which both the thermoluminescent dosi
meters were worn. The numbers shown under 
"Gross Readings" are the exposures indicated 
by the thermoluminescence readers. These read
ings multiplied by the "Correction Factors" 
give the "Corrected Readings". Included in 
these factors are corrections for the following: 

A. Fading of the stored thermoluminescence signal. 

Both the DT-284 and "M" dosimeters exhibit 
some fading of the stored thermoluminescence 
signal, the effect being greater in the former. 
This fading is shown graphically in Fig. 2. 

B. Difference in Dosimeter Sensitivity 

Each reading was corrected to compensate 
for the variation in Co60 y-ray sensitivity of each 
dosimeter from the average of the group. 

C. Reader Calibration Error 

Both the CP-7 48 and the "M" readers were pro
vided with radioactively-powered light sources 

*The authors thank J. A. Pfaff of the NRL Dosi
metry Branch for these fading measurements. The 
commercial TLD system made by the manufacturer 
of the Navy prototype system was used for these 
measurements (see Section IlA). 
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for maintaining constancy of reader sensitivity. 
In the latter reader the light source was built in. 
The CP-748 reader was provided with a dummy 
dosimeter in which the CaF2 : Mn phosphor was 
caused to radioluminesce continuously by a 
plating of Ni63 on the Nichrome wire filament. 
When the PM-tube voltage adjustments were 
set to give the dial readings specified by the 
manufacturers for the light sources provided, 
it was found that the thermoluminescence read
ings obtained with dosimeters of average sen
sitivity, given known exposures ( < 1 R) of 
Co60 y-rays, were incorrect. Rather than deter
mine a different PM-tube voltage to give correct 
response, it was decided simply to apply the 
necessary correction factors: 1.04 for the CP-748 
reader, and 0.88 for the "M" reader. 

The product of these three component cor
rection factors is the "Correction Factor" in 
column three of Tables lA and lB. 

The results given under "Corrected Reading 
Less Background" are the "Corrected Readings" 
minus the background readings measured in 
Building 70E by "M" and DT -284 dosimeters. 
This building, a wooden structure, has the 
lowest radiation background of any NRL 
building, amounting to about 3 mR/month. 
The "M" and the DT -284 dosimeters read res
pectively about 21 and 24 mR more than this 
due to the presence of radioactive contamination 
in the dosimeter structure, a problem discussed 
further in Section VI. 

The last two columns in Tables lA and lB give 
the quartz-fiber dosimeter readings and the 
film badge readings, each corrected for Building 
70E background (including quartz-fiber dosi
meter insulator leakage). The quartz-fiber dosi
meter readings were supplied by the Survey and 
Evaluation Section of the Health Physics Staff, 
and the film-badge results were taken from the 
monthly computerized film-badge report pre
pared by the Health Physics Staff. 

V. COMPARISON OF EXPOSURE READINGS 

An examination of Tables lA and lB shows 
that very few significantly large exposures were 
received, most exposures being under 10 mR, 
as recorded by the TLD systems. Also it is 
apparent that there is relatively good agreement 
between the two TLD systems, and with the 
quartz-fiber dosimeters, but that the film-badge 

readings are seldom in good agreement with 
the other dosimeters. The "M" dosimeters 
agreed with the DT-284's within 10% + 6 mR 
almost without exception, and within 10% + 3 
mR in three cases out of four. The quartz-fiber 
dosimeters agreed with the DT-284's within 
10% + 6 mR in three-quarters of the cases. 
20 mR was regarded as the minimum meaningful 
film reading: below that the reading was assumed 
to be zero. In the 31 cases where the film read 
5 20 mR, it exceeded the DT-284 reading 
by 10% + 25 mR in 18 cases, and by 10%+ 
50 mR in 8 cases. 

These observations are shown more clearly 
in Tables 2 and 3, and in Figs. 3 and 4. Table 2 
summarizes all exposures where either TLD in
dicated an exposure of 10 mR or greater; Table 
3 includes only cases where film readings were 
> 20 mR. Figure 3 contains a resume of the 
data given in Tables 2 and 3, plotted against 
the DT-284 reading on the abscissa. The histo
gram in Fig. 4 illustrates how closely the two 
TLD systems agreed, even in those instances 
when either dosimeter gave a net reading of < 
5mR. 

The closeness of agreement between the ther
moluminescent dosimeters and the quartz-fiber 
dosimeters is to some extent fortuitous, consider
ing the very low exposures and the approximate 
form in which the quartz-fiber dosimeter read
ings were recorded. It had not been intended 
originally to include them in this pilot study; 
therefore no special arrangements were made 
to optimize the precision of their readings. 
Normally the function of these dosimeters at 
NRL is to provide short-term control of expo
sures between film-badge readings. Twice a 
week the technician recorded the exposure 
(corrected for background and insulator leakage) 
accumulated since the previous reading, round
ing the result to the nearest 5 mR. The readings 
given in the present tables are the sums of the 
readings so recorded during each month. It 
is conceivable, although unlikely, that rounding 
errors could add up to as much as 20 mR/month 
by this method. 

Two of the rows of data given in Table 2 
(indicated by arrows; employees No. 0484 and 
0117 in Bldg. 71M, Table lB) are in poorer 
agreement than the rest. These two employ
ees kept their dosimeters side-by-side in the 
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Table 2. Summary of the Larger Exposure Readings in 

Tables 1A and 1B (corrected reading less background 

:;:;::; 10 mR on either TLD) 

"M" DT-284 Q.F. Film badge 
dosimeter 

6 12 5 -
10 6 - -

9 12 5 -

13 12 - -
43 34 35 -

61 54 45 50 
17 16 15 60 
13 9 - -

102 91 145 50 
76 71 65 40 
25 23 30 -
17 14 10 -
25 24 -

37 43 - -
11 14 15 35 
12 10 - 75 
14 10 25 50 
38 36 60 50 
10 4 10 25 
42 39 30 75 
41 38 40 120 
25 24 40 100 
10 9 - 75 
10 9 5 60 
50 42 35 -

-+ 4 132 - -
-+125 56 60 -

14 10 15 -
13 11 30 -
34 32 45 -
12 20 25 -
37 28 -
31 29 65 75 
34 36 -
14 16 -
9 14 -

dosimeter rack, and it seems possible that they 
accidentally exchanged "M" dosimeters. How
ever in that case the 4 mR reading of the "M" 
dosimeter seems to be much too low. 

Although the film-badge readings are not 
closely correlated with the TLD readings, the 
film badges did indicate some exposure in every 
case where either of the TLD systems indicated 

Table 3. Summary of Corrected Readings less Background 

in Tables !A and lB for all Detectable Film Badge 

Readings 

Film "M" DT-284 Q.F. 
badge dosimeter 

50 61 54 45 
25 2 3 -

60 17 16 15 
50 102 91 145 
40 76 71 65 
40 6 5 
20 3 1 5 
35 11 14 15 
75 12 10 -

25 3 4 -

100 9 9 -
100 3 0 -

50 3 2 -
20 2 3 5 
50 14 10 25 
50 38 36 60 
60 5 8 10 
20 4 3 10 
25 4 5 -

50 3 5 5 
25 3 3 -

25 10 4 10 
75 42 39 30 

120 41 38 40 
50 7 3 -

75 2 5 -

100 25 24 40 
75 10 9 -

20 2 3 5 
60 10 9 5 
75 31 29 65 

I 

an exposure in excess of 50 mR. As noted before, 
the film badge readings generally were higher 
than the TLD readings in those cases where 
the film indicated > 20 mR. This becomes very 
apparent on examination of Table 3; in a 
number of cases the film badge alone seems to 
be indicating significantly large exposures 
which were not detected by any of the other 
systems, and presumably therefore did not 
exist. Most of the film badge exposures occur
ring where the TLD systems showed no expo
sure were obtained in the NRL Reactor building 
during a period when a failure of the air con-
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FIG. 3. Resume of the data in Tables 2 and 3, 
plotted vs. the DT-284 readings. To avoid crowd
ings of points, only the first occurrence of each 
integral value of DT-284 readings is plotted. 

0 I 

DIFFERENCE IN· "M" AND READING (mR) 

Fra. 4. Histogram of the absolute difference in 
corrected DT-284 and "M" readings (less 
background) in Tables lA and lB, for those 

cases where either value was :::;;5 mR. 

ditioning system caused temperatures to rise 
to 27-32°C, accompanied by high relative 
humidities. Clearly the film badges were at a 
disadvantage in these tests because of the 
adverse environmental conditions, which had 
no effect on the sealed-glass-bulb type thermo
luminescent dosimeters. Better agreement with 
the TLD results might be expected under more 
moderate conditions of temperature and humi
dity, or by using hermetically-sealed film packs. 
Nevertheless, these tests reveal the extent of the 
errors which can occur with ordinary film bad
ges in unfavorable environments . 

VI. BUILT-IN RADIOACTIVITY OF 

DOSIMETERS 

As can be noted in Tables 1A and lB, back
ground readings of the TLDs are on the order 
of 22-25 mR per month. This is primarily due 
to radioactive materials unintentionally built 
into the dosimeters. In an effort to determine 
the amount of this built-in background, dosi
meters were stored in a low-background room 
at the Naval Medical Research Institute, 
Bethesda, Maryland. The background in this 
shielded room is negligible compared to 
ambient background. Dosimeters were stored 
singly and in groups of five for 135 days (6/18/65 
-11/1/65) and read out promptly thereafter. 
The results of this test are shown in Table 4. 
All readings have been corrected for variations 
in individual y-ray sensitivity of the dosimeters, 
reader error, and fading. Fading correction 
factors of 1.02 and 1.12 respectively were used 
for the "M" and DT-284 dosimeters. The 
results thus obtained for built-in background 
exposure agree with others previously deter
mined in the low-background room for a one
month storage period, where fading correction 
factors of 1.02 and 1.09, respectively, were 
used. Note that the "M" dosimeters showed the 
lowest internal-source reading (21 mRfmo) fol
lowed by the DT-284 (24 mR/mo) and the 
commercial equivalent of the DT-284 (27 
mR/mo). 

In an attempt to identify the radioactive 
materials in the dosimeters, several dosimeters 
were taken apart and the glass and phosphor 
from a single dosimeter granulated and counted 
separately on a Geiger-Muller and a windowless 
gas-flow counter. The results of this test are 
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Table 4. Readings of Dosimeters Stored in Low-Back

ground Roomjor 137 Days (6/18/65-11/1/65) 

Type 
Dosimeter Corrected Exposure 

number reading rate 

(mR) (mRjmo) 

"l'v1" 7612 (Single) 87 19 

7605 roo 22 
7607 91 20 
7602 94 21 
7624 95 21 

Average 93 21 

DT-284 (Single not 
read) 

A40 103 23 
A43 105 23 
A24 Ill 24 
Al2 110 24 

Average 107 24 

Commercial 
(Similar B815 (Single) 131 29 

to 576 125 27 
DT-284) A711 125 27 

C43 125 27· 
B637 125 27 

Average 126 27 

&hown in Table 5; they indicate that both the 
DT-284 phosphor (+binder) and glass are 
definitely contaminated. The binder used to 
hold the CaF2 : Mn on the filament in the DT-
284 is potassium silicate; thus the K 40 is probably 

responsible for the contamination in that case. 
The similar commercial model dosimeter is 
slightly more contaminated than the DT -284, 
in agreement with the low-background-room 
readings. The "M" phosphor (+binder) shows 
only slight if any contamination, but the glass 
envelope indicates almost twice as much beta 
contamination as does the DT-284 glass. 

The nuisance of having a relatively large 
background due to built-in contamination is 
alleviated somewhat, at least in the case of the 
DT-284 dosimeters*, by the fact that they 
respond individually to this contamination ap
proximately in proportion to their response to 
external y-radiation. Consequently the built-in 
background reading accumulated per unit time 
need not be determined for individual dosi
meters. This was demonstrated by comparing 
the readings obtained after storing 50 DT-284 
dosimeters for three months, with those resulting 
from an 80-mR y-ray exposure. Figure 5 shows 
the results of this test. The distribution of the 
dosimeters' background readings (unshaded 
histogram) shows a standard deviation of 9.6% 
which is in agreement with the standard devia
tion (9.4%) of the 80-mR external y-ray 
exposure readings. When the background 
readings were individually divided by the corres
ponding external radiation readings, the result
ing distribution was reduced to 4.3% S.D. (see 
shaded histogram, Fig. 5). The readings of an 
individual dosimeter repeatedly exposed to 

* The "M" dosimeters were not given this test be
cause of termination of the loan period of that system. 

Table 5. Built-in Radioactivity of Thermoluminescent Dosimeters 

Sample 

DT-284 Phosphor+ Binder 
Commercial Model Phosphor 

+Binder (similar to DT-284) 
"M" Phosphor + Binder 
DT-284 Glass Envelope 
Commercial Glass Envelope 

(similar to DT-284) 
"M" Glass Envelope 

Net count rate (c.p.m.) 

Geiger counter 

0.4 ± 0.5 
1.2 ± 0.5 

0.0 ± 0.5 
1.8 ± 0.5 
2.5 ± 0.5 

2.8 ± 0.5 

Gas flow counter 

3.3 ± 1 

4.3 ± 1 

1.3 ± 1 
16 ± 2 
17 ± 2 

31 ± 2 
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80 mR of y-rays show a standard deviation of 
2.8%, which would probably be the same for 
repeated background exposures to 80 mR, if 
such a measurement were feasible. The theory 
of propagation of errors predicts a distribution 
with a standard deviation of 4.0% for the ratio 
of background to y-ra y readings, in ~od agree
ment with the 4.3% value obtained. This veri
fies that the individual DT-284 dosimeters give 
readings due to built-in radioactivity which are 
nearly proportional to their y-ray sensitivities. 
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FIG. 5. Histogram (unshaded) of the back
ground distribution of 50 DT -284 dosimeters 

stored for three months, and (shaded) the 

distribution of the ratio of background reading 
to that resulting from an 80 mR Co60 y-ray 

exposure, multiplied by80mR for scale normal

ization. The standard deviations of the two 

distributions are 9.6% and 4.3% respectively. 

Thus, for purposes of data processing, the 
built-in background can be treated the same as 
if it were natural ambient background. 

Vll. MECHANICAL OPERATION OF THE 

TLD SYSTEMS 

What has been said about the two systems 
previously (l, 2> was in general confirmed during 
this test. The "M" system functioned without 
mechanical failure except for a broken clip 
on one dosimeter. No "M" dosimeters were 
broken during the test, and it was possible to 

I.R.P. VOL I-Q* 

obtain a reading for every dosimeter. Difficulty 
in opening the dosimeters was the most bother
some aspect of the "M" system. There was no 
detectable change in the response of the "M" 
dosimeters for the duration of the experiment. 

Three DT -284 dosimeters could not be read 
because of broken bulbs, and two readings were 
questionable because of apparent malfunction 
of the reader. In addition, two dosimeter cases 
were broken by the wearers, and one had to 
be destroyed in order to remove the jammed 
detector. At the end of the test, several dosi
meters showed apparent flaking of the phosphor 
from the heating coil, but not enough to cause 
a detectable change in calibration. 

Vlll, CONCLUSIONS 

The fact that the two independent thermo
luminescent dosimetry systems (when properly 
corrected) agreed so closely with one another, 
and generally with the quartz-fiber dosimeter 
results as well, seems to indicate that they were 
measuring the true exposures with greater 
accuracy than were the film badges. The latter 
were operating under the considerable handicap 
that they were not hermetically sealed against a 
warm, high-humidity environment, but con
ditions approaching this are not atypical of 
Washington in the summer months. 

Further comparative testing is underway with 
the commercial model (made by the manufac
turer of the DT-284 and CP-748 system) which 
is more reliable mechanically inasmuch as it 
does not contain the auto-identification feature, 
and uses electronic rather than mechanical 
range-changing. The results of these tests will 
be reported later. 

The problem of built-in radioactivity in the 
thermoluminescent dosimeters, which is prob
ably the limitation on minimum detectable 
exposure at present, can certainly be eliminated 
in later models. For example, hot-pressed 
pellets of CaF 2 : Mn containing no binder have 
recently been developed and are now commer
cially available. The use of one of these in 
place of the present coil-type element, properly 
mounted in a non-radioactive glass envelope, 
should eliminate both the built-in background 
and the phosphor-chipping problem. Extruded 
rods and hot-pressed wafers of LiF (TLD-100) 
have also recently become available, so that the 
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advantage of having the phosphor in a bulk, 
solid form will not be limited to CaF 2 : 

Mn. 
In conclusion one can say that although the 

thermoluminescent dosimeters used in the pre
sent tests out-performed the film badges, it 
nevertheless seems premature to replace the 
film badges for NRL personnel monitoring at 
this time. Current developments in the pack
aging of thermoluminescent phosphors indicate 
that considerable additional improvements in 
their performance may be expected in the 
immediate future. Moreover some composite 
dosimeter, perhaps incorporating both high and 
low-Z phosphors, may be necessary to retain the 
capability of estimating the y-ray effective 
energy, <4 > especially for monitoring at an estab
lishment like NRL, which has such a wide 
variety of radiation sources. Alternatively a 
single thermoluminescent dosimeter, designed 
to have a response vs. energy which is propor-

tional to the absorbed dose in specific critical 
organs, might suffice in some cases. <6> 
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EXPERIENCE WITH A NEW THERMOLUMINESCENCE 

METHOD FOR FINGER AND HAND DOSIMETRY 

EMPLOYING LITHIUM FLUORIDE-TEFLON DOSIMETERS 

BENGT E. BJARNGARD and DOUGLAS JONES 

Radiation Physics Division, Controls for Radiation, Inc., Cambridge, 
Massachusetts, U.S.A. 

Abstract-A new type ot finger and hand dosimeter has been designed which consists of a 
solid, flexible disc of thermoluminescent LiF incorporated in polytetrafluoroethylene (Teflon) 
enclosed in black polyethylene covering (7 mgfcm 2 thickness) which is attached to an ad
hesive tape. The thickness of the polyethylene has been selected to simulate the radiation 
insensitive layer of the skin. Precision of the dosimeters has been evaluated for gamma and 
beta irradiation. Ten millirads can be measured with a standard deviation of better than 
± 20% without individual calibration of the dosimeters. Effects contributing to background 
such as light sensitivity, mechanical shock and friction have been studied. It is concluded that 
these dosimeters offer the prospect of reliable routine finger and hand dosimetry with results 
that can be directly related to the biologically significant dose. 

FINGER and hand dose measurements have 
presented a serious and largely unsolved prob
lem in routine personnel dosimetry. The par
ticular difficulty is that the maximum dose to the 
finger and hand has to be estimated in an un
predictable radiation field with perhaps very 
steep dose gradients, and that this estimate 
must be based on a measurement technique 
which does not interfere with the monitored 
persons ability to perform delicate manipula
tions. 

To illustrate the type of dose patterns that 
can occur, doses at several points on the fingers, 
palm, and wrist of a person holding a radium 
needle inside a plastic tube have been measured 
using LiF-Teflon thermoluminescent dosimeters. 
As shown in Fig. l, the maximum dose was 
560 mrad on the thumb, while ring and wrist 
dosimeters showed less than 2% of this. In a 
similar experiment, illustrated in Fig. 2, a plate 
of natural uranium was placed on a water-filled 
glove, simulating a hand. The tips of the fingers 
in immediate contact with the plate received 
almost 100% of the dose measured on the sur
face of the plate, while the ring dosimeters 
showed less than 0.2%. 

It is evident from these experiments that a 

realistic estimate of the maximum dose to the 
hand in similar situations can seldom be made 
unless measurements are actually made where 
the maximum exposure can be expected, usually 
on the finger tips. 

Consequently the conventional technique 
for finger and hand dosimetry, i.e. to use photo
graphic film as ring or wrist dosimeters, is of 
little or no value. As a new approach, Johns <1> 

used loose thermoluminescent LiF phosphor in 
plastic sachets, which were fixed to the finger
tips. Recently, Portal <2> assessed existing finger 
dosimetry techniques and also advocated the 
use of LiF thermoluminescence for this purpose. 
Both authors based their judgement mainly 
upon the properties of LiF, being essentially 
energy independent for X- and gamma-radia
tion, the wide range of measurable doses with 
some tens of mrads as the smallest detectable 
dose, the ease and speed with which the dosi
meters can be read out, and the flexibility of a 
practical system in routine as well as emergency 
situations. 

Our work has been directed toward maxi
mizing the usefulness and technical capability 
of the TLD technique in finger and hand dosi
metry. The objectives of our work, which is 

473 
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FIG. 1. Doses in mrad at various points after 
holding a 1 mg radium needle, as shown, for 

5 min. 

FIG. 2. Doses recorded on the hand after hold
ing a plate of natural uranium as shown. The 
doses are expressed as a % of the dose at the 

surface of the uranium plate. 

still in progress, have been to design a convenient, 
technically reliable dosimeter and to evaluate its 
operational value. 

The dosimeters which were developed are 
illustrated in Fig. 3. The radiation sensing 
component is a disc, 12.5 mm diameter by 
0.4 mm thick, consisting of 28 mg of thermo
luminescent LiF uniformly incorporated in 
polytetrafluoroethylene (Teflon). <8 > This disc 
is contained in a light-proof polyethylene pouch, 
7 mg/cm 2 thick. The pouch is, in turn, fastened 
to a strip of adhesive tape for attachment to the 
skin. In situations where low energy photon or 
beta radiation is encountered, a minimum 
cover over the disc is essential, and the adhesive 
tape is fastened only to the ends of the pouch, re
sulting in a covering thickness of 7 mgfcm 2• 

When a thicker cover can be tolerated, the 
adhesive tape, 30 mgfcm 2 thick, can be allowed 
to extend over the pouch. 

Mter exposure the LiF-Teflon discs were 
measured in a standard Controls for Radiation, 
Inc. readout instrument, in which the thermo
luminescence light is integrated during a 15 sec 
readout cycle. Nitrogen flush has been employed 
during readout. <4 • 

5> 

The LiF-Teflon disc responds to the energy 
deposited by the ionizing radiation within its 
volume. If the disc is covered with 7 mgjcm 2 

and since it is itself 90 mgfcm 2 thick, the response 
of the disc is a measure of the energy absorbed 
in a layer at a depth between 7 and 97 mgfcm2

• 

The biologically important dose is usually taken 
to be that to the thin basal layer at 7-10 mgfcm 2 

depth. As long as there is no significant dose 
gradient between 7 and 97 mgfcm 2 depth, the 
measured value in the LiF-Teflon disc will 
correspond to the dose to the basal layer. This 
is usually the case for X- and gamma-radiation. 
Insufficient electron equilibrium may in certain 
cases complicate interpretation of measured 
data, but otherwise the close tissue equivalence 
of the composition of LiF-Teflon ensures a 
simple relation between the dosimeter response 
and the dose to the basal layer. 

The energy dependence of LiF has been cal
culated <6 • 3 > and to some extent also studied 
with monoenergetic radiation. <7 > The two 
methods agree reasonably well. However, 

Fm. 3. The Con-Rad Finger Dosimeters. 
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Naylor <8 > has reported an anomalous energy 
dependence for LiF. He attributes this effect 
to the relative efficiency of various photon 
energies in creating traps. We have not observed 
this effect for exposures below 100 R. Above 
this dose the effect is significant but small. 

For beta and electron radiation, the thickness 
of the discs is not negligible. 7 mgjcm 2, the 
thickness of the radiation insensitive surface 
layer of the skin as well as of the plastic pouch, 
corresponds to the maximum range of an elec
tron of about 60 keV energy. Electrons of less 
energy are therefore hardly of interest. 300 keV 
electrons have a maximum range corresponding 
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has been measured by exposing a number of 
dosimeters to known doses of 6°Co radiation. 
The results presented in Fig. 4 show that 
measurements down to 10 mR are possible. A: 
this exposure the standard deviation in the set 
of 20 data was less than ± 20%. The standard 
deviation decreases with increasing dose. Our 
experience from production control is that the 
standard deviation of the sensitivity in a pro
duction batch approaches ± 3% for exposures 
above 3 R. 

These experiments were conducted in the 
laboratory under controlled conditions. At 
20 mR, the signal due to the irradiation is 40% 
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Fw. 4. The precision of dose measurements using LiF-Teflon discs 12.5 mm diameter 
by 0.4 mm thick. 

to the thickness of the disc. In the region be
tween these energies, the interpretation of 
measured values will be difficult and the average 
dose measured by the discs will be less than the 
dose to the basal layer. Further calculations 
are needed to clarifY these conditions, as for 
example, were made by Casnati and Breuer for 
skin contamination. <9 > 

For still higher electron energies, the response 
becomes easier to interpret. In the very impor
tant case of natural uranium, the average dose 
in the discs is about 80% of the dose to the 
basal layer as estimated from previously pub
lished data. <3 > 

The precision of dose measurements with 
these dosimeters without individual calibration 

of the gross value. The background consists of 
the photomultiplier dark current which is about 
40%, and a component which we have called 
"spurious thermoluminescence" which is the 
remaining 20%. This latter component is 
also present in unirradiated dosimeters and is 
responsible for almost 80% of the variation 
in a set of measurements of 20mR. The results 
of an investigation of some possible causes for 
this effect are described below. 

The sensitivity of the dosimeters to mechanical 
shock was studied by dropping a hammer onto 
the LiF-Tefl.on discs. A signal equivalent to 
about 10 mR was induced after a dosimeter 
had been hit 300 times by a hammer dropped 
through 3 em. Clearly, the dosimeters are 
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practically insensitive even under these extreme 
conditions. The possibility that friction could 
produce tribe-thermoluminescence was inves
tigated by violently agitating dosimeters in a 
black plastic box on a shaking machine. The 
results obtained show a slight response to 
shaking. Here a signal equivalent to about 
5 mR was induced after the box had been 
shaken about 5000 times and 20 mR after 
shaking 30,000 times. The conclusion must 
be that mechanical disturbance plays only a 
small role in the practical use of these dosi
meters. 

following the annealing. The reason for this 
is not known at present. 

The conclusion of these experiments is that 
unirradiated dosimeters should be included 
in any measurement series for background de
termination. 

In conclusion, these dosimeters fulfill prac
tically all the requirements for finger and hand 
dosimetry. The most serious drawback is 
associated with the inherent problems in any 
measurement of beta and electron dose to a 
very thin layer. Compared to photographic 
film dosimeters, the dosimeters have the 
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Fw. 5. The appearance of thermoluminescence following annealing in LiF-Teflon discs which 
have been kept in darkness or exposed to normal laboratory fluorescent light. 

Another possible cause for the spurious ther
moluminescence is excitation by light, which 
has been reported previously for LiF. <3

• lo) 

Dosimeters exposed to normal fluorescent lab
oratory light exhibit a definite light sensitivity 
as shown in Fig. 5. Experience with ultraviolet 
radiation suggests that it is this component of 
the light that is responsible for the excitation. 
Light is, however, efficiently excluded by the 
use of the light-proof pouches into which the 
LiF-Teflon discs are packed in subdued light. 
The data in Fig. 5 indicate a slight increase in 
the signal from dosimeters stored in the dark 

advantages of being capable of at least the same 
precision, of having a vastly superior energy 
dependence for X- and gamma-radiation which 
leads to better accuracy, and of allowing the 
monitored person to comfortably and con
veniently wear dosimeters where meaningful 
doses will be recorded, i.e. on the finger tips, 
without interfering with his work. The ease and 
speed of readout result in a vetsatile and 
adaptable monitoring procedure, a condition 
that must be fulfilled before finger and hand 
dosimetry assumes the place in health physics 
which its importance justifies. 
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A METHOD OF ASSESSMENT OF WHOLE BODY INTEGRAL 

DOSE FOLLOWING ACCIDENTAL RADIATION EXPOSURE 

FROM AN EXTERNAL MOVING SOURCE 
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U.K.A.E.A., Harwell, Didcot, Berkshire 

and 

S.M. B. lULL 

Health and Safety Division, Dounreay Experimental Reactor Establishment, 
Thurso, Caithness, Scotland 

Abstract-The dosimetry requirements following an accidental exposure of personnel to 
external radiation at an establishment of the U.K. Atomic Energy Authority are reviewed; 
in general the required information falls into two categories involving two distinct operations 
separated in time. 

There is an immediate need for dose data which will enable decisions to be taken regarding 
the appropriate medical treatment, if any, to be given to the exposed persons. Such dose data is 
usually obtained from the processing and evaluation of personnel films which were worn on the 
exposed person's body. At a later stage more refined determinations of absorbed doses 
received by critical organs of the body are required for record purposes and for medico-legal 
reasons. 

An important dose parameter which may be considered in this latter category is the integral 
dose to the whole body, defined as: 

Integral dose= M J D.dm 

where D is the absorbed dose in rads received by a mass element, dm, of the body, the product 
(D.dm) being integrated over the whole mass, M, of the body. The reasons for the importance 
of this function are discussed and a method for its determination is described, employing the 
so-called "reciprocity dose theorem" and taking as example a case of an accidental exposure at 
one of the Authority's establishments. 

The report concludes with an assessment of the accuracy of the determination and a dis
cussion of the limitations of the method. 

1. INTRODUCTION 

Whenever a person is accidentally exposed to 

external radiation such that there is a possibility 

that the maximum permissible doses recom

mended by I.C.R.P.; <1 > or their national equiva

lents, have been exceeded, there is a requirement 

for dose information which falls into two cate

gories. Two distinct operations, separated in 

time, are usually necessary for the determination 

of these two categories of information. 

There is an immediate need for dose data 

which will assist in making decisions regarding 

the appropriate medical treatment, if any, to 

be given to the exposed person. Such data 

may usually be obtained from the processing 

and evaluation of films and/or other dosimetric 

devices worn on the exposed person's body. 

If fast neutron irradiation has occurred, the 

measurement of activation products in the body, 

such as blood-24Na or 35S in the hair, or in 

479 
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articles carried upon the person, such as 64Cu or 
58Co in coins, <2 > may result in sufficiently pre
cise estimates of dose to assist with the early 
planning of medical care. 

At a later stage, however, more refined deter
minations of the absorbed doses received by 
critical organs of the body are required for 
record purposes and for medico-legal reasons. 
These determinations may involve measure
ments in body phantoms in sometimes elaborate 
reconstructions of the circumstances of the 
accident. <3

• 
4 l The experimental dosimetry pro

cedures undertaken will be determined by the 
nature of the accidental exposure and the criti
cal organs involved. An important dose para
meter which may be required is the integral 
dose to the whole body defined in equation ( 1): 

M 
Integraldose to whole body= J D.dmgram-rad 

(1) 

where D is the absorbed dose in rads received 
by a mass element, dm, of the body, the product 
(D.dm) being integrated over the whole mass, 
M, of the body. 

It is the purpose of this paper to indicate 
briefly the relevance of this quantity and the 
associated concept of "average" dose to the 
body, and to describe a method for their experi
mental determination which has been applied 
with success in the Atomic Energy Authority 
in a gamma-radiation exposure of two men who 
accidentally handled an irradiated reactor fuel 
element. 

2. WHOLE BODY EXPOSURE AND 

"AVERAGE" DOSE TO THE BODY 

In the Report of the International Commis
sion on Radiological Protection, <1 > a distinction 
is drawn between the more or less uniform 
irradiation of the whole body and irradiation 
which is limited to portions of the body. In 
the former case the critical tissues are the red 
bone marrow and the gonads, but where only 
parts of the body are irradiated, the critical 
tissue must be assessed from a consideration of 
where permanent damage is most likely to arise. 

It is therefore of importance to determine in 
the case of an over-exposure whether substanti
ally uniform whole body irradiation has taken 
place or whether the irradiation is significantly 
non-uniform. The information provided by a 

single detector such as a film badge can be 
highly misleading in this regard and, whilst 
rough estimates of the dose inhomogeneity may 
be made from a consideration of the geometrical 
relationship of the radiation source and the 
irradiated person's body, it is suggested that a 
more revealing parameter, when related to the 
surface skin dose, is the "average" dose to the 
body defined as: 

1 . 
"Average" dose = M X mtegral dose (2) 

Recently it has been suggested that certain 
aberrations in the structure of the chromosomes 
of circulating blood cells are related to the 
radiation absorbed doses received by the cells. 
<5

• 6 l Such a biological indicator of absorbed dose 
would be helpful in the dosimetry of over
exposed persons and, in the absence of infor
mation as to the individual doses to the affected 
cells, the parameter most likely to correlate 
with the observed chromosome damage would 
be the average dose to the body. 

For these reasons the average doses to the 
bodies of the two men who had been accidentally 
irradiated were determined using the "recipro
cal dose" relationship. 

3. THE RECIPROCAL DOSE THEOREM 

It has been pointed out by Mayneord <7 > that 
theorems relating to reciprocity between radia
tion from a point and a finite volume have been 
given over fifty years ago by King <8> and are 
well known in meteorology. <9> A more general 
treatment in which both radiation source and 
absorbing medium are finite may be applied 
in the determination of average and integral 
dose to the body. 

Consider a body of mass M 1 being irradiated 
by another body of mass M 2 filled with gamma 
radiating material having specific activity, p2 

mCifg of material. Let the effective linear ab
sorption coefficients of the materials of M 1 and 
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M 2 be p.1 and p.2 respectively for the radiation and 
geometry considered. Then dp, the dose rate at 
P due to radiation emanating from the mass ele
ment dm2 , may be written: 

dp = T. Pa. dm2 exp [- (p.tr1 + P-2 ra)] 
(r1 + r0 + r2) 

2 

where r is the specific gamma-ray constant for 
the radiation. 

The dose rate at P due to the total activity 
in M 2 is given by: 

D = r. 2 M2Jexp [- (P.t rx + P-2 Tz)] dma (3) 
P p (r1 + To + r2) 2 

From equation ( 1), the integral dose rate, 
11 in M 1 is 

M
1J l1 = Dp.dmt = M1.D1 (4) 

where D1 is the average dose rate in M1 . 

Hence: 

M
1 f M

2f I = T.p exp [- (P.t r1 + P.a ra)] d d 
1 2 ~-~ 

(r1 + To + r2) 
2 

(5) 

If it is now supposed that M 2 is irradiated by 
M 1 filled with the same typeofradiatingmaterial 
of specific activity, p1 mCi/g of material, then 
by a similar argument, provided that p.1 and p.2 

can be assumed to have the same values as 
previously, the integral dose rate 12 in M 2 is: 

I = Mafr.p Mtfexp [- (p.x rt + P-2ra)] d d 
a 1 ( + + ) 2 m1• m2 

r1 ro ra 

Hence: 

or 

= M 2 .Da (6) 

Dl.Mt·Pt = Dz.M2·Pa 

Dt.At = Da.Aa 

(7) 

(8) 

where A1 and A2 are respectively the total 
activities of the radiating material in M 1 and 
Ma. 

4. METHOD OF APPUCATION OF 

RECIPROCAL DOSE THEOREM 

The accident used to illustrate the application 
in practice of the reciprocal dose theorem, in
volved the removal from behind shielding of an 
irradiated reactor fuel element and its subse-

quent handling by two men in the belief that 
the element was unirradiated. For the purposes 
of this paper attention will be focussed on sub
ject A who first handled the element. In its 
motion vertically upwards from its shielding, 
the element moved parallel to A's body, and 
for most of the time of his involvement which 
was less than three seconds, the axis of the ele
ment was no more than 5 ern from the surface 
of his body. A's film badge, which was worn 
on the left breast of his overalls, showed on 
assessment a dose of 27 rad of penetrating gam
ma radiation. 

The experimental procedures described below 
have been used to determine the average dose 
to A's body from its irradiation by the fission 
product source. This has been achieved by 
interchanging the source and absorbing body 
and determining instead the average dose at 
positions occupied by the fuel element source 
from a radiation source of similar size and shape 
to A's body. The procedure may be summarized 
as follows: 

(i) the motion of the fuel element relative 
to A is represented by a number of 
stationary positions of the element each 
with an appropriate irradiation time; 

(ii) measurements of dose rates around the 
fuel element fission product source en
able a number of unshielded 137Cs point 
sources in a certain linear arrangement 
to be specified which give a dose rate 
distribution in air similar to that mea
sured for the fission product source; 

(iii) measurements of dose rates around a 
hollow man phantom filled with a 137Cs 
solution enable dose rates to be inter
polated at each of the 137Cs source points 
referred to in (ii) for each of the sta
tionary positions of the transformed fuel 
element referred to in (i); 

(iv) by multiplying the dose rates so deter
mined by the appropriate irradiation 
times and summing the resulting doses, 
a value is obtained from which the 
average dose to A's body may be cal
culated as shown in Section 5. 

Thus, four separate but inter-related studies 
were made: 
(a) the taking of a cine film to enable a recon

struction of the incident in time and space; 
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Fw. 1. Vertical displacement of fuel element as a function of exposure time. 

(b) the measurement of dose rates in air around 
an identical reactor fuel element having 
closely similar irradiation history and cool
ing time, and the determination of isodose 
lines; 

(c) the calculation of the number ofl37Cs point 
sources, their activities and their relative 
positions to give a similar isodose distribu
tion as the fuel element; 

(d) the measurement of dose rates around a 
hollow man phantom filled with 100 mCi 
137CsC12 solution. 

4.1. Cine film study 

The two men involved in the accident were 
filmed in the process of handling an inactive 
fuel element as nearly as possible in the same 
manner as previously used in handling the 
irradiated element. A number of runs of the 
episode were filmed and from a &tudy of the 
rate of change of position of the fuel element 
relative to subject A's body, it was possible to 
define five representative positions in which 
the element could be considered stationary for 
certain fractions of the total exposure time. In 
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this way the irradiation of A's body by the 
moving source was broken down into the sum 
of the irradiations from five stationary sources. 

Figure I shows the vertical displacement of 
the element as a function of time during the 
period when significant irradiation of A's body 
was taking place. The positions of the five sta
tionary sources and the method of determining 
the fractions of the total irradiation time from 

(ems) 

+50 

0 

-so 

-100 

in the accident. Owing to the very high dose 
rates involved, all measurements were made 
inside a shielded cell, the Baldwin "Ionex" 
dosemeter probe being moved relative to the 
fuel element by means of a remotely operated, 
powered manipulator. Figure 3 shows the gen
eral arrangement inside the cell. The fuel ele
ment was clamped vertically and a reference 
grid, shown in close-up in Fig. 4, used to assist 

FIG. 2. Positions of fuel element relative to operator. 

the step-function which most closely fits the 
observed displacement-time curve is also shown 
in Fig. 1. The five source positions relative to 
A's body are shown schematically in Fig. 2. 

4.2. Dose rate distribution around irradiated fuel 
element 
Dose rate measurements were made at a 

large number of points around a fuel element 
having the same irradiation history and cooling 
time as the element which had been concerned 

in the accurate positioning of the small ion 
chamber at known distances from the surface of 
the element can. 

By interpolation between dose rates measured 
at intersections of the grid, isodose lines were 
drawn in a plane containing the ax:is of the fuel 
element. Figure 5 shows such a set of isodoses. 
A noticeable feature of the distribution is the 
rapid fall-off in dose rate beyond the end 
of the uranium fuel element within its steel 
can. 
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FIG. 3. Experimental arrangement showing fuel element can in vertical position with the 
Baldwin-Ionex probe held in power manipulator traversing reference grid. 

4.3. Equivalent 137Cs fuel element 

In order to remove the complications inherent 
in applying the reciprocal dose theorem to a 
self-absorbing mixed fission product source, it 
was convenient to assume a small number of 
unscreened point sources of a suitable gamma 
emitting nuclide which would be equivalent to 
the fuel element in respect of its dose rate dis
tribution. Although a match of the distribution 
in air was attempted, the energy of the gamma 
radiation from the point sources must be similar 
to the effective gamma energy of the fission 
product source in order that the two radiation 
distributions in the body tissues should also be 
similar. 

The gamma radiation from 137Cs is very 
suitable for this purpose, its predominant 
gamma energy of 662 keV being little different 
from the weighted mean gamma energy from 
the self-absorbing fission product source. Since 
the percentage depth dose in tissue is a slowly 
varying function of gamma energy in this range 
of energies, no appreciable error is introduced 
by the substitution. 

From consideration of Fig. 5 it is seen that 
the dose rate distribution is symmetrical about 
a perpendicular to the axis of tht:: fuel element 
through its mid-point. By a process of trial and 
error it was found that four point sources, sym
metrically placed in relation to the mid-point 
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along the axis of the fuel element, were adequate 
to achieve a satisfactory match of the dose-rate 
distribution. Two of these sources, each of 
10,000 Ci, were 10.7 em from the mid-point and 
the other two, each of 1,000 Ci but of negative 
sign, were 64 em from the mid-point. 

4.4. Dose rate distribution around radiating man 
phantom 
The required radiating man was constructed 

using a standard commercial hollow phantom 
made of polythene to the dimensions suggested 
by Bush. <10 l The dimensions and volumes of the 
various parts of the phantom are listed in Table 
1. The phantom was filled with a solution of 
caesium chloride containing 100 mCi 137Cs, the 
activity concentration of the solution being 1·74 

fLCifcm 3
• 

FIG. 4. Close-up of probe and pointer attach
ment for avoiding parallax errors. 

The phantom was arranged on a wooden 
table 78 em above the floor in the centre of a 
large room. Measurements of dose rates were 
made in several planes parallel to the surface 
of the table, using AERE Type 1120 air-equi
valent ionisation chambers (i.e. Type BD 11 

(c!Tis) 

o~--~~~o~--~2~0----~3"'0~---.4~0~--~sok-----6Ao-----~,o 

DISTANCE FROM AXIS OF FUEL ELEMENT (ems) 

FIG. 5. Isodose curves (R/min) for irradiated fuel element. 
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Table !. Dimensions of Parts of Hollow Man Phantom 

Major axis 
Part of Shape or Minor axis Length Volume 

phantom diameter (em) (em) (litres) 

Head 
Chest 

bdomen A 

N 
T 

eck 
highs 

L egs 

A rms 

(em) 

eliptical cylinder 18·5 
eliptical cylinder 29·5 
eliptical cylinder 35·5 
circular cylinder 13 
circular cylinders 14·6 

circular cylinders 12 

circular cylinders 10·1 

14 19·9 3·43 
20 39·5 16·95 
20·4 19·9 9·48 
- 10 0·97 
- 40·3 (1) 5·91 

(2) 5·89 
- 40 (I) 3·58 

(2) 3·66 
- 60·3 (I) 3 · 85 

(2) 3·82 

Total volume of phantom= 57·54litres 

chambers but with polytetrafluoroethylene insu
lators) in conjunction with a Baldwin-Farmer 
electrometer. A large number of chambers were 
exposed in one plane simultaneously by attach
ing them to the under surface of a 6 mm thick 
sheet of Perspex supported above the phantom 
by a framework of aluminium rods. The Pers
pex sheet complete with chambers could be 
removed and replaced quickly at the end and 
beginning of each exposure. The chambers 
were calibrated using a small radium source 
under virtually scatter-free conditions. 

From the matrix of dose rates so obtained, 
graphs were plotted enabling determination of 
values between measurement points by inter
polation. 

5. CALCULATION OF AVERAGE AND 

INTEGRAL DOSES TO A's BODY 

Table 2 lists the various parameters required 
for the calculations. For each stationary fuel 
element position with its appropriate exposure 
time are listed the dose rates, interpolated from 
the BD II data, at the four 137Cs source points. 
The sum of these dose rates, suitably weighted 
in proportion to the source activities, is given 
in column IV of Table 2 and the dose value 
appropriate to each fuel element position IS 

given in the last column of the table. 

From equation (8) we have: 

1\.Al = D2·A2 

Hence: 
- - A2 

Dl = D2. Al 

where 

where 

where 

I.e. 

- 7632 X I0- 3 

D 2 = rad 
3600 

A2 = I 01 curies 

A1 = I·O curie 

D
- _ 7632 X IQ- 3 104 

1 - 3600 X IT rad 

= 2I rad 

The integral dose to A's body is given by the 
product M 1 • D1• A's mass (M1) was 75 kg so 
the integral dose, I, is: 

I = 75 X 2I kg rad 

= 1·58 Mgrad 

6. CORRECTION OF RESULTS AND 

ACCURACY ATTAINABLE 

An indication of the order of accuracy attain
able in the use of part of the method may be 
obtained by deriving the expected dose received 



A METHOD OF ASSESSMENT OF WHOLE BODY INTEGRAL DOSE 487 

Table 2. Parameters required jar Calculation of Average and Integral Dose 

I II 
Effective Dose rate at 

Fuel ele- exposure four point 
ment time source positions 

position (sec) (mradfhr) 

1 0·38 19 
(lowest 79 
position) 106 

204 

2 0·41 54 
131 
170 
280 

3 0·62 102 
196 
241 
182 

4 0·49 158 
265 
276 

86 

5 0·38 21 
(oblique 94 
position) 148 

155 

by A's film badge from the assumptions made 
in the reconstruction. 

In Table 3 is calculated the film badge expo
sure arising from the sum of the exposures from 
the five stationary fuel element positions. When 
allowance for backscatter is made the recon
structed dose is 35 rad compared with the 
measured 27 rad. This difference may arise 
from one or a combination of several causes. 
If the difference is due solely to an error in the 
total exposure time assumed in the reconstruc-

III IV v 
Point IxiV 
source (II X III) (mrad 

strength X 3600) 
(kCi) 

-1·0 -19 
10 790 
10 1060 
-1·0 -204 618 

~=1627 

-1·0 -54 
10 1310 
10 1700 
-1·0 -280 1097 

~=2676 

-1·0 -102 
10 1960 
10 2410 
-1·0 -182 2533 

~=4086 

-1·0 -158 
10 2650 
10 2760 
-1·0 -86 2531 

~=5166 

-1·0 -21 
10 940 
10 1480 
-1·0 -155 853 

k=2244 

ToTAL 7632 

tion, then a correction factor of 27 f35 = 0 · 77 
must be applied to the values of average and 
integral doses calculated in Section 5. If, how
ever, the discrepancy is due mainly to a slight 
difference in the assumed geometrical relation
ship of the fuel element and A's body ·compared 
with that which obtained during the incident, 
then the correction factor may be very little 
different from unity. Only a very small change 
in the assumed source-skin distance of 5 em is 
required to account for the difference between 
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Table 3. Assessment of Exposure at Position of A's Film Badge 

Position of badge {25 em above waist (belt) 
7 em to left of centre of trunk 

Axis of fuel element is 5 em from front surface of trunk (parallel to vertical centre line of 
trunk) for first 4 positions (see Fig. 2) 

Distance from centre 
of fuel element to Dose rate 

Fuel Weighting film badge (em) from fuel Dose 
element time 
position (sec) parallel 

to vertical axis 

I 0·38 I25 
(lowest 
position) 

2 0·41 90 
3 0·62 55 
4 0·49 22 
5 0·38 56 

(oblique 
position) 

Figures in brackets are extrapolated values 

Dose with backscatter = 33 X 1 ·OS 
= 34·7 rad 

the observed and reconstructed film badge doses, 
whereas such a small change in geometrical 
relationship would have a negligible effect on 
the values of average and integral doses. Al
though the latter explanation of the difference 
is more likely, a mean correction factor of 
0·89 (= (0·77 + 1·0)/2) was assumed. 

A small inaccuracy arises on accounf of the 
mass and size of the radiating phantom being 
different from the mass and stature of A. The 
heights of the man and the phantom were very 
nearly the same but the mass of A was 75 kg 
compared with 57 kg of radiating fluid. It is 
difficult to make a satisfactory correction to 
the average dose to take account of this differ
ence since so much depends on where the dif
ference in girth occurs. No significant correc
tion need be applied to the integral dose value 
since this was calculated using the true mass of A. 

It is estimated that the measurements of dose 
rate described in Sections 4.2 and 4.4 gave 

element (rad) 
perpendicular (rad/min) 
to vertical axis 

9 (7) (0·05) 

9 (18) (0· I) 
9 94 I ·0 
9 3800 3I ·0 

I4 143 0·9 

TOTAL 33 

results having errors no greater than ± 10%. 
The assumptions made in Section 4.1 have 
been shown, by means of the estimate of dose 
to the film badge, to introduce an error of 
+ 11%, and the simulation of the fission pro
duct source by means of 137Cs point sources may 
introduce an error of about 10%. 

Taking all the above sources of inaccuracy 
into account, the expected error in the value of 
the average dose and integral dose is no more 

than± 25%. 

7. DISCUSSION OF RESULTS 

The most interesting implication of the re
sults is the very great effect of the source-skin 
distance in determining the ratio of the average 
dose to the surface dose to A's body. Despite 
the estimated maximum skin dose to the abdo
men of 120 rad, the corrected "average" dose 
to the body was about 19 rad. 

From depth dose measurements determined 
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in another experiment it has been found that 
the true absorption in the thickness of A's 
trunk is about 30% of the incident radiation. 
However, due to the small source-skin distance 
of 5 em in this particular case, the inverse square 
law accounts mainly for the measured apparent 
absorption of about 88% of the incident radia
tion. 
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A STANDARDIZED METHOD FOR MAKING NEUTRON 

FLUENCE MEASUREMENTS BY FISSION FRAGMENT 

TRACKS IN PLASTICS. A SUGGESTION FOR AN 

EMERGENCY NEUTRON DOSIMETER WITH 

RAD-RESPONSE 

S. PMTRE,* E. TOCHILIN and N. GOLDSTEIN 

U.S. Naval Radiological Defense Laboratory, San Francisco, California 94135 

Abstract-A neutron detector is described which consists of a fission foil (2 32Th, 235U, 23su, 

2 37Np or 239Pu) in contact with a plastic track detector. These detectors were exposed to 
reactor neutrons and to monoenergetic neutrons with energies between 1.0-18 MeV. Fission 
fragment tracks registered in the plastic were selectively etched by a hydroxide and counted 
in an optical microscope. For thick foils of fissionable metals the sensitivity of the system was 

fission fragment tracks 
found to be (1.16 ± 3%) x I0- 5 b which is in good agreement with 

neutron · arn 
theoretical calculations. This sensitivity is independent of the fissionable element used, inde
pendent of the neutron energy, fairly independent of the material chosen for tracks registration 
(plastics, glass, mica) and of etching conditions. Since the (n,J) cross-sections are accurately 
known for most neutron energies, the above constant can be used for standardized measure
ments of neutron fluences. An application to emergency neutron dosimetry is suggested. The 
fissionable material must be readily available and have low specific activity while the (n,j) re-

action cross section should follow the rad curve for tissue. As first compromise, natural 
n/cm2 

thorium is suggested to measure the "proton-part" of the neutron dose (above l MeV). The 
second compromise is an alloy made of natural thorium and 0.5% (by weight) of natural 
uranium. Using the technique of track counting, these dosimeters have a practical range 
between 5 rad and 30,000 rad. To avoid track counting, a direct read-out method using thin 
Mylar film was investigated. This plastic is opaque in the deep ultra-violet (below 3000A), and 
the etching of fission fragment tracks in this plastic film produces holes. Neutron dose is 
determined by the amount of UV light passing through the etched film. 

A. Measurements qf Neutron Fluence 

INTRODUCTION 

A method by which tracks from heavy nuclear 
particles can be observed visually in materials 
such as mica, certain glasses and plastics has been 
described by Fleischer, Price and Walker. <1 -S> 

These solid state nuclear track detectors have 
already found wide application in many nelds 

*Permanent address: Federal Institute for Reactor 
Research, Health Physics Division (SU), 5303 
Wiirenlingen, Switzerland. 
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including neutron dosimetry. The neutron de
tector consists of a fission foil in contact with a 
nuclear track detector. Fission fragments pro
duced by neutron interactions penetrate the 
detector producing trails of radiation damage. 
The trails can be chemically etched in a reagent 
which selectively creates hollow channels or 
tracks along the damaged regions. The number 
of tracks per unit area can be counted in an 
optical microscope and correlated with neutron 
fl:uence. <6 -8 > 

Earlier measurements at this Laboratory in
dicated that, for thick fission foils, the track 
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density produced in mica, certain plastics and 
glasses could be equated to neutron fluence by a 
constant, weighted by the fission cross section 
of the foil material. This suggested that a 
standardized method for measuring neutron 
fluence could be developed. The present study 
investigates over what limits and to what accu
racy such measurements can be made. 

EXPERIMENTAL MEASUREMENTS 

Fission foils thicker than the maximum range 
of fission fragments in fission materials (about 
13 microns) were used primarily in the neutron 
detector. The thick fission foils consisted ofO. 01 
in. 2 22Th, 235U and 238U. The relative sensi
tivities of thin fission foils and a Mg-Th alloy 
containing 4 percent 232Th by weight were 
also established. The thin fission foils of 235U, 
2asu and 237Np were of mass thickness of about 
one mgfcm 2 of isotope deposited on a nickel 
backing over a ! in. diameter circle. Alpha 
particle autoradiographs established that the 
material was uniformly deposited over the 
active area. Six 239Pu foils weighing approxi
mately 0.02 mg and deposited over a t in. 
diameter circle were found to be highly non-uni
form. Small areas of uniform activity were 
found on three of the plaques. An aperture 
covering all but the uniform region allowed the 
239Pu foils to be used in some experiments. 

Two plastic foils, Lexan* and Mylar,t were 
used as nuclear track detectors. Most of the 
track counting measurements discussed in this 
section were obtained with Lexan mainly be
cause of its clear background and the easy 
discrimination between tracks and non-tracks. 
Whenever thin detector material was required 
(see Section B), Mylar films were used. Tracks 
of good quality were obtained with a solution 
of potassium hydroxide (KOH) at a concen
tration of 28% and a temperature of 60°C. 
Sodium hydroxide which has often been used 
with Lexan was found to produce less control
lable etching along with some undesirable back
ground effects. A typical fission fragment track 
etched with KOH is represented in Fig. 1. 
Selective etching is seen to take place along 

* General Electric Company, Pittsfield, Mass. 
t E. I. duPont de Nemours and Company, Wilming
ton, Del. 

the trail of radiation damage. In both Lexan 
and Mylar the directional etching proceeds at a 
rate of approximately 0. 55 p.fmin. At the same 
time the surface is being removed at a rate of 
about 0. 05 p.fmin. The ratio of track to sur
face etching speed (eleven for the two plastics) 
provides a method of expressing the selectivity 
of this etching process. <9 > Figure 2 depicts the 

DEPTH 1-----
?fL 

HORIZONTAL PROJECTION 

9fL 

Fm. 1. Typical fission fragment track in plastic 
etched with KOH. 

TRAIL OF 
RADIATION 
DAMAGE 

FIG. 2. Cross-sectional view of a typical track 
after different etching times. In this example, 
the best etching time is 20 min. With longer 
etching, the track will no longer increase in 

length, but only in width. 

formation of a track as a function of developing 
time while Fig. 3 describes the etching of fission 
fragment tracks as a function of etching time. 

A regular optical microscope at a magnifi
cation of 430 power was used for track counting 
whenever the track density ranged from 104 

to 106 tracks/em 2• Optimum etching time was 
found to be dependent on track density as shown 
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in Fig. 4. For track densities less than 104 tracks/ 
em a maximum etching time was used which 
produced thick tracks that could be readily 
identified at lower microscope magnifications. 
For an upper limit it was possible to count as 
many as 107 tracks/cm 2 where minimum etching 

::t. 

~ 
~ JO f---+-----o 
u 
~ 

40 50 60 

ETCHING TIME {min) 

Fw. 3. Etching kinetics of fission fragment 
tracks in KOH at a concentration of 28% and 
a temperature of 60°C. In Lexan and Mylar, 
directional etching speed along the trail of 
radiation damage is approximately eleven 
times faster than the volume dissolution speed. 

times and higher microscope magnifications are 
required for positive track identification. Figure 
5 shows the difference in track structure pro
duced when Lexan with a heavy track density 
is etched for 5 min compared to a lower track 
density etched for 40 min. 

Selective etching with a faster rate at high 
track density is observed in Lexan. This is 
particularly noticeable when tracks begin to 
overlap as in Fig. 5(A). Only a small fraction 
of all tracks will be seen when Lexan with low 
track density is etched for 5 min as compared 
to almost complete track recognition above 106 

tracks/em 2• This effect did not occur with any 
of the other track detectors investigated during 
this study. 

Optimum etching time for Lexan will vary 
over wide limits whenever track counting is 
used to determine fast neutron fluence. How
ever if track counting is replaced by other detec
ting methods in which track length or track 
width become critical (i.e. densitometry, photo
metry, etc.) then etching conditions must be 
more rigidly controlled. Use of the photometric 
technique described in Section B required several 
refinements to the simple etching apparatus 

105 JO' 

TRACK DENSITY I TRACK I em 2) 

Fw. 4. Optimal etchlng time for track counting in Lexan. The solution is KOH 28% 
concentration at 60°C. Recommended etchlng procedure: etch 5 min to determine 

approximate track density; continue etching up to the optimal etching time. 
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used for track counting. The refinements are 
given as recommendations for others who may 
have similar requirements: 

1. The volume of etching solution should be 
large in order to minimize changes in concen
tration during the etching process. 
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FIG. 5. Fission fragment tracks in Lexan. (A) 
High track density ( ,....,4 X 106 cm- 2) and short 
etching time (5 min). (B) Lower track density 
( ,....,10 5 cm-2) and longer etching time ( 40 min). 

2. The concentration of etching solution 
should be monitored to insure that changes 
do not occur either because of evaporation or 
contamination. 

3. A cover should be placed over the etching 
bath to keep down evaporation. For some types 
of plastics the cold etching technique described 
by Benton and Collver <10> could be used. (This 

method was found to improve track definition 
in cellulose nitrate.) 

4. The etching solution should be continuously 
agitated in order to avoid the formation of 
density and temperature gradients. Ultrasonic 
agitation is recommended over other methods. 

5. Samples should be placed vertically rath: 
than horizontally in the solution to avoid tbe 
formation of small bubbles at the lower surface 
which may interfere with track formation. 

Neutron exposures were made at the USNRDL 
2 MeV Van de Graaff accelerator, the Fast Burst 
Reactor, White Sands Missile Range, New 
Mexico (WSMR reactor) and the Aerojet-Gen
eral Nucleonics Industrial Reactor, San Ramon, 
California (AGNIR reactor). Monoenergetic 
neutrons were obtained at the accelerator ran1; 
ing from 1. 9 to 5. 2 MeV from the D(d,n) 3h 
reaction and from 12 to 18 MeV from the 
T(d,n) 4He reaction; exposures were also made 
with 1.0 MeV neutrons from the T(p,n)3He 
reaction. A calibrated long counter was used 
to measure neutron fiuence up to energies of 
5 MeV while a sulfur threshold detector was 
used at energies of 12 MeV and above. The 
sulfur (n,p) cross section as well as the (n,fi 
cross-sections for the different foils was tak;· 
from the summary cross section data tabula!> 
by Barrall and McElroy. <11 l Measurements at 

the accelerator, made over a wide range of 
energies, determined the relative efficiency with 
which Lexan will detect fission fragments at 
different bombarding neutron energies. 

The WSMR reactor has been calibrated with 
a fission foil technique developed by Hurst 
et al. <12 ) where the residual gamma ray fission 
product activity is counted. 239Pu, 237Np awl 
238U fission detectors are placed in a spheri•. 
shell ofl0B and together with 32S are exposed w 

fission neutrons. In this case an intercomparison 
study (Table 3) was made with the Hurst system 
and our fission foil-Lexan detectors. A similar 
intercomparison has recently been described 
by Kerr and Strickler. <1 3 ) 

RESULTS AND DISCUSSION 

Our preliminary experiments using nuclear 
track detectors of mica, plastics, microsco;/ 
glass slides and silver-activated phosphate gb:," 
indicated a sensitivity for thick fission foils 
approximately 10 -5 fission fragment tracks/ 
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Table 1. Measured Sensitivity of Thick Fission Foils in the Neutron Energy 

Rangefrom 1.0-16 MeV 

Sensitivity 
Fission foil Neutron energy fission fragment 

[MeV] tracks/ 
neutron • barn 

282Th 2.6 1.15x IO-• 
3.8 1.19 
5.0 1.14 

2asu 1.0 1.17 X IQ-5 

2.0 1.23 
5.2 1.13 

oasu 1.9 1.12 X w-• 
2.0 1.14 
2.6 1.07 
3.8 1.20 
5.0 1.11 
5.2 1.19 

12-16 1.17 ± 4.5% 
(8 points) 

Weighted average 1.16 X 10-• 
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neutron· barn independent of neutron energy. 
Becker's more systematic investigation of fission 
track detection in silver-activated phosphate 
glass gave a value of 1 . 3 X 10- 5 fission fragment 

tracks/neutron· barn with an accuracy of ± 
10%. (8> One objective of the present report 
was to determine this value for Lexan with 
sufficient accuracy to allow its use as a direct 
method for measuring thermal and fast neutron 

fiuence. 
A summary of measurements with mono

energetic neutrons from the Van de Graaff 
accelerator is found in Table 1. Given are the 
neutron energy, type of foil material and the 
measured sensitivity in fission fragment tracks/ 
neutron·barn. A weighted average of 1.16 X 

10- 5 fission fragment tracks/neutron· barn with 

standard error of '3% was obtained. 
Thermal neutron measurements were made 

at the thermal neutron column of the AGNIR 
reactor with two groups of uranium foils, one 
containing 378 ppm 235U and the other 3600 
ppm 2 35U. A cadmium ratio of greater than 100 
was obtained at the point of exposure. Measure
ments made in a Cd shield established that 4% 
of the tracks from the 378 ppm 235U foil was 
from fast neutron contamination in the thermal 
column. With this correction the thermal neu
tron fluence obtained with the two sets of foils 
agreed within experimental error. Simultaneous 
measurements made with gold foil monitors 
gave values 10% higher than indicated by the 
236U fission foils. This difference is within the 
limits of accuracy of the two measurements. 

Measurements by Niday <14 > giving the ranges 
of fission products in uranium metal have been 
reproduced in Fig. 6. <15 > From this data it is 
possible to calculate the neutron sensitivity of 
thick fission foils. Consider a uranium target 
of 1 em 2 area and a thickness R equal to the 

NR 
range of fission fragments. This target has A 

atoms/em 2 • Thus the number of induced fissions 

will be: 

~: RL + Rn 
A 2 · r = 

I 
fissions 

2 6 X o-s ------
. neutrons X barn 

where R L is the range of light fission fragments 

in uranium (11.4 X l0- 3 gfcm 2
); Rn is the 

range of heavy fission fragments in uranium 
(9.1 X 10-a gjcm 2); N is Avogadro's number 

(6.025 X 10 23 atoms/mole); A is the atomic 
weight of uranium metal (238.1 g/mole); r is a 
conversion factor ( 1 0 - 24 em 2 /barn). 

Referring to Fig. 7, if one fission occurs at 

THICK 

FISSION 
Rlll 

FIG. 7. Geometry factor for thick foils. One 
fourth of all fission fragments produced within 

the thickness R, will emerge at the surface. 

point F (producing two fission fragments) the 
probability that one fission fragment will emerge 
at the lower surface is: 

2rrRh 

4rrR 2 

Assuming a uniform distribution of the fission 
events within this foil, the total geometry factor 

is 

The number of fission fragments which will 
emerge out of this thick fission foil 1s: 

N 

A 
RL+ Rn 

4 . r = 

emerging fission fragments 
1 3 X 1 0 - 5 _ _::::_...:;:...: _ __::'-;--'=---
. neutron X barn 

However, not all emerging fission fragments will 
produce observable tracks. Assuming that the 

etching process dissolves approximately lfL of the 
plastic surface (see Fig. 3) and that the tracks 
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must be at least lp. in depth to be observed, we 
see that, in order to produce an observable 
track, the emerging fission fragments must have 
enough energy to penetrate at least 2p. deep 
in the plastic. 

It can be shown that some 90% of the emerg
ing fission fragments will fulfill this requirement. 
Thus the sensitivity of a thick, fission foil can be 
approximated as: 

fission fragment tracks 
1.1 7 X 10 - 5 _ ____::...._;::__---:--

neutron X barn 

registration efficiency is 100%). This was found 
.to be the case for both Lexan and Mylar. 

Figure 8 gives the range of neutron fluence 
over which the different foils were found usable. 
The solid bars indicate the optimum counting 
region for each detector while the dashed regions 
to the right and left indicate the range of upper 
and lower limits over which track counting 
to an accuracy of ± 5% can still be obtained. 
One could of course identify tracks below the 
arbitrarily assigned lower limit of 1000 tracks/ 
em 2 but the times required to obtain good 

>o;....' _ ____:';:.o' __ ,:;:o' __ :.;::'o_'0 
_ __:;'0:_" _ ____:w;:-"----'-';:-o" __ ,:;:.o'_' _ __:':;:o'_5 

__ :1;0
16 

107 <! 5 10e 2 5 109 2 5 JdO 2 5 1011 2 5 1012 2 5 1013 2 5 JQ14 2 5 1015 2 5 1016 

FAST NEUTRON FLUENCE (NEUTRONS/cm2 } 

Fw. 8. Range of fast neutron fluence measured with fission foils. The lower limit of 
measurable track density is given as 103 em·• while the upper limit is 107 cm· 2• 

The number given in parenthesis for thin foils is the thickness factor as defined in 

the text. 

Excellent agreement is seen to exist between 
the experimental and calculated values. Since 
the (n,j) cross-sections are accurately known for 
most neutron energies the above constant can be 
used for standardized measurements of neutron 
fl.uences. The advantages offered by using a 
thick foil are that this constant can be directly 
applied independent of fission material (235U, 
238U and 2

32Th), independent of neutron energy 
(no difference was observed between slow fission 
processes and fast fission processes) and reason
ably independent of the track registration 
material (assuming. that the fission fragment 

counting statistics tend to become excessively 
long. The upper counting limit will be that 
point where overlapping tracks begin to make 
positive track identification difficult. 

A "thickness factor" was determined for the 
fission foils less thick than the maximum range 
of the fission fragments and has been included, 
where applicable, in Fig. 8. The relative count
ing sensitivity of the thin fission foils was estab
lished for the monoenergetic neutrons from the 
NRDL Van de Graaff and compared to the value 
obtained for thick fission foils. The ratio of the 
two values is the "thickness factor" and when 
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Table 2. Calculated Average (n,j) Cross-Sections for Neutron Energy Intervals Measured with 
Threshold Detectors 

Element and 
corresponding 
(n,f) average (cpPu--</>Np) I 

cross-section (barns) 0.01 to 0.60 

2a5u 1.5 
2a9pu 1.7 
2a1Np 0.2 
2asu 0 
2a2Th 0 

combined with the sensitivity factor for thick 
foils gives a relative sensitivity factor for the 

thin foil. 
The fission foil detectors were also used in an 

intercomparison study at the WSMR reactor 
with the standard threshold detector sys
tem. <16 ) Fast neutron fluences were measured 
by the White Sands group within the four 
energy regions indicated in Table 2. We have 
calculated the average fis~ion cross-section of five 
fission foils in each energy region. <11

) These 
cross-sections were then used to evaluate the 
neutron fluence above 0.6 MeV with 237Np
Lexan detector and above 1.5 MeV with a 232Th
Lexan detector. Since the thorium foil was 
exposed bare the sensitivity factor previously 
determined for thick foils could be directly 
applied. Additional corrections required for 
the 2 37Np foil included a "thickness factor" and 
a roB attenuation factor. Results of the inter-

I 

Energy interval (MeV) 

(cpNp-cpU) (cpU-cpS) (cpS) 
0.60 to 1.5 1.5 to 3.0 >3.0 

1.2 1.3 1.2 
1.75 2.0 1.9 
1.2 1.6 1.5 
0.08 0.5 0.57 
0.005 0.11 0.14 

comparison check is given in Table 3. In both 
cases the neutron fiuence above 3 MeV was 
independently determined with a 32S(n,p) azp 

threshold detector with an assigned effective 
cross-section of 0.30 barns. <17

) Depleted 238U 
fission foils were exposed together with thorium, 
but the associated thermal neutron fluence com
plicated their interpretation. 

In any calibrated neutron facility where neu
tron flux and spectrum have been determined, 
the sensitivity constant for thick fission foils 
can also be used for direct measurements of 
the (n,j) cross-section. An example of such 
measurements is given in Fig. 9, where the 
(n,j) cross-section for 232Th was determined be
tween 12 and 18 MeV. <18

) Earlier cross-section 
measurements by Pankratov, <19 > over the same 
energy interval are included for comparison 
along with the curve drawn through the data 
points. 

Table 3. Intercomparison of Neutron Measurements at the White Sands Missile Range 

Fast Burst Reactor 

Measured neutron fluence (nfcm2) 

Neutron energy WSMR NRDL 
61 in. 150 in. 61 in. 150 in. 

>0.6 MeV 3.16 X JOll 1.43 X 1011 3.18 X 1011 1.48 X lOll 

> 1.5 MeV 0.63 X JOll 0.26 X JOll 0.59 X JOll 0.26 X JOll 
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B. A Suggestionfor an Emergency Dosimeter with 

Rad-response 

INTRODUCTION 

The purpose of an emergency dosimeter is to 
permit an estimate of any significant radiation 
exposure which may produce acute biological 
effects. In most neutron experiments with large 
animals the midline tissue dose has been used 
as the reference dose. Bond et al. <20 > exposed 
dogs to neutrons of 9 MeV average energy and 
found an RBE (or QF) of 0.95. Alpen et al. <21 > 

We can thus speak of a "proton-part" and a 
"gamma part" of the neutron dose. Depth dose 
curves in tissue giving the neutron and gamma
ray contributions have been calculated by Sny
der <22 > for neutron energies from thermal to 
10 MeV. The absorbed dose in a 30 em phan
tom at a depth of zero to 4 em and at 10 em 
is plotted in Fig. IO. If we consider the ab
sorbed dose within this range to be the most 
significant we see that for neutron energies 
above 1 MeV the proton dose is predominant 
while for neutron energies below 0.1 MeV the 
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FIG. 9. Fission crOBs-section of 232Th for neutrons from 12.5-18 MeV measured 
with Lexan. Earlier measurements by Pankratov19 are also shown. 

made similar exposures with sin;mlated fission 
neutrons and found a quality factor of 0.9. In 
both cases the biological effects were compared 
to that of 250 kVp X-rays. These studies indi
cate that a dosimeter measuring total midline 
tissue dose in rads can be directly related to 
biological effects. One should further note that 
this is not the case with a detector that records 
only first collision dose unless additional infor
mation on neutron energy is available. 

The two major processes by which the body 
absorbs neutrons is by elastic scattering (the 
(n,p) reaction) and by thermal neutron capture 
in hydrogen leading to the 1H(n,y)D reaction. 

I 

gamma dose is predominant. Between these en
ergy intervals both components are important. 

The emergency neutron dosimeter considered 
here is intended primarily for use in the event 
of a reactor accident or a nuclear explosion. 
Since it is based on a system of fission foils it is 
important to know the probable spectrum to 
be encountered and how the neutron dose is 
distributed over this spectrum. Braun and Nils
son <23 > have examined several representative 
spectra from infinite homogeneous reactors with 
different moderators and from a fission plate 
in a graphite moderator. Ritchie and Eld
ridge <24> described methods for calculating 
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Fw. 10. Absorbed dose in tissue irradiated by neutrons. The depth at which dose is a 
maximum may be considered to be 4 em except in the energy region between 0.1-2 
MeV. In this region the 4 em depth dose will be approximately 2/3 the maximum 

dose. The first collision dose curve is shown for comparison. 

neutrons from critical assemblies while Yampol
skiy <25 > described the probable distribution of 
neutron dose from fission weapons. While no 
typical spectrum can be assumed it is possible 
to say that, except where large masses of non
hydrogenous moderator could exist ( > 30 g/ 
cm 2), most of the neutron dose will be from 
neutrons in the energy range above 0.1 MeV. 
About 90% of the dose comes from energies 
less than 4 MeV, 40-60% from energies less 
than I MeV and only about 20% for energies 
below 0.1 MeV. Under these conditions most 
of the neutron dose will be in the energy range 
from 0.1 to 2 MeV. 

It should be noted that for a typical fission 
neutron spectrum approximately half the total 
midline dose received by the human body will 
be from capture gamma-rays. Since gamma
ray dosimeters worn on the body will detect 
this component one already has the capability 
for recording the gamma portion of the total 

neutron dose (at the same time there is no way 
of separating primary gamma dose from neutron 
produced gamma-rays). The neutron dosimeter 
should therefore reflect as close as possible the 
biologically significant radiation dose without 
remeasuring the gamma contribution and hav
ing it registered twice. On the other hand if one 
could measure the region below 0.1 MeV by 
matching fission foil response to the midline 
dose it would be possible to evaluate this gamma
ray contribution and subtract it from the total 
gamma dose registered by a dosimeter worn 
on the body. 

FISSION TRACK EMERGENCY NEUTRON 

DOSIMETER 

Fission foils in combination with a fission 
track detector possess many desirable properties 
to recommend their use as personnel neutron 
dosimeters. They can be made small and light 
weight and are completely unaffected by gam-
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rna-rays, by environmental conditions or by 
storage time. Neutron dose can be measured 
over many orders of magnitude. Where thick 
foils are used the measured track density can 
be directly related to neutron fluence. Fission 
tracks striking the detector leave a permanent 
record of radiation damage which can be pro
cessed at any later time by simple chemical 

techniques. 
While many of the transuranic elements can 

be used as fission foils practical considerations 
restrict the choice to readily available materials. 
This automatically limits present usage to either 
thorium or natural uranium. However, the 
fission cross sections of these materials are such 
that they can be satisfactorily used as emergency 
neutron dosimeters. 

Rad-response of Natural Thorium 

In this case we will restrict ourselves to the 
measurement of the proton part of the neutron 
dose above the threshold energy of 232Th. To 
obtain a neutron dosimeter with rad response 

we require the tracks/cm 2 ·radratio to be constant 
for all neutron energies. It means that the 
product of rad ·em 2 /n and neutrons/track be 
independent of neutron energy. In other words, 
the following three quantities must be propor
tional: rad ·em 2/n, tracks/neutron and cross
section (barns). Thus a neutron dosimeter will 
have a rad response if we can match the rad ·em 2 
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FIG. 11. Response of thorium as an absorbed 
dose detector. It is assumed that the gamma 
part of the neutron dose would be detected by 

usual gamma-ray dosimeters. 

fn curve (Fig. 10) with the (n,j) cross-section 
curve. Assuming that we are only interested in the 
proton portion of the neutron dose, we see from 
Fig. II that above 1.3 MeV we can match the 
thorium (n,f) cross-section curve with the 
rad ·em 2/n curve using a response factor of 

3 X 10-8 rad 
(n/cm 2)·barn 

Using the sensitivity obtained in Section A we 
can rewrite this response factor as 

390 tracks/em 2 

rad 

Our minimum and maximum counting criteria 
of 10 3 and 10 7 tracks/cm 2 give us a practical 
detection range between 3 and 30,000 rad. 

Rad-response of a Thorium-Uranium Alloy 

If it is important to measure the total ab
sorbed dose from neutrons then we need a 
fission material having a cross-section curve 
that will match the rad ·em 2 fn curve over all 
neutron energies. 

As a compromise we suggest a thorium alloy 
containing 0.5% (by weight) of natural uranium 
(0.5% by weight= 0.3% by atoms). The ratio 
of 235U atoms to 232Th atoms is thus 1/46000. 
The (n,j) cross-section for the thorium alloy is 
plotted in Fig. 12 in a way to best match the 
midline tissue dose response. One sees that 
this dosimeter has very low sensitivity in the 
region 0. I MeV to 1 MeV which is an important 
region for fission neutrons. In order to compen
sate for this deficiency we have given the dosi
meter a higher sensitivity above 1 MeV. We 
assume that ,.._, 40% of the fast neutron dose is 
due to neutrons with En > I MeV, and thus 
we raise the cross-section curve by a factor 
2.5. The response factor becomes: 

rad 
7 5 X 10 - 8 :--:---:----:---

. (nfcm 2) ·barn 

and our sensitivity for the thorium-uranium 

alloy becomes 
155 tracks/em 2 

rad 

g1vmg a practical detection range between 6 

and 60,000 rad. 
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FIG. 14. Holes etched in thin Mylar film. The fission track density was approximately 
106 em·• and the etching time was 30 min. in standard KOH solution. 
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NEUTRON DETECTION BY UGHT 

TRANSMISSION 

Despite the many obvious merits of track 
counting the process is slow and somewhat 
tedious. Methods to replace track counting 
by simpler and more direct measurements have 

already been described. <
6

• 
8

• 
26

> Another such 
method is to use a thin opaque plastic film so 
that the etched tracks will produce holes in the 
material. The amount of light passing through 
the film should be proportional to the number 
of holes. Unfortunately, almost every plastic 
in very thin layers (4/k-12/k) is transparent to 
vi~ible light. We discovered only one plastic 
which was simultaneously thin and opaque (0.5 
mil black Tedlar PVF film*) but we could 
not produce the selective etching in it. 

However, plastics such as Mylar, Lexan and 
Makrofolt are opaque to deep ultra-violet light, 
even in very thin layers. 

Observing Fig. 13, we see that Mylar, even 
in. the thinnest gauge, is more opaque than 
Makrofol. Mylar is also easier to handle and 
available in a large variety of thicknesses. We 
used 15C Mylar 4 microns thick and a working 

wave length of 2537A (254mfk) which is called 
the "germicidal line". The choice of this wave 
length is based on the easy availability of ultra
violet sources giving most of their energy in 
that particular wavelength (germicidal lamps). 

Etched tracks in thin Mylar ( 4/k) become 
holes as illustrated by Fig. 14. Using our stan
dard etching conditions we have found that the 
light transmittance at 254 mfk is directly pro
portional to the track density. Figure 15 shows 
that light transmittance measurements can re
place track counting between 5 X 10 3 and 
3 X 106 tracks/em 2 • This track range corresponds 
to a midline dose between ,_, 25 and l 0,000 rad. 
It is thus possible to measure the track density 
without counting the number of tracks. Unlike 
track counting, this method requires precise con
trol of etching conditions. 

Handling of very thin Mylar film is still a 
problem. We used concentric rings to mount 
the Mylar film. Unfortunately preferential 
etching occurs at the places where the plastic 

* E.I. duPont De Nemours and Co., Wilmington, 
Delaware. 

t Bayer Co., Germany. 

is under strain, and even a relatively short 
etching time can split the Mylar where it is 
held between the rings. This difficulty could 
be eliminated by mounting the plastic film with 
adhesive on a backing of quartz (see Fig. 13). 

CONCLUSIONS 

The suggested emergency dosimeter would 
consist of a fission foil in juxtaposition with a 
plastic foil. Either thorium or a thorium
uranium alloy could be used as the fission foil. 
Lexan or any other appropriate detector could 
be used for track counting while Mylar is recom
mended for transmitted light measurements. 
A "germicidal" lamp with an optical filter 
to eliminate all lines other than 2537 A was 
found to be a suitable light source. 
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DISCUSSION 

E. VAN EsPEN (Belgium): 

The CaF 2 used by MBLE is different from the one 
commonly called Mn-activated CaF 2• 

B. BJARNGARD (U.S.A.): 

In answer to Dr. Langmead's (rapporteur) ques
tion of the light-sensitivity 'reported by us, the dosi
meters had been used before but had not received an 
accumulated exposure in excess of IR. My opinion 
is, therefore, that it is a true excitation by light and 
not a rearrangement of trapped electrons. Similar 
experiences have been reported in other investiga
tions of LiF. With regard to the different precision 
attained by us and the British group with LiF-Teflon 
discs, no influence of the low temperature glow peak 
is present in our results. This glow peak was mini
mized in the preirradiation annealing, using 80°C for 
2 hr after 300°C for 15 min. Besides, the dosimeters 
were read out immediately after irradiation. In any 
case, postirradiation annealing as used by Dr. 
Ehrlich in one of the papers reported by Dr. Lang
mead, is the most efficient way to eliminate the low 
temperature glow peak. I would appreciate it if this 
point was commented upon by the authors of the 
other paper concerned. 

L. K. BURTON (U.K.): 

No elimination of the low temperature glow peak 
was attempted for the measurements recorded. There 
is some indication that the low temperature glow peak 
develops only after several irradiation-annealing 
cycles. 

R. L. KATHREN (U.S.A.): 

Dr. Langmead's comments with respect to not 
advocating one or another system for personnel dosi
metry are well taken. We should endeavour to study 
both the accuracy and sources of error of all cur
rently used and promising systems. Since untoward 
effects of environment on film dosimeters have been 
reported, I would like to inquire of those who re
ported on ctJmparison studies between film and 
thermoluminescence systems whether the films used 
were given appropriate protection from adverse 
environment. (Apparently those used by Johnson 
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and Attix were not since a faulty air conditioner in 
their building was stated to be responsible for some 
spurious effects on film.) A comparison study at our 
Laboratory indicated reasonably good agreement 
between film and thermoluminescence dosimeters. 
However, in a few cases, the TLD read very much 
higher than the film. This effect, viz. apparently in
explicably high TLD readings, has occasionally been 
noted in TLD used for other experimental purposes. 
And, with respect to TLD impregnated in Teflon, 
studies at our Laboratory also indicated a pro
nounced reduction in light output per unit dose upon 
reuse. 

J. CAMERON (U.S.A.): 

I want to comment briefly on several points raised 
earlier. One of them is the matter of testing or com
paring two systems: it is nice to use a new system in 
practice, but it is almost impossible to make a true 
test of it, because you are comparing a system, for 
example thermoluminescence, to film and film has a 
rather wide inaccuracy in practical use, and the only 
way you can make a practical test is to do a blind test 
and to have somebody exposed with the film and the 
new system and to read these out. In the work 
reported by Dr. Langmead and performed in our 
laboratory, all of the exposures were unknown. The 
exposures were made by our health physicist and read 
out by Suntharalingam. The matter of variability 
from one laboratory to another can depend upon 
factors such as the batch of material; this is somewhat 
variable. The annealing effect is another large vari
ability, for example at the reading of Teflon dosi
meters, if you anneal them at 300° for 1 hour, and 
then anneal them at 80° for about one day, the 
original response is essentially restored. I think these 
are the main comments. 

G. CowPER (Canada): 

When Teflon-LiF is used as a finger dosimeter it is 
required to lie on an approximately cylindrical sur
face. To be read accurately, it must however lie on a 
flat surface and must therefore itself be flat to give 
good heat transfer. Would the authors care to com
ment on the problem of achieving results which are 
not subject to error because of this effect? 
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B. BJARNGARD (U.S.A.): 

The possible deformation of the discs, as pointed 

out by Dr. Cowper, is certainly to be taken into con
sideration when reading them out. Our heating ele

ment for the discs has a perforated metal screen 
attached to a Nichrome planchet, in which the heat is 

generated. The disc is inserted between the screen 
and the planchet. Provided the screen is nc;>t de

formed, it presses the disc to the hot support. No 
special difficulties result from deformation of th~ discs 

if this technique is used. 

G. ToRI (Italy): 

Come radioterapista, ho apprezzato molto il valore 
delle informazioni rese note dai vari sperimentatori. 

Queste nuove possibilita di accertamento dosi
metrico offrono prospettive assai interessanti anche 

per le applicazioni pratiche sui pazienti in cura e sul 
personale. Chiedo se, nell'ambito delle determina

zioni di confronto fra i differenti sistemi dosimetrici, 
sono state effettuate prove tra i dosimetri a termo

luminescenza (LiF) e quelli a fotoluminescenza, ossia 
quelli basati sull'impiego di metafosfati misti di AI, 

Na, ecc., il cui elemento sensibile e rappresentato 

dall'argento. 

K. BECKER (Germany): 

Es sind sowohl Vergleiche zwischen Film- und 

Thermolumineszenz-Dosimetem wie auch Vergleiche 
zwischen Film- und Glasdosimetern durchgefi.ihrt 

worden. Bei letzteren zeigte sich eine gute Uber
einstimmung der Glasdosimeteranzeige mit der von 

Ionisationskammer-Stabdosimetern, dagegen eine 
schlechte Ubereinstimmung mit der Filmdosis. Ver

gleiche zwischen Glas- und Thermolumineszenzdo
simetern sind u. W. in der Praxis noch nicht durch

gefi.ihrt worden. Aufgrund der dosimetrischen 
Eigenschaften dieser Systeme ware jedoch dabei 

sicherlich mit einer guten Ubereinstimmung beider 

Systeme zu rechnen. 

J. Booz (Euratom): 

I want to make a remark on the described com

parisons of dose response curves of LiF -dosimeters 
that had been irradiated with radiations of different 

energy. I wonder, what might be the influence of the 
material surrounding the dosimeters during irradia

tion ? The secondary electrons produced by 6°Co y 
radiation, for instance, are sufficiently energetic to 
partly penetrate the dosimeters and to. contribute to 

the measured dose, which might be not the case for 
low energy X-radiation. Therefore, I would like to 

know what was the surrounding matter that has been 
used for the measurement shown in Fig. 2. 

,. ·' 

M. EHRLICH (U.S.A.): 

At both energies, an electronic-equilibrium layer 

of polyethylene or an equivalent plastic surrounded 
the LiF. However, this fact is of no importance to the 

. results shown in Fig. 2, concerned with the change in 

the shape of the response vs. log exposure curves. A 
change in the surrounding material would simply 

cause a shift of the curves parallel to the exposure 
ax1s. 

w. N. SAXBY (U.K.): 

Mr. Langmead has given two excellent presenta

tions this morning. I am sure that we all greatly 
admire this tour deforce. In his own paper he described 

how to determine the average dose absorbed by the 
body, this being the integrated dose over the body 

volume divided by the body mass. 
He did not say why this is a "revealing dose" and 

in particular he did not say why the integrated dose 

was chosen. This particular choice needs further 
justification both from a dosimetric and radio

biological viewpoint and from an ICRP and regulat
ing viewpoint. I would like to have the views of the 

author and of any radiobiologists or ICRP members 
who may be present. 

w. A. LANG MEAD: 

The question is why we wished to know the 
"average" dose to the body. Recently it has been 

suggested that certain chromosome aberrations in 
circulating blood cells are related to the absorbed 

doses received by the cells. Such a biological indi

cator of absorbed dose would be helpful in the dosi
metry of over-exposed persons and, in the absence of 
information as to the doses received by the affected 

cells, the dose value most likely to correlate with the 
observed chromosome damage is the "average" dose 

to the body. In the U.K. Atomic Energy Authority, 
chromosome investigations of this kind are under

taken and hence the need to know the "average" dose 
to the body of this irradiated person. 

K. BECKER (Germany): 

Einige Autoren haben gefunden, class die Spalt
fragmentregistrierung in Glasern mit einer geringeren 

Ausbeute erfolgt als in Kunststoffen. Die ausge
zeichnete Ubereinstimmung der Empfindlichkeit von 

1, 2 X 10· 5 Spuren/Neutron/barn, die Herr PrNre 
mit Kunststoffen gefunden hat, mit dem Wert von 

Unruh et al. fi.ir Kunststoffe und dem von uns fi.ir 
Phosphatglaser gefundenen Wert bestatigt unser 

Ergebnis, dass unter optimierten Atzbedingungen die 
Empfindlichkeit fi.ir Glaser und Kunststoffe nahe bei 

100% liegt. 



SOINS MEDICAUX AUX TRAVAILLEURS SOUMIS 

AUX RADIATIONS IONISANTES 

H. P.JAMMET 

Commissariat a l'Energie Atomique, Departement de la Protection Sanitaire, 
Fontenay-aux-Roses, France 

Reswne-La protection radiologique repose essentiellement sur la prevention et le controle 
des nuisances radiologiques par les precedes technologiques et les methodes dosimetriques 
appropries. 

L'action medicale a pour but de controler l'etat de sante des travailleurs soumis aux radia
tions ionisantes et d'assurer les soins necessaires aux irradies et contamines eventuels. 

Le controle medical de l'etat de sante des travailleurs n'est pas competitif, mais complemen
taire du controle physique des radiations ionisantes. 11 vise d'abord a determiner !'aptitude 
medicale au peste de travail considere, ensuite a verifier la conservation d'un etat sanitaire 
satisfaisant au cours de l'exercice de la profession, enfin a prendre les decisions qui s'imposent 
soit en cas de surexposition aux radiations, soit en cas de deficience de l'etat de sante. II met en 
oeuvre des methodes classiques d'investigation pour l'examen clinique general et des methodes 
speciales pour les examens particuliers des organes et des fonctions les plus sensibles aux 
nuisances radiologiques: systeme hematopo'ietique, peau, oeil, etc. 

Les soins medicaux a dispenser aux irradies ou aux contamines au cours d'accidents radio
logiques necessitent une triple action dans les domaines complementaires de la dosimetrie, du 
diagnostic et du traitement. 

La premiere tache consiste dans la collecte de toutes les informations utiles sur les circon
stances precises de !'accident, la nature et !'importance de !'irradiation ou de la contamination; 
elle impose !'evaluation des doses externes re!fues ou des contaminations internes incorporees; 
elle necessite souvent la reconstitution de !'accident pour mieux preciser ces donnees. 

La seconde tache vise a recueillir tous les renseignements relatifs aux effets biologiques de 
!'irradiation ou de la contamination; les investigations portent sur les dommages aux organes 
et aux fonctions les plus exposes qui sont, selon les cas, la peau, la moelle osseuse, l'intestin, les 
poumons, le foie et les reins; le diagnostic doit, si possible, etre non seulement qualitatif, mais 
quantitatif et correle aux donnees de la dosimetrie. 

La troisieme tache consiste a mettre en oeuvre les traitements appropries, sur la base des 
indications therapeutiques etablies a partir des informations dosimetriques et cliniques: dans 
le cas d'irradiations externes partielles ou globales elle necessite la mise en oeuvre des precedes 
de lutte centre !'infection, l'hemorragie, la degradation tissulaire; dans le cas de contamination, 
elle entra!ne }'utilisation des methodes de decontamination externe ou interne. 

Ces actions medicales ne peuvent t:tre accomplies de fa~on correcte et efficace que par une 
organisation adequate; sur les lieux meme de travail, les medecins du travail doivent disposer 
d'infirmeries permettant d'effectuer les investigations indispensables et d'assurer les premiers 
soins; dans les hopitaux, seules des equipes specialisees, rassemblant l'eventail complet des 
competences et disposant des moyens convenables d'isolement et de decontamination, peuvent 
offrir une efficacite certaine pour la prise en charge et le traitement des irradies et des con
tamines. 

5ll 
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INTRODUCTION 

La Protection Radiologique repose essentiel
lement sur la prevention et le controle des 
nuisances radiologiques par les procedes tech
nologiques et les methodes dosimetriques ap

propries. 
L'action medicale a pour but de controler 

l'etat de sante des travailleurs soumis aux radia
tions ionisantes et d'assurer les soins necessaires 
aux irradies et contamines eventuels. 

Le controle medical de l'etat de sante des 
travailleurs n'est pas competitif, mais comple
mentaire du contr6le physique des radiations 
ionisantes. II vise d'abord a determiner !'apti
tude medicale au poste de travail considere, 
ensuite a verifier la conservation d'un etat sani
taire satisfaisant au cours de l'exercice de la 
profession, enfin a prendre les decisions qui 
s'imposent soit en cas de surexposition aux radia
tions, soit en cas de deficience de l'etat de 
sante. Il met en ceuvre des methodes classiques 
d'investigation pour l'examen clinique general 
et des methodes speciales pour les examens 
particuliers des organes et des fonctions les 
plus sensibles aux nuisances radiologiques. 

La surveillance medicale bien organisee est 
completee par !'enregistrement de toutes les 
donnees relatives aux travailleurs dans des 
dossiers sanitaires. Le service medical doit done 
connaitre de fas:on precise les nuisances radio
logiques auxquelles sont exposes les travailleurs, 
participer a !'elaboration des moyens de pre
vention mis en place pour limiter !'irradiation 
professionnelle a des niveaux admissibles, con
tribuer a l'education des travailleurs en matiere 

de protection radiologique. 

I. CONTROLE MEDICAL AVANT L'EMPLOI 

Avant l'emploi de tout travailleur expose aux 
radiations ionisantes, il convient d'etablir un 
bilan qui a un double but: il sert d'abord a 
determiner dans quelle mesure les antecedents 
et l'etat actuel du travailleur permettent de 
le juger apte ou non au travail auquel il est 
destine; ensuite en cas d'aptitude a un tel tra
vail, il sert de point de comparaison pour toutes 
les modifications ulterieures qui pourraient sur
venir du fait des risques lies au travail. 

L'interrogatoire precisera les antecedents he
reditaires, personnels et professionnels. II est 
particulierement important de noter les irra-

diations subies anterieurement en distinguant 
celles qui sont d'origine professionnelle et celles 
qui sont dues a des examens ou a des traitements 
radiologiques. En effet, on devra tenir compte 
des premieres pour fixer les limites maximales 
admissibles a ne pas depasser. Par contre, les 
secondes doivent etre simplement notees sans 
etre forcement incompatibles avec une exposi
tion professionnelle aux radiations ionisantes. 

Un examen medical complet doit etre effectue 
avant l'emploi, en principe dans les deux mois 
qui precedent l'embauche, comportant des in
vestigations generales permettant de juger de 
!'aptitude banale au travail, et des investiga
tions speciales testant I' aptitude particuliere aux 
travaux avec risques d'irradiation externe ou 
de contamination radio-active. C'est ainsi qu'en 
cas d'irradiation de l'organisme entier, il con
vient de pratiquer un examen hematologique, 
en cas d'exposition a des rayonnements f3 peu 
penetrants, un examen dermatologique, en 
cas d'exposition a des rayonnements neutro
niques, un examen ophtalmologique, en cas de 
pollution radio-active de !'atmosphere, un ex
amen pulmonaire. 

Les antecedents et les resultats des examens 
generaux et speciaux doivent aboutir a des 
decisions d'aptitude. Celles-ci sont fondees sur 
un certain nombre de criteres dont les valeurs 
n'ont pas ete etablies de fas:on definitive. Ainsi 
les chiffres retenus pour les formules et numera
tions sanguines varient d'un pays a l'autre et 
dependent des techniques utilisees. En regie 
generale, les candidats sont repartis en trois 
categories: aptes, provisoirement inaptes, defi
nitivement inaptes a des travaux avec risque 
d'irradiation ou de contamination radio-active. 
Ceux places dans la deuxieme categorie de
vraient etre mis en observation, subir de nou
veaux examens et n'etre declares definitivement 
inaptes qu'apres plusieurs resultats se confir
mant. 

ll. CONTROLE MEDICAL PENDANT L'EMPLOI 

Pendant l'emploi, les travailleurs exposes aux 
radiations ionisantes doivent etre soumis regu
lierement a des examens medicaux. Des irradia
tions ou contaminations anormales peuvent 
passer inapers:ues, et il faut en deceler les 
effets eventuels. Des changements peuvent 
survenir dans l'etat sanitaire du travailleur, 
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contre indiquant son maintien a un poste de 
travail sous radiations. 

La nature des examens medicaux a pratiquer 
depend des nuisances radiologiques auxquelles 
le travailleur est expose. En plus des examens 
cliniques generaux, des examens speciaux sont 
a mettre en reuvre pour tester les organes et 
les fonctions les plus sensibles a !'irradiation 
externe ou a la contaminalion radio-active. 

La frequence des examens medicaux est a 
fixer en fonction de deux criteres. D'une part, 
on doit tenir compte de la nature et de !'im
portance des risques d'irradiation ou de con
tamination. D'autre part, on doit faire inter
venir l'etat de sante du travailleur notamment 
Ies troubles morphologiques ou fonctionnels 

qu'il peut presenter. 
En cas d'exposition globale a des rayonne

ments penetrants ou de contamination par des 
radio-dements a metabolisme general, !'irra
diation de I' ensemble des tissus hematopo1etiques 
conduit a pratiquer des examens hematolo
giques. Les hemogrammes doivent indiquer le 
nombre, par millimetre cube, d'erythrocytes, 

de reticulocytes, de granulocytes, de lympho
cytes et de thrombocytes. Ils doivent en outre 
comporter un depistage des modifications mor
phologiques ou fonctionnelles des cellules san
guines: anisocytose erythrocytaire, anomalies 
cytoplasmiques granulocytaires, noyaux bilobes 
lymphocytaires. 

En cas de contamination par des poussieres 
radio-actives, des examens pulmonaires sont in
dispensables. Lesinvestigationsdoiventrenseigner 
sur l'etat morphologique et fonctionnel de l'ap
pareil respiratoire, soit par les methodes radio
logiques soit par les epreuves spirometriques. 

Les examens ophtalmologiques, portant essen
tiellement sur le cristallin, sont indiques en 
cas d'exposition a des rayonnements de transfert 
lineaire d'energie eleve. Les examens dermato
logiques sont utiles en cas de manipulation de 
sources de rayonnements f3 ou de substances 
radio-actives contaminantes. Les examens bio
chimiques n'ont pas tant pour but de deceler 
des alterations metaboliques, que de tester l'etat 
fonctionnel des emonctoires hepatique et renal, 
sollicites en cas de contamination radio-active. 

Les resultats de ces examens medicaux servent 
de base aux.decisions de maintien au poste de 
travail ou d'exclusion temporaire ou definitive. 

m. coNTROLE MEDICAL APRES L'EMPLOI 

Les effets des rayonnements ionisants se mani
festent toujours apres une certaine periode de 
latence, pouvant aller de quelques heures ou 
quelques jours, a plusieurs mois, plusieurs an
nees. Il est done indispensable d'exercer une 
surveillance des travailleurs apres la cessation 
de l'emploi en vue de deceler des maladies 

professionnelles tardives. 
Cette surveillance n'incombe pas au service 

medical de l'entreprise. Mais celui-ci doit 
pouvoir assurer 1es relations avec 1es medecins 
traitants qui pourraient depister dans l'avenir 
une affection imputable aux radiations ioni

santes. 
Parmi ces affections, !'attention des medecins 

traitants devrait etre attiree sur !'apparition 
d'alterations cutanees, oculaires ou sanguines et 
sur le depistage des neoplasies. 11 va sans dire 
que l'etablissement d'une correlation entre !'ir
radiation professionnelle et ces manifestations 
tardives est tres difficile, surtout en ce qui con
cerne les affections malignes. 

IV. CONTROLE MEDICAL EN CAS D'ACCIDENT 

En cas d'accident, des examens particuliers 
doivent etre mis en reuvre afin de deceler les 
premiers troubles eventuels et d'etablir, dans la 
mesure du possible, les correlations entre !'ir
radiation ou la contamination et les manifesta

tions cliniques. 
Lorsqu'une surexposition globale est a re

douter, il convient de pratiquer d'urgence un 
certain nombre d'examens. L'interrogatoire 
doit enregistrer les premieres manifestations de 
desequilibre neuro-vegetatif: nausees, vomisse
ments, diarrhee. Les numerations lymphocy
taires, granulocytaires et reticulocytaires pre
sentent a la fois un interet diagnostique et pro
nostique. L'etude des alterations cytologiques, 
bilobation nucleaire des lymphocytes, anomalies 
chromosomiques des cellules sanguines, offre un 
interet tout particulier. Les myelogrammes 
comportant numeration et formule sont un 
appoint essentiel. L'etude de la spermatogenese 
chez l'homme permet de tester l'une des fonc
tions les plus radiosensibles. Les examens bio
chimiques sont a recommander des le premier 
jour, en vue d'evaluer la crise catabolique 
initiale, concernant notamment certains acides 
amines tels que l'acide amino-isobutyrique et 
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la taurine. Lorsqu'une surexpos1t1on partielle 
est a envisager, notamment au niveau de la 
face et des mains, l'examen immediat de l'etat 
cutane et oculaire s'impose. 11 fournira la base de 
reference pour juger de I' evolution ulterieure des 
lesions dermatologiques ou ophtalmologiques. 

Lorsqu'une contamination notable par des 
substances radio-actives s'est produite, ce ne sont 
pas tant les investigations cliniques qui s'im
posent dans l'immediat, mais les premiers soins 
a pratiquer d'urgence. Le plus rapidement 
possible, doivent etre mises en ceuvre les dif
ferentes methodes de decontamination radio
active: nettoyage cutane, parage des plaies, 
evacuation du contenu gastrique, selon les cir
constances accidentelles. En outre, !'utilisation 
precoce de complexants, tels que l'acide diethy
lene triaminepentacetique, s'impose dans les cas 
de contamination de la peau, de plaies ou des 
poumons par des radio-elements de valence 
devee. 

V. TENUE DES ARCffiVES MEDICALES 

Un controle medical bien organise est incon
cevable sans un enregistrement systematique et 
fidele de toutes les informations utiles pour juger 
de l'etat sanitaire des travailleurs exposes aux 
radiations ionisantes. Ces donnees constituent 
le dossier medical individuel, qui doit etre con
serve conformement aux conditions qui regis
sent, dans chaque pays, le secret medical. Ce 
dossier doit comprendre les fiches d'affectation 
et de nuisance, les resultats des mesures physiques 
et des examens medicaux, le releve des accidents 
du travail et des maladies professionnelles. 

Les fiches d'affectation et de nuisance per
mettent de determiner, pour chaque travailleur, 
les conditions de travail et les risques d'irradia
tion et de contamination. La fiche d'affectation 
est etablie a l'embauche et doit indiquer toutes 
les mutations de paste qui interviennent par 
la suite. La fiche de nuisance renseigne sur les 
risques d'irradiation externe et de contamination 
radio-active lies a chaque activite. 

Les resultats des mesures physiques et des 
examens medicaux sont indispensables pour pre
ciser les conditions reelles d'exposition aux radia
tions ionisantes et pour apprecier l'etat de sante 
du travailleur. Les mesures physiques doivent 
porter sur tousles elements utiles pour !'evalua
tion des doses rec;ues, avant l'emploi du fait 

des irradiations professionnelles anterieures, pen
dant l'emploi du fait de !'irradiation externe 
et de la contamination radio-active auxquelles 
est expose le travailleur chaque trimestre, apres 
l'emploi en recapitulation cumulative. Les exa
mens medicaux doivent apporter toutes les don
nees relatives a l'etat de sante du travailleur, 
avant l'emploi pour les decisions d'aptitude, 
pendant l'emploi pour les observations d'ano
malies ou de troubles des organes ou fonctions 
radiosensibles, a pres l' emploi pour 1' etablisse
ment du bilan sanitaire. 

Les releves des accidents du travail et des 
maladies professionnelles meritent d'etre groupes 
dans des archives speciales. 11 y a lieu d'en
registrer tous les cas de surexposition ou de 
contamination depassant les limites trimestri
elles, ainsi que les constatations medicales faites 
a cette occasion. Il y a egalement lieu de 
noter les maladies professionnelles vraies ou 
presumees, ainsi que les correlations physiques 
etablies a leur sujet. 

VI. PRINCIPES D'ORGANISATION DU 

CONTROLE MEDICAL 

Les principes d'organisation du controle medi
cal sont a considerer aussi bien en ce qui con
cerne les circonstances normales que les cir
constances accidentelles. 

Dans les circonstances normales, la medecine 
du travail doit etre organisee de fa~on telle 
qu'elle puisse tenir d'une fac;on correcte les 
archives medicales sus-mentionnees. Par ailleurs, 
compte doit etre tenu des dispositions legales ou 
des habitudes professionnelles existant dans les 
differents pays. 

De toute fac;on, le service medical doit pouvoir 
apprecier l'etat de sante du travailleur avant et 
pendant l'emploi. 11 doit collecter toutes les 
informations concernant !'exposition aux radia
tions ionisantes ou les contaminations radio
actives. C' est, compte tenu des informations 
relatives aux conditions de travail et des informa
tions relatives a l'etat sanitaire des travailleurs 
que pourront etre prises les decisions d'aptitude 
ou d'inaptitude au poste d'affectation. 

En ce qui concerne les circonstances acciden
telles, les soins medicaux a dispenser necessitent 
une double action dans les domaines comple
mentaires de la dosimetrie, du diagnostic et du 
traitement. 
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La premiere tache consiste dans la collecte 
de toutes les informations utiles sur les circon
stances precises de !'accident, la nature et !'im
portance de I' irradiation ou de la contamination; 
elle impose I' evaluation des doses externes rec;ues 
ou des contaminations internes incorporees; 
elle necessite souvent la reconstitution de 
!'accident pour mieux preciser ces donnees. 

La seconde tache vise a recueillir tous les 
renseignements relatifs aux effets biologiques de 
!'irradiation ou de la contamination; les investi
gations portent sur les dommages aux organes 
et aux fonctions les plus exposes qui sont, selon 
les cas, la peau, la moelle osseuse, l'intestin, les 
poumons, le foie et les reins; le diagnostic doit, 
si possible, etre non seulement qualitatif, mais 
quantitatif et correle aux donnees de la dosi
metric. 

La troisieme tache consiste a mettre en 
reuvre les traitements appropries, sur la base des 
indications therapeutiques etablies a partir des 
informations dosimetriques et cliniques; dans le 
cas d'irradiations externes partielles ou globales 
elle necessite la mise en reuvre des procedes de 
lutte contre !'infection, l'hemorragie, la de
gradation tissulaire; dans le cas de contamina
tion, elle entraine !'utilisation des methodes de 
decontamination externe ou interne. 

Il convient de bien noter que la distinction 
entre I' execution des diverses mesures et examens 
dans des circonstances normales ou accidentelles 
et !'interpretation des resultats en vue des deci
sions medicales a prendre. 

En effet, les services medicaux ne sont pas 
forcement charges d'executer les diverses taches 
physiques et biologiques. Celles-ci peuvent 
etre accomplies soit par d'autres organismes de 
l'entreprise: Service de Protection Radiologique, 
Service de Chimie Analytique, Service de Se
curite, soit par des services exterieurs a !'entre
prise: Laboratoires d'hematologie, Laboratoires 
de biochimie, Medecine specialisee. Par contre, la 
collecte des informations, leur interpretation et la 
prise des decisions medicales consecutives doivent 
relever du service de medecine du travail. 

Vll. MOYENS NECESSAIRES DANS LES 

ETABLISSEMENTS INDUSTRIELS 

Compte tenu des principes d'organisation 
precedents, le Service de Medecine du Travail 
doit pouvoir disposer, a l'interieur des etablis-

sements industriels, de moyens appropries. Mais 
ces moyens peuvent etre extremement varies en 
fonction de la repartition des taches d'executions 
par exemple, alors que dans certains grands 
etablissements le service de medecine du travail 
execute lui-meme les examens biologiques spe
cialises en hematologie ou en biochimie, dans 
les petits etablissements en general, ce sont des 
laboratoires exterieurs qui executent ces memes 
examens. 

Un autre exemple est celui des investigations 
radio-toxicologiques sur prelevements bio
logiques qui, dans certains pays, sont effectuees 
dans les services medicaux et dans d'autres, 
par les services de protection ou par un service 
de chimie analytique. Un dernier exemple est 
celui des investigations et des soins d'urgence a 
donner aux accidentes radiologiques; alors que 
dans certains grands etablissements, le service 
medical dispose des moyens necessaires a une 
action propre, dans les plus petits, il faudra 
faire appel a des organismes specialises exteri
eurs. De toute fa~on, il est un minimum de 
moyens indispensables qui constituent le fond 
commun necessaire: salle de reception pour l'in
terrogatoire, salle d'examens cliniques, salle de 
pansements, salle de decontamination, etc. 

VIII. MOYENS NECESSAIRES DANS LES 

ETABLISSEMENTS HOSPITALIERS 

Comme nous venons de le voir precedem
ment, il se peut que, soit dans des circonstances 
normales, soit dans des circonstances acciden
telles, des services de Medecine du Travail fas
sent appel a des Services Hospitaliers. Il peut 
s'agir de !'execution d'un certain nombre d'exa
mens medicaux ou d'examens de laboratoires 
specialises, utiles dans les circonstances normales; 
dans les circonstances accidentelles, d'une 
fa~on generale, il est fait appel aux services 
hospitaliers pour prendre en charge les acci
dentes radiologiques apres les traitements d'ur
gence qui ont pu etre effectues. A ce propos, il 
convient de signaler que n'importe quel service 
hospitalier n'est pas forcement competent pour 
le diagnostic ou le traitement des affections 
radiopathologiques. L'efficacite des soins don
nes depend, en grande partie, de l'eventail des 
competences et de l'entrainement prealable 
des equipes hospitalieres. Des qu'il s'agit d'acci
dent grave d'irradiation globale ou partielle ou 
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de contamination interne, il est preferable de 
s'adresser a des equipes hospitalieres susceptibles 
d'effectuer les etudes dosimetriques, les examens 
diagnostiques et les actes therapeutiques. De 
telles equipes doivent pouvoir disposer: 

-dans le do maine dosimetrique: des labora
toires de dosimetrie radiologique, d'analyse 
radio-active, de spectrorneLrie y, de scinti
graphie y, de mesure radio-active in vivo. 

-dans le domaine diagnostique: des labora
toires d'hematologie, de cytogenetique, de 
biochimie, de toxicologie radio-active, de 
metabolisme radio-actif, d'electrophysio
logie. 

-d'une unite de traitement medical avec 
possibilite d'isolement et de telesurveil
lance et d'une unite de traitement chirur
gical avec salle d'operation specialisee pour 
le traitement de contamines. 

Les roles respectifs des services medicaux de 
1' etablissement et de l'hopital doivent etre com-

plementaires. Une coordination est indispen
sable pour aboutir a des conceptions identiques, 
une confiance reciproque et des consignes pre
etablies. 

CONCLUSION 

Le controle medical des travailleurs exposes 
aux radiations ionisantes exige la mise en reuvre 
de moyens appropries, tant en ce qui concerne 
la competence des medecins du travail que 
l'equipement materiel dont ils doivent disposer. 
Il ne peut s'accomplir efficacement qu'en col
laboration etroite avec les services charges du 
controle physique des rayonnements. Il exige 
des liaisons regulieres avec la hierarchie et la 
direction de l'etablissement. 11 necessite enfin 
des relations confiantes avec le personnel et ses 
delegues. 

Enfin, il doit etre complete par la prise en 
charge eventuelle des accidentes radiologiques 
par une equipe hospitaliere competente. 
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Resw:ne-On presente les resultats obtenus lors de !'observation des lymphocytes binuc!ees 

(BnL) dans le sang peripherique chez quatre groupes d'individus exposes a de faibles doses de 

radiations ionisantes. 

Chez les individus du premier groupe, ou la dose de radiation gamma prise par le corps 

entier, lors de !'irradiation unique, etait de l'ordre du rad, on a constate une augmentation 

statistiquement significative de BnL au cours de Ia deuxieme semaine apres !'irradiation. 

Dans Ie deuxieme groupe, ou 1' exposition professionnelle en continu aux doses de radia

tions ionisantes restait dans les limites to!erables, on a constate aussi ]'augmentation de BnL 

par rapport au groupe temoin. 

Dans le troisieme et le quatrieme groupes, ou !'irradiation partielle du corps provenait de 

Ia radioscopic diagnostique du poumonet ou le rayonnement X mesure dans l' air au niveau de 

!a peau etait 2 Ret 6 R, !'augmentation de BnL n'a pas ete constatee. 

On a discute dans ce rapport Ie caractere de certitude de ce test hematologique pour la bio

detection des faibles doses de radiations ionisantes. 

INTRODUCTION 

Les modifications hematologiques repre
sentent souvent la premiere indication des effets 
biologiques dues aux radiations ionisantes. <1 l 

Elles peuvent etre classees en deux groupes: 
modifications quantitatives du nombre et du 
rapport numerique des elements du sang peri
pherique et de la moelle osseuse et modifications 
qualitatives morphologiques des cellules 
sanguines. 

Dans le cas d'une exposition a de faibles doses 
d'irradiation, ne depassant pas les doses tole
rabies, les modifications quantitatives appa
raissent d'habitude au bout de plusieurs annees. 
C'est alors que ces individus presentent, comme 
le dit Lacassagne, <2 l "l'image sanguine d'un 
radiologue", manifestee par une anemie mode
ree de type macrocytaire, par la leucopenie avec 
une lymphocytose relative et une trombocytose. 
Les tests quantitatifs tres interessants pour l'e
tude des groupes particuliers, peuvent etre dif

* Hopital de la Ville, 172 rue Baje Sekulica, 

Belgrade. 

ficilement appliques au contr6le individuel, e tant 
donne les variations physiologiques impor
tantes. 

Modifications qualitatives: l. modifications 
de la structure du noyau de la souche leucocy
taire du sang peripherique et des cellules medul
laires; 2. apparition des cellules jeunes de la 
souche monocytaire avec une monocytose mode
ree; 3. apparition des lymphocytes binuclees 
et bilobes, des lymphocytes avec des fragments 
du noyau; 4. apparition des cellules mono
nucleees basophiles; 5. apparition des cellules de 
la souche erythrocytaire avec le noyau dans le 
sang peripherique et 6. aberrations chromo
somiques des cellules sanguines. Tous ces phe
nomenes peuvent servir comme indicateurs dans 
la biodetection de faibles doses d'irradiation. <3 l 

L'observation du phenomene des lymphocytes 
binuclees (BnL) dans le sang peripherique et des 
aberrations chromosomiques dans les leucocytes 
du sang et des cellules medullaires est tres interes
sante pour l'etude des effets biologiques. 

L'accroissement du nombre de BnL dans le 
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sang peripherique chez des individus Soumis a 
de faibles doses de radiations ionisantes, revele 
d'abord par Ingram, <4 • 6 ) a ete confirme aussi 

par d'autres auteurs. <3
• 

7
"

11
) Nous avons ob

serve le meme phenomene dans nos travaux 
precedents. <12 l La croissance de BnL a lieu 
chez des individus chroniquement soumis a de 
faibles doses d'irradiation. <7

• 
8 l Apres avoir 

examine Ies sujets professionnellement exposes de 
0,017-0,079 R par semaine au cours de trois 
ans, Blazekova <11 l a aussi cons tate une crois
sance de BnL statistiquement significative. L'ex
position unique du corps total aux doses de 
l'ordre de 1 R provoque l'accroissement transi
toire de BnL, le plus important au cours de la 
deuxieme semaine apres !'irradiation. <7

• 
12 l Les 

experiences effectuees sur des animaux ont donne 
des resultats qui sont en bon accord avec ceux 
obtenus sur des humains. 

II est a souligner que le nombre de BnL accru 
n'est pas du seulement a !'irradiation, mais aussi, 
dans certains cas, a quelques maladies virales, 
a la leucemie lymphatique et lors du traitement 
a de fortes doses de cortisone et d'antibiotiques. 

MATERIEL ET METHODE 

Ce rapport presente les resultats de l'etude 
relatifs au phenomene de BnL observe chez 
quatre groupes des individus exposes a 
!'irradiation. 

1 er groupe, exposition unique du corps total 

aux rayonnements gamma de 1 a 3 R, res:us lors 
des travaux de maintenance au reacteur RA de 
notre Institut. 

2eme groupe. Ce groupe comprend les sujets 
ayant ete professionnellement soumis en continu 
a de faibles doses d'irradiation. Le temps d'ex
position a ete de I a 10 ans, et la dose moyenne 
par an pour tout le groupe 2,268 R. 

3e.ne et 4eme groupes, exposition partielle aux 

rayons X, Iors de la radioscopie du poumon a 
titre diagnostique. Les individus examines n'ont 
pas ete soumis aux radiations ionisantes au 
cours de Ia derniere annee. La radioscopie du 
poumon a ete faite a l'appareil de type "Mor
ava". Les conditions de !'exposition ont ete les 
suivantes: 65 kV, 3 rnA, temps d'exposition pour 
le troisieme groupe-20 secondes, et pour le 
quatrieme-1 minute. La dose d'exposition a 
ete mesuree dans l'air au niveau de la peau au 
milieu du thorax au moyen de la chambre 

d'ionisation Victorin. Elle est de l'ordre de 2 R 
et 6 R respectivement. Les mesures ont ete 
effectuees par le Service de Protection contre 
les Radiations de notre Institut. 

Le groupe temoin comprend I 0 hommes et 
I 0 femmes. To us ces individus ont ete en etat 
de sante satisfaisant, n'ayant pas ete atteints 
de maladies virales ou de maladies aigues pen
dant la periode de controle. Ils n'ont subi 
aucune irradiation au cours de la derniere annee. 

Les echantillons de sang des I er, 3eme et 4eme 

groupes ont ete preleves tous les trois jours 
apres !'irradiation au cours d'un mois. Les 
frottis ont ete prepares par la methode habituelle 
et colores selon Papenheim. On a compte pour 
chaque date au moins 10.000 lymphocytes. 
Pour choisir les BnL le criterium suivant est 
ado pte: le lymphocyte binuclee est une cellule 
un peu plus grande que celle du jeune lympho
cyte, contenant deux noyaux de meme taille, 
lesquels ressemblent au noyau des lymphocytes 
normaux. Ces deux masses nucleaires sont com
pletement separees (Figs. I et 2). On n'a pris 
en consideration que les BnL qui correspondent 
a cette description. 

RESULTATS ET DISCUSSION 

Chez le groupe temoin, tableau l, le taux 
moyen est 0,90 ± 0,32 BnL a 10.000 lymphocytes, 
ce qui est en accord avec les resultats de Dob
son, <15 l qui a aussi fait la differentiation des 

Tableau 1. 

GROUPE TEMOIN 
BnL a 10.000 Ly 

hommes femmes 

0,40 0,96 
0,70 0,97 
0,77 0,74 
0,73 1,40 
1,11 0,92 
1,02 0,60 
1,00 1,00 
1,00 1,02 
1,58 0,00 
1,00 1,00 

M = 0,90 

SD = ±0,32 
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Fro. 2. 
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preparations natives. Ingram et Taranger <8 • 16 l 

{)fit revele un taux eleve sur les frottis en

richis des sujets non exposes. Nous n'avons pas 
experimente avec des frottis des leucocytes en
richis, parce que nous avons constate dans les 
travaux precedents que les methodes utilisant la 
centrifugation changent le pourcentage des leu
cocytes dans la formule leucocytaire, car les 
petits lymphocytes murs etant perdus dans le 
sediment. Nous n'avons pas constate d'infiuence 
du sexe sur le nombre de BnL, comme il a ete 
remarque par Taranger et Davydoff. <16 l L'age 

chez les temoins. Bien que la croissance de 
BnL soit statistiquement significative pour le 
groupe entier, on ne peut pas affirmer que la 
dose inferieure a I R, lors de I' irradiation unique, 
puisse declencher la croissance de BnL compte 
tenu d'une distribution non uniforme. La dose 
seuil de cette reaction, d'apres nos experiences, 
est certainement superieure a I R. Les diffe
rences constatees plaident en faveur d'une reac
tion individuelle dont il faut tenir compte lors 
de I' evaluation des effets biologiques. 

Le tableau 3 presente les resultats des sujets 

Tableau 2. 

GROUPE 1er 

BnL a 10.000 Ly 

Dose Semaines apres irradiation 
en R 

I semaine II semaines III et IV semaines 

1. 1,50 4.50 2,00 
2. I 

1,50 3,23 0,75 
3. 

I 
0,96 2,76 1,84 

4. 2,00 3,65 1,02 
5. 1 a 3 I,66 3,63 I,84 
6. 0,60 3,03 0,60 
7. 0,60 2,42 0,60 
8. 1,05 1,09 1, II 
9. 0 50 0,60 0,25 

M = 1,15 
SD = ± 0,50 

p 0,10 

M= 2,77 M= 1,11 
SD = ± 1,13 SD = ± 0,59 

des sujets examines n'infiuence pas non plus le 
nombre de BnL dans le sang. 

Le tableau 2 presente les resultats obtenus lors 
de !'observation du phenomene de BnL chez 
le premier groupe des individus examines dont 
la dose d'irradiation etait de l a 3 R. Une 
croissance remarquable est constatee au cours 
de la deuxieme semaine a pres !'irradiation, com
me il a ete deja revele par d'autres auteurs aus
si (7. 8 • 13 l Cette croissance est a peu pres quatre 

fois plus grande chez les premiers 7 individus 
que celle des temoins. Les deux derniers indi
vidus n'ont presente aucune reaction de BnL 
et le nombre, de ceux-ci au cours de l'examen, 
ne differait guere de celui qui a ete constate 

p 0,002 p 0,10 

professionnellement soumis aux radiations ioni
santes. On y constate une croissance statis
tiquement significative de BnL, ce qui est en 
accord avec les observations d'Ingram <6 l et de 
Blazekova. (11) 

Les tableaux 4 et 5 presentent les resultats 
des troisieme et quatrieme groupes des individus 
exammes. L'irradiation partielle du corps, 
radioscopie du poumon, oil la dose des rayons 
X varie de 2 et 6 R, n'a pas provoque la 
croissance de BnL dans le sang peripherique. 

L'apparition de BnL due a d'autres effets 
nocifs, outre !'irradiation, indique qu'il s'agit 
peut-etre de la reaction stress du tissu lympho'ide 
a !'irradiation. Examinant la teneur de BnL en 
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I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 

I 

Tableau 3. 

GROUPE 2eme 

Dose en R 
Moyenne annuelle 

4,320 
1,185 
2,207 
2,050 
1,850 
1,566 
2,420 
2,941 
1,880 
1,770 
3,475 
2,110 
2,000 
2,000 

M = 2,268 

BnL a 10.000 Ly 

4,91 
2,15 
4,76 
2,68 
3,64 
6,11 
1,95 
6,45 
2,87 
3,85 
6,57 
1,86 
2,60 
2,00 

M = 3,74 
SD = ± 1,66 

p 0.001 

Fro. 3. 

Temps d'expo-
sition en annees 

1 
2 
3 
3 
3 
3 
3 
3 
3 
3 

10 

3 
3 
3 
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Tableau 4. 

GROUPE 3eme 

BnL a 10.000 Ly 

I 
Semaines apres irradiation Dose 

enR 

1. 

2. 
3. 
4. 
5. 2 
6. 
7. 
8. 
9. 

I 

I semaine 

1,00 
1,49 
0,50 
0,84 
1,29 
0,00 
0,33 
0,97 
0,00 

M = 0,71 
SD = ± 0,48 

p 0,10 

ADN, Dobson <16 > suggere qu'il s'agit probable
ment de la teneur lymphatique normale de 
BnL en ADN. Il traite les BnL comme des 
cellules dyploi:des, ce qui plaide en faveur de la 
division amytotique du noyau. Il considere que 
leur apparition est la consequence de la reaction 
stress. Compte tenu des donnees insuffisantes, 
on ne peut pas considerer cette constatation 
comme definitive. Dans le cas de faibles doses, 
nous a vans tendance a interpreter le phenomene 
d'apparition de BnL comme un effet direct de 
!'irradiation sur l'appareil mytotique de la cel
lule. D'apres Schrek, <17 > Policard, <18 > Mathe< 19 > 

aussi les modifications des lymphocytes sont 
provoquees par !'irradiation. Pour le moment 
on ne peut pas encore determiner si le phe
nomene de BnL est directement provoque par 
l'effet de !'irradiation sur l'appareil mytotique
effet genetique, ou s'il est la consequence de la 
reaction stress. En etudiant parallelement le 
phenomene de BnL et des aberrations chromo
somiques dans les leucocytes du sang peri
pherique (il s'agit en realite des aberrations 
chromosomiques des lymphocytes <20 >) chez des 
memes sujets, nous avons observe une correla
tion assez nette entre ces deux phenomenes. 

Bien qu'on sache d'apres la radiobiologie que 
les effets de !'irradiation a dose egale sont bien 

II semaines 

1,00 
1,63 
1,66 
0,97 
1,97 
0,66 
1,64 
0,00 
0,00 

M = 1,06 
SD = ± 0,65 

p 0,10 

III et IV semaines 

0,50 
1,00 
0,50 
0,91 
1,93 
0,00 
1,50 
0,49 
0,50 

M = 0,81 
SD = ± 0,53 

p 0,10 

plus importants dans le cas de !'exposition totale 
que lors d'une exposition partielle, on n'est 
pas a meme d'expliquer de fa<;on satisfaisante 
les differences du nombre de BnL, observees 
lors de !'exposition totale ou partielle a doses 
pratiquement egales. 

Lars du comptage differentiel des elements 
sanguins on a observe aussi d'autres modifica
tions morphologiques, telles que: apparition 
d'un nombre eleve de lymphocytes bilobes et de 
lymphocytes avec fragments de noyau (Fig. 3) 
et apparition d'un grande nombre de cellules 
mononucleees basophiles. 

Ingram <8 > a souligne !'importance de BnL 
non seulement en tant que biodetecteur de faibles 
doses d'irradiation, mais aussi en tant que pro
nostic d'un nombre eleve de BnL sur l'effet 
latent d'irradiation-effet leucemogene. 

CONCLUSION 

Bien que !'apparition de BnL ne soit pas carac
teristique pour l'irradiation,-a !'exception de 
toutes les autres influences possibles, ce qui 
etait le cas dans notre rapport-!' observation de 
la croissance de leur nombre dans le sang peri
pherique peut etre utilise comme indicateur 
assez sensible de !'exposition du corps total a 
de faibles doses d'irradiation lors de !'exposition 



DETECTION OF RADIATION EXPOSURE BY 

FLUORESCENT MICROSCOPY OF HUMAN BLOOD CELLS 

E. VlDER, A. YAARI,* D. SHAFIR and E. RIKLIS 

Atomic Energy Commission, Negev Nuclear Research Center, Beer-Sheba, Israel 

Abstract-Changes in blood and bone marrow cells involving effects of irradiation on nucleic 
acids can be detected by fluorescence microscopy much prior to any morphological changes. 
When blood smears are stained with acridine orange, the leucocytes appear mostly as doubly 
coloured in a fluorescence microscope, the nucleus being green and the cytoplasm red, yellow 
or orange. The ratio of doubly coloured cells (DCC) to red coloured cells is fixed for each 
subject but decreases following X-irradiation, as found in the following experiments. Persons 
exposed to X-ray routine radiography of chest, as well as hospital personnel. were taken as 
subjects. X-ray doses were measured with a Victoreen Condenser R-Meter and Victoreen 
Ionization chambers, as skin doses, and exposure time was 0. 05 to 0. I sec. Blood samples were 
taken from a finger tip before exposure and at fixed intervals after exposure. Blood smears 
were prepared and stained with acridine orange in phosphate buffer (5 mg/50 ml or 10 mg%, 
pH 6.85). Two hundred cellswerecountedandclassifiedaccordingtocolour. In all cases the 
number of doubly coloured cells (green and red) before irradiation was above 68%. Following 
exposure, in most cases the number ofDCC decreased while the number of red coloured cells in
creased. The observed changes began 6 hr after exposure, reached a maximum 24 to 48 hr after 
irradiation and then began to subside. The extent of the effect increased with dose, giving notice
able results already at a dose of 18 milliroentgen. There was a uniform response among persons 
exposed in the chest, but a smaller change in persons exposed in other organs. Blood smears 
of technicians and clerks not directly involved in work near the X-ray unit showed no changes 
in the ratio of DCC to red coloured cells. Physicians after fluoroscopy, however, showed a drop 
in percent of doubly coloured cells. Further development of these investigations might lead to 
a simple method of internal dosimetry for small doses of X-rays. 

1. INTRODUCTION 

The need for better biological methods of 
measuring the extent of radiation exposure on 
humans is evident. Lately some progress was 
made in the field of biological dosimetry <1 > 

and the evaluation of radiation effects on chro
mosomes.< 2 > 

Blood cells, and leucocytes in particular, are 
known to be very sensitive to ionizing radiations. 
Changes in blood and bone marrow cells in
volving effects of radiation on nucleic acids 
and nucleoproteins are found much prior to 
any morphological changes. It is well estab
lished that desoxyribonucleic acids (DNA) are 
the cell component most sensitive to both ultra
violet<3l and ionizing irradiation. 

*Blood Morphology and Cytology Laboratory, 
Kaplan Hospital, Rehovot, Israel 

The use of fluorescent microscopy for ob
serving early radiobiological effects of irradia
tion on cells is described in a number of publi
cations. <4 - 9 > 

Adsorption of dyes on DNA and RNA is 
apparently affected by their sensitivity to ir
radiation. When blood cells are stained with 
acridine-orange and leucocytes are observed in 
a fluorescence microscope-the nucleus is col
oured green, and the cytoplasm red, yellow or 
orange. 

Leucocytes appear as doubly coloured-green 
and red under a fluorescence microscope. The 
ratio of doubly coloured cells to red cells is 
apparently fixed for each subject. This ratio 
changes, however, after irradiation. Meisel and 
Kondrateva, <6 > using cell cultures of spontan
eous mammary gland cancer of mice, showed 
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Table l. Results of Counts of Fluorescing Blood Cells of Persons exposed to X-rqv Chest Radiography. Dose was 18 mR •. Microscopy 
peiformed on Zeiss or Reichert fluorescence microscopes 

Fluorescence of leucocytes after chest X-ray 

Oh 3h 6h 24 h 48 h 

Subject DCC RCC DCC RCC DCC RCC DCC RCC DCC RCC DCC 

I. 69 27 48 40 40 54 - - 48 50 67 
2. 89 5 75 21 - - 37 67 58 38 69 
3. 72 24 - - - - 24 72 69 28 80 
4. 73 2I 72 21 - - 69 27 85 10 -

5. 78 17 78 19 - - 68 24 83 13 62 
6. 89 10 - - - - 71 6 94 4 -
7. 84 13 - - - - 71 23 49 40 81 
8. 92 7 - - - - 83 1 85 II -
9. 84 13 - - - - 81 16 90 8 -

10. 84 14 - - - - 62 26 62 36 88 
11. 86 12 - - - - 71 8 94 5 -

12. 72 25 45 51 28 69 66 27 - - -

13. 87 II 81 16 - - 62 33 85 10 -

14. 88 8 73 25 - - 56 38 66 29 84 
15. 66 30 50 45 38 55 62 29 76 16 -

16. 83 15 82 I6 - - 49 50 6I 32 63 
I7. 86 12 - - 66 22 IO 86 23 25 80 
18. 93 6 83 14 73 22 81 18 69 29 90 
19. 82 17 82 II - - 47 45 66 28 72 
20. 70 29 74 22 66 30 66 31 . 63 30 81 
21. 79 17 - - - - 73 21 53 31 75 
22. 80 I8 74 3 51 44 30 56 59 36 68 

72h 

RCC 

26 
24 
17 
-

32 
-

16 
-

-

10 

--
-

-

I4 
-

33 
17 
8 

25 
16 
22 
27 

Average ~I 0 I 70 I I 23 I El I 40 I I 59 I I 33 I I 68 I I 24 I 0 I 20 I 
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changes by exposure to X-irradiation ranging 
from 25,000 to 500,000 R. 

Kafafova (9) found a similar change with small 
doses (I R, partial body irradiation). Kole
sar <10 l applied the latter method for observing 
late effects of irradiation on humans, when he 
observed in radiation workers, that after several 
years of chronic exposure to low levels of irra
diation, the % of green nuclei decreases by 
about 5%. 

2. METHODS AND MATERIALS 

Subjects: Persons exposed to X-irradiation 
of chest at routine X-ray radiography, and 

3 22 24 

accuracy of ± 10%. The readings were cor
rected by the T factor. Exposure time was 
-.,lo--lo sec. All doses are skin doses. 

2.2. Sampling 

Blood samples were taken from a finger tip 
before and after exposure at fi.xed intervals and 
were stained with acridine orange solution pre-

M 
pared in phosphate buffer 

15 
(5 mgf50ml., 

pH 6.85), by mixing in a leucocyte pipette 
for 30 min. 

48 

o Doubly coloured 
x Red 

72 

Time after exposure, hr 

FIG. 1. Graphical description of three cases out of those summarized in Table 1. 

hospital personnel, involved and not involved 
in radiation work. 

2 .1. Dosimetry 

An ionization chamber was placed in the 
exact position of the exposed part of the person's 
body and was irradiated at the same conditions 
of electron current, photon energy and exposure 
time. 

The dose was measured with a Victoreen 
Condenser R-Meter 570 A. The ionization 
chambers were Victoreen chambers models 188, 
having a range of 0-0.025 R; models 130 and 
576, having a range of 0-0.25 R; model 227 
having a range of0-1 R; and model633 having 
a range of 0-2.5 R. All models have a rated 

I.R.P, VOL. I-s 

Blood smears were prepared and counted in a 
UV fluorescent microscope. 

3. RESULTS AND DISCUSSION 

Over 50 cases were included in this investi
gation. It has been first established that in all 
cases the number of doubly coloured cells before 
irradiation is always above 68%. 

In the first type of experiment patients were 
examined before and after X-irradiation of the 
chest. Peripheral blood smears were prepared 
and 200 cells were counted and classified by 
colour. 

Table 1 summarizes results of several such 
counts. 
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100 

90 

80 

x Doubly coloured 
t. Red 

70 

a!' 
X' X----X 

"' x..-----
,; 50 x----
= ., 
u 

10 

Time after exposure, hr 

FIG. 2. Average results of 50 cases exposed to chest X-radiography at a dose of 18 mR, and 
analyzed as described in test. 

Pre-irradiated human blood samples showed 
always over 68% of green-red coloured cells. 

Following exposure, the number of DCC de
creased while the number of red cells increased. 

The changes observed began about 6 hr after 
irradiation, and usually reached a maximum at 
a deflection point 24 to 48 hr after irradiation, 
after which a reversed effect began. Figure 1 
shows examples of these results for three cases. 

The blood picture returned to the normal 
percentage of green and red cells after about 
96 hr. Figure 2 shows average results of 50 cases. 

f 
<!-

,; 
Qj 
u 

"0 
Q) 

Two groups of people could be classified as 
follows: 

1. Persons of similar age, sex and weight, 
exposed on chest. 

2. Hospital workers, physicians, technicians 
and clerks in the vicinity of the exposure 
area. 

Persons of group 1 showed usually a signifi
cant drop in ratio of doubly coloured cells. 

Blood smears of technicians and clerks, not di
rectly involved in work near the X-ray machine, 
showed no changes in the ratio of DCC to RC. 

9 days f 

\ 
~ 

.2 
0 
u 

>-

; 

Shows indirect exposure 
of physicians while 
working on fluoroscope 

:t:i 
;;) 

0 
Cl 

0 

Time, <lays 

FIG. 3. Results of count of fluorescing blood cells taken from radiologists performing X-ray 
, fluoroscopies. Arrows indicate day of work whereby indirect exposure occurred. 
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Physicians after performing fluoroscopy showed 
a significant drop in percent of doubly coloured 
cells (Fig. 3). 

It is rather early to present an explanation 
of the observed effect. A logical assumption 
can be made that the radiation damage, whether 
direct or indirect, is affecting stem cells in such 
a way that their DNA and RNA content 
does not stain normally. The affected cells 
appear in circulation from 6 to 24 hr after 
irradiation and then are gradually removed 
from circulation and the blood picture becomes 
normal again. 

4. CONCLUSION 

Through a simple procedure, changes affected 
by small doses of X-irradiation on blood cells 
can be followed. 

Development of this investigation might lead 
to an internal dosimetry method. The prob
lem of variations in determination of ratios 
of green to red to doubly coloured cells is yet 
to be analyzed and the counts given by different 
observers should be checked independently to 
overcome subjectiveness. 
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HEMATOLOGIE DU SUJET NORMAL: VARIATIONS 

PHYSIOLOGIQUES 

M. DELPLA, J. CHINARDET et D. MOULIN 

Service General de Radioprotection, Electricite de France, Paris, France 

Reswne-Devant !'interet qu'il y a a ne pas attribuer des variations physiologiques a l'effet 
d'une irradiation, il convient de les etudier systematiquement. 

Dans ce but, les auteurs suivent, depuis maintenant six mois, un petit groupe de sujets volon
taires par quatre prelevements capillaires etales dans le courant d'une journee normale de 
travail, effectues toujours dans les memes conditions (d'heure en particulier), au rythme de 
deux par mois. 

On peut deja signaler l'ampleur de quelques variations: 
sur les G.R., un sujet stable varie de ± 6 pour cent (chaque resultat est la moyenne de quatre 
comptages mecaniques), 
sur les G.B., avec une moyenne de 9000, un sujet oscille de 4500 a 15 000 (chaque resultat est 
la moyenne de deux numerations independantes), 
sur les granulocytes totaux, dans la meme journee, un sujet passe de 54 a 79 pour cent, un 
autre de 42 a 60 pour cent (chaque resultat est la moyenne des lectures d'environ 250 
elements sur deux lames differentes). 
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REAL VALUE OF THE CONVENTIONAL HEMATOLOGICAL 

EXAMINATION IN THE MEDICAL SUPERVISION OF 

PROFESSIONALLY EXPOSED WORKERS 

H.LETARD 

Service General de Medecine de Travail, Electricite de France, Paris (France) 

Abstract-It is universally admitted that profesSionally exposed workers should undergo, at 
least once a year, a hematological examination which comprises a globular numeration, a 
leucocytal formula and determination of Duke's test and coagulation. 

Such an examination is justified when hiring personnel in order to divert risk from any 
subjects suffering from hematological complaints. It is necessary to state the value which 
should be given to it in practice in the systematic examinations of periodical supervision. 

In fact, various statistical studies have shown that the normality to 95 per cent of the popula
tion represented a very extended zone of variability. 

On the other hand, individual physiological changes are also important. Lastly, microbial 
infections and especially viral infections are able to bring durable and important alterations in 
the blood formula. On the other hand, the absorption of certain medicaments can also lead to 
changes. 

It is therefore necessary that professionally exposed persons, as well as the Medical Officers 
entrusted with their supervision, should be well aware of the orientation and practical value of 
the hematological examination to which it is very difficult and rather hazardous to give a 
standard of efficiency value. 

On the other hand, the establishment and the periodical control of the hematological formula 
can obviously have its usefulness as basic medical reference in case of accident from acute 
exposure. 
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STANDARDS HEMATOLOGIQUES DANS LE CONTROLE 

MEDICAL DU PERSONNEL TRAVAILLANT AUPRES DE 

SOURCES DE RADIATIONS IONISANTES 

D. VELJKOVIC et Z. DJUKIC 

Service de Protection Medicale, Institut des Sciences Nucleaires B. Kidric, 
Vinca (Yugoslavia) 

Resm:n.e--Des examens hematologiques sont generalement adoptes en tant que mesures 
obligatoires entreprises afin de proteger la sante des gens professionnellement exposes a l'effet 
des radiations ionisantes. Ils comprennent les valeurs numeriques des leucocytes, erythrocytes, 
trombocytes ainsi que la concentration de l'hemoglobine. Les valeurs physiologiques standards 
de ces elements dans le sang peripherique pour notre population sont determinees par un 
reglement de la part du Secretariat Federal de la Sante Nationale. En appliquant ce reglement 
il s'est presente qu'un grand nombre d'individus sains ont les valeurs de la formule sanguine 
qui ne sont pas incluses dans les standards fixes. C'est pourquoi nous nous sommes propose de 
faire des formules sanguines de notre population appartenant a differentes regions. Ces ex
amens sont en cours. 

Le present rapport contient les resultats hematologiques obtenus pour un groupe de jeunes 
gens qui sont des candidats potentiels pour s'embaucher dans les centres nucleaires ou dans 
differentes institutions utilisant des sources de radiations ionisantes. On a donne parallelement 
les resultats hematologiques pour un groupe des collaborateurs de l'Institut Boris Kidric. Ces 
resultats sont obtenus lors du premier examen et au bout de quatre ans. Au cours de cette 
periode ce personnel a ete professionnellement expose aux faibles doses de radiations. 

Les resultats obtenus ont montre que, d'apres les standards nationaux valables, un grand 
nombre de personnes saines seraient atteintes de la leucopenie ou de la lymphocytose, ce qui 
ne leur permettrait pas de s'embaucher et de travailler aupres des sources de radiations ioni
santes. Le changement du nombre des elements dans le sang peripherique, constate chez un 
individu chroniquement expose aux faibles doses de radiations ne pourrait pas indiquer a 
temps et avec certitude des dommages precoces de l'organisme dus aux radiations ionisantes. 
Mais ces examens pourraient servir comme un indicateur tres important de la sante generale 
et de l'etat du systeme hematopoietique, ce qui est d'un grand interet pour le controle de la 
sante des individus qui travaillent ou qui travailleront aupres des sources des radiations 
ionisantes. 
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DISCUSSION 

S. LIN (Jta['y): 

Desidererei fare alcune domande al Dr. J ammet: 
la prima riguarda la presenza in diversi soggetti 
normali di opacita centrali o periferiche del cristal
lino. Puo dirmi il Dr. J ammet quali di tali opacita 
hanno importanza nel giudizio di idoneita al lavoro 
con radiazioni ionizzanti? 

La seconda si riferisce a soggetti portatori di nevi 
con notevole contenuto di melanina e, pertanto, 
notevolmente infiuenzabili dall'azione di agenti fisici. 
Qual'e in questo caso il criteria da seguire nel 
giudizio di idoneita? 

L'ultima richiesta e collegata all'osservazione, da 
noi ripetutamente fatta, che nei soggetti esposti anche 
a basse dosi di radiazioni si osserva un notevole 
aumento dei grossi linfociti a scapito dei piccoli 
Iinfociti e si nota una linfocitosi relativa. Tale osser
vazione, gia descritta da Shields alcuni anni or sono 
nel British Journal of Radiology, quale importanza 
ha, secondo il Dr. Jammet, nel guidizio di danno da 
irraggiamento? 

H.jAMMET: 

Les examens du cristallin ont un double interet: 
d'une part pour connaitre le moment d'apparition 
d'une cataracte, qui peut etre physiologique ou 
pathologique; d'autre part pour apprecier le degre 
d'incapacite visuelle. 

Pour ce qui concerne la pigmentation melanique 
et !'exposition aux irradiations, il faut noter les pig
mentations et en fonction de leur evolution ou de 
leur stabilite on peut juger de !'aptitude au travail 
sous radiations. 

L'interpretation des variations lymphocitaires est 
difficile, compte tenu des connaissances imparfaites 
sur la nature et la physiologie des mononucleaires. 

G. CowPER (Canada): 

The requirement of a medical examination two 
months prior to employment must present a formid
able obstacle to successful recruiting. Perhaps 
Dr. Jammet would indicate what fraction of candi
dates are rejected for medical reasons? 

H.jAMMET: 

Le pourcentage d'elimines a l'embauche, pour 
toutes les raisons possibles et non seulement celles 

liees aux radiations, est, au Commissariat a l'Energie 
Atomique Fran<;ais, compris entre 10 et 20%. 

M. GIUBILEO (Euratom): 

11 relatore ha accennato alla opportunita di affidare 
le cure delle malattie tardive dovute aile irradiazioni 
professionali ai medici curanti. 

Chiedo: (1) seal CEA e stata messa a punta una 
modalita particolare per permettere ai medici curanti 
un giudizio sull'importanza delle dosi di radiazioni 
ricevute dal paziente; (2) quale relazione puo 
esistere fra questa pratica e le norma Euratom che 
prescrive il controllo medico delle vittime di incidenti 
nucleari. 

H.JAMMET: 

La responsabilite des examens medicaux apres 
emploi incombe a la medecine courante. La merle
cine du travail n'a qu'a conserver les archives 
medicales, en vue de fournir des informations eventu
ellement utiles en cas de maladie professionnelle. 

E. STRAMBI (Italy): 

1. Quale ritiene l'oratore, secondo la propria 
esperienza, il limite inferiore di sensibilita di questa 
metoda di indagine in caso di esposizione acuta 
dell'intero corpo a radiazioni penetranti? 

2. E' stata effettuata una analisi citochimica a 
sostegno delle osservazioni morfologiche? 

3. Le indagini sono state eseguite con tecniche di 
arricchimento (leucoconcentrazione) o secondo l'abi
tuale tecnica degli strisci di sangue periferico ? 

B. PENDIC: 

l. La dose seuil, d'apres nos experiences, se trouve 
autour de l R. 

2. Nous n'avons pas fait !'identification hie
chimique des cellules observees. 

3. Nous n'avons pas experimente avec les frottis 
enrichis, parce que dans les travaux precedents nous 
avons constate que les methodes utilisant la centri
fugation changent le pourcentage des leucocytes dans 
la formule leucocytaire. 

PH. BouRDEAU (Euratom): 

As a cytological and biochemical explanation 
for the fluorescence staining differences you have 
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observed, have you considered the phenomenon of 
nuclear homogenization described by Whitfield, 
Scaife et al. ? The intensity of this phenomenon in 
thyrnocytes and lymphocytes is well related to 
exposure dose, at least for the laboratory rat. 

E. RIKLIS: 

This could be one possible explanation. The 
nuclear homogenization is explained as a result of 
dissociation of histones from nucleoproteins. The fact 
that green fluorescence is from DNA and red fluor
escence from RNA has been established by employing 
the action of the corresponding enzymes, DNAase 
and RNAase which breakdown these polymers 
respectively resulting in disappearance of the corres
ponding fluorescence colours. 

It is also known that DNA stranding is very sensi
tive to radiation and single stranded DNA gives a 
different fluorescence than double stranded DNA
this could also be happening here. I would not like 
to come out with a theory of what the cause for this 
effect is. There is a lot more to be done. Firstly, we 
have to carry out dose-response curves and this will 
tell whether the phenomenon could become a bio
logical dosimeter. We have to turn from the fixed 
dose of X-ray radiography to changing diagnostic 
and treatment doses. We plan to try in vitro work and 
isolate the effects on DNA and RNA. The surprising 
thing in this phenomenon is the response to such low 
doses (18 mR). 

S. A. KHAN RANA (Pakistan): 

While pointing out the importance of various 
medical aspects of radioprotection, I am afraid we are 
neglecting an equally valuable test, i.e. urine activity 
measurement which deserves to be done as a routine 
and at periodical intervals on account of its simplicity 
and greater sensitivity. We must not forget that most 
of the radioisotope laboratories in the world to-day, 
utilize unsealed radionuclides and hence the danger 
of internal contamination by ingestion or absorption 
through skin is very likely accidental, owing to neglect 
or lack of necessary equipment. Measurement of 
urine samples, especially when smaller activities are 
involved, would reveal an internal contamination 
otherwise undetected by other routine procedures. 

Mr. G. H. C. Dancer of Amersham has reported two 
such cases where urine alone indicated an internal 
contamination. The importance of this procedure was 
also remarked upon at the last meeting of the Radio
protection Association of Belgium. Besides, being 
quite informative, it is useful to see that inter
nationally prescribed measures are being observed in 
a laboratory. It is better not to wait till an appreci
able dose exposure or contamination be shown by a 
dosimeter or change of blood picture and then proceed 
on measuring urine activity. Why must we not nip 
the evil in the bud? 

M. DELPLA: 

Pour ~tre bref,je me bornerai a vous presenter trois 
graphiques qui montrent les variations de la numera
tion leucocytaire dans le temps. 

Chaque jour ouvrable, a tour de role, l'un des 
sujets d'un petit groupe (forme de six hommes et cinq 
femmes, tous volontaires, tous en bonne sante) est 
appele a subir des prelevements de sang capillaire a 
heures regulieres: 9 h, 11 h 30, 14 h et 16 h 30; pour 
cela, il cesse son travail qu'il reprend aussitot apres. 
Cette experimentation a ete commencee il y a un an. 
Chacun des points represente Ia moyenne de deux 
prelevements effectues a la meme heure; chaque 
numeration porte sur Ia totalite des leucocytes con
tenus dans deux hematimetres de Malassez, soit 
2/10 mm 3 de sang. Chaque sujet en experience est 
suivi par le m~me laborantin. 

Le sujet le plus stable du groupe oscille entre 5.000 
et 8.000 globulesfmm 3, avec trois pointes inferieures a 
4.500 et deux superieures a 10.000 et 1 1.000. 

Void un sujet instable: il oscille entre 6.000 et 
12.000, avec deux pointes a 5.000 et deux pointes a 
14.500. 

Ce dernier sujet simule les reactions d'un irradie; 
le premier jour, on a trouve, en milliers de globules/ 
mm 3 : 15, 17, 12 et 9; les examens successifs ont 
montre, apres une decroissance initialement rapide, 
une stabilisation entre 7.000 et 9.000, avec une 
pointe a 4.500. 

Je regrette de ne pouvoir resumer nos resUrtats sur 
les differentes varietes de cellules et leur interpreta
tion statistique; je ne saurais abuser de votre temps, si 
precieux. 



MAJOR HEALTH PHYSICS EXPERIENCES DURING 

15 YEARS OF REACTOR TESTING 

J.R. HORAN 

United States Atomic Energy Commission Health, and Safety Division, 
Idaho Falls, Idaho, United States of America 

Abstract-The case histories of the major incidents involving the uncontrolled release of 
radioactive materials and radiation exposure to personnel will be reviewed. The most serious 
incidents in the 15-year operating history of the National Reactor Testing Station will be 
presented in an ascending order of seriousness using the following categories: 

1. Property damage. 
2. In-plant contamination. 
3. Environmental contamination. 
4. Inhalation exposure. 
5. External total body exposure. 
6. Radiation injury. 
7. Maximum credible accident. 

THE National Reactor Testing Station (NRTS) 
of the United States Atomic Energy Commis
sion is a complex of facilities for nuclear reactor 
development extending over 900 square miles 
of public land in the north-western part of the 
United States. Since establishment of the NRTS 
in 1949, hundreds of millions of dollars and man
hours have been devoted to its primary mission 
to develop economic nuclear power and other 
peacetime uses of atomic energy. More experi
mental reactors of more advanced and different 
types have been built at this desert location 
than in any other equivalent area-a total of 
42 to date. 

The long-promised day of economic nuclear 
power is at hand. In the past year, we achieved 
the economic breakthrough of using large-scale 
reactors for commercial electrical power. As a 
result of rapid progress in research, technology, 
and operating experience, the United States 
today is years ahead of its planned nuclear power 
program. As of January 1, 1966, 22 nuclear 
power plants were operating or under con
struction with a total capacity in excess of 
5000 MWe. During the first half of this year, 
orders were placed by various utilities for con
structing 21 new nuclear power plants with a 
capacity in excess of 14,000 MWe. This means 

that more than 50% of the new electrical gener
ating capacity in the United States has been 
assigned to nuclear power plants. 

This new technology, now being applied in the 
United States and a few other nations, will 
be available to the world. Already European 
utilities are on the verge of placing an outburst 
of nuclear plant orders comparable to that 
experienced in the United States. A recent 
forecast of the nuclear power market abroad 
for the next 20 years provides the following 
consensus forecast of installed nuclear capacity. 
The free world in the next decade from 1970 
to 1980 is expected to see nuclear power grow 
from approximately 22 millions of electrical 
kilowatts to approximately 200 millions of kilo
watts and reaching approximately 400 millions 
of kilowatts by 1985. In the words of the late 
Dr. H. J. Bhabha of India at the Third Inter
national Conference on the Peaceful Uses of 
Atomic Energy, "There is no form of power as 
expensive as no power, i.e. doing without power 
altogether .... We know now that atomic power 
has come to stay." Because of the widespread 
concern about radiation due to the military 
birth of the atom, it is worthwhile to consider 
the experience at the National Reactor Testing 
Station where new concepts and new ideas 
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for nuclear power have been developed. I am 
quite confident that a review of this experience 
will result in an overwhelming vote of confidence 
in the safety of design and the meticulous care 
which is taken in the construction and operation 
of nuclear facilities. The many barriers which 
are used to protect people against injury and 
equipment against damage provide evidence 
that serious accidents are quite improbable. 
But if a serious accident does occur, the en
gineered safeguards are adequate to protect 
personnel outside the radiation control zones. 

Safety is the first law of nature. By nature 
every organism tends to conserve life and the 
faculties with which it is endowed. The charac
ter and magnitude of the hazards which could 
arise with the improper use of nuclear energy 
required that a framework of safety protection 
be established from the beginning. This philoso
phy was new to industry, which was to see every 
phase of the research, development, and opera
tion of the peaceful development of uses of the 
atom tempered by a judicious concern for occu
pational and public safety. Experience shows 
that any quantity of radioactive materials can 
be handled safely. The safety experience record 
has been phenomenal. 

The emergence of nuclear power as an im
portant factor in the world's economy has 
brought both public interest and concern-inter
est in the economic benefits and concern about 
safety. The lack of basic knowledge, particu
larly lack of understanding of the essence and 
the extent of the danger, breeds fear. Unfor
tunately, this fear can deter the continued 
development of nuclear energy despite the 
promise it holds for mankind. 

The health physics profession is committed 
to the prevention of injury from radiation and 
reducing the impact of damage which may 
result from any radiation incident. While we 
can be proud of the past record, we realize 
that our skill and our best efforts cannot be 
sufficient to prevent all accidents. Therefore, 
let us study the accident experience at a major 
establishment where all phases of reactor design, 
construction, maintenance, modification, and 
operation have been performed in research and 
testing of practically all types of reactors. 

The case histories of all the incidents and 
accidents involving radioactive material or its 

release to the working environment or radiation 
exposure to personnel suggest the following gene
ral categories of incidents in an ascending order 
of seriousness : 

l. Property damage. 
2. In-plant contamination. 
3. Environmental contamination. 
4. Inhalation exposure. 
5. External total body exposure. 
6. Radiation injury. 
7. Maximum credible accident. 

As a health physicist, I have followed the innate 
pessimism of my profession by selecting the most 
serious incident of each type for analysis. Whil~ 
a number of the incidents may qualify for several 
of the categories listed, each will be reviewed 
under the most serious category for which it 
may qualify. Most of this detailed information 
has not appeared previously in the open litera
ture. 

1. PROPERTY DAMAGE (JULY 23, 1957) 

A railroad flatcar was being used to transfer 
a spent air-cooled reactor core from a hot cell 
to a storage area. While a 25-ton capacity 
crane was moving the highly radioactive core 
from the flatcar to the storage pit, the boom 
started to lower causing the load radius to 
increase excessively. As the operator attempted 
to arrest this motion, the crane over-balanced 
and turned over on its side. The 13.5-ton core 
struck the ground with a swinging motion bend
ing the flanges, and the core subassembly struck 
the ground on its side. The impact broke the 
core supports from the plug. No fuel was in
volved; the core was not reuseable. Although 
much of the material was salvable, the damage 
was estimated at $105,000. Except for super
ficial cuts sustained by the crane operator, there 
were no injuries. The estimated radiation expo
sure to three personnel directly involved in 
salvage work was less than 300 mr. The maxi
mum radiation level from the core was 5 R/hr 
at 2 m. Contributing causes to the accident 
were the following: 

The crane was being operated near its maxi
mum capacity with a boom radius of about 
4 m and an angle of approximately 63 degrees. 
The crane was being operated blindly with 
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hydraulic controls. Because of the high radia
tion fields, the front window of the cab was 
covered with a sheet of lead and about a ton 
of lead brick had been added to shield the 
operator who was guided by a rigger. Finally, 
the operator had failed to lock the boom in 
position. 

2. IN-PLANT CONTAMINATION 

(OCTOBER 5, 1957) 

During the testing of an experimental air
cooled fuel sample, a fire of undetermined odgin 
occurred in the charcoal filter in the off-gas 
line. The heat caused a gasket to fail at a 
flange, releasing burning charcoal dust which 
spread radioactively contaminated air throughout 
the reactor building. Air monitors alarmed; the 
reactor was scrammed; and personnel were 
evacuated. High levels of air activity persisted 
for approximately 30 min and then gradually 
decreased in intensity. The flames in the char
coal filter subsided when airflow to the experi
ment was shut off and the fire was extinguished 
with carbon dioxide. It is believed that the fire 
was caused by the spontaneous ignition of oil 
which had leaked into the charcoal bed during 
nonoperating periods. 

The total loss chargeable to the fire was 
$22,000, of which $400 was due to the direct 
fire damage to the filter, $2400 for decontamina
tion, and $19,600 chargeable to the downtime 
of the reactor. Although 11 employees, at one 
location in the reactor building, were without 
respiratory protection during the early phase of 
the incident, there was no significant exposure 
either from radioactive materials or other toxic 
materials. 

It is interesting to note that the total fire loss 
in the 17 years of NRTS operations to date 
has been approximately $68,000. The current 
valuation of the facilities is in excess of a half
billion dollars. 

3. ENVIRONMENTAL CONTAMINATION 

(NOVEMBER 18, 1958) 

During the startup of the HTRE-III experi
mental air-cooled reactor, faulty instrumenta
tion resulted in a power burst which seriously 
damaged a number of fuel elements. An esti
mated 15,000 curies of fresh fission products 
were discharged through a 60-m stack under 

inversion conditions, contaminating approxi
mately 600 hectares of desert land. There was 
no contamination to the farming areas beyond 
the Testing Station since the winds were from 
the northeast and the nearest off-site boundary 
in the downwind direction is more than 50 km 
away. Ground surveys indicated maximum 
readings of 0.15 mr/hr I m above the surface. 
Assuming that iodine-133 was the primary 
contaminant, this would be approximately 
20 J.I-Cijm 2 • The estimated maximum infinity 
dose from inhalation due to cloud passage would 
be approximately 5 mr. The financial loss as a 
result of property damage was estimated at 

$1,100,000. 

4. INHALATION EXPOSURE (MARCH 20, 

1958) 

A criticality incident occurred in a chemical 
processing plant during the transfer of a waste 
solution to permanent storage. Earlier chemical 
separations had been performed in a hot cell on 
a fresh fuel element. During cleanup of the 
process equipment, a momentary pressure surge 
caused vapor to be released through partially 
opened valves in the solution addition lines. 
These lines had not been used for six months. 
The associated valves were stuck in a partially 
opened position which was not detected by 
manual checks. Interestingly enough, at least 
five similar operations had been performed pre
viously without incident despite the same exist
ing conditions. Evidently, the precise process 
circumstances for the radioactive release did not 
exist during the prior transfers. 

Approximately l curie of iodine-131 was re
leased into the operating corridor. Originally, 
it was believed that iodine inhalation exposures 
would be insignificant, and the early urine 
samples supported this evaluation. However, 
the following day it became evident that at 
least two individuals had received high inhala
tion exposures. At approximately 20 hr post 
incident, stable iodine was administered, reduc
ing the total dose to the thyroid by a maximum 
of 10%. Eleven individuals received thyroid 
inhalation exposures ranging from 12 to 220 
rad. Six individuals exceeded the maximum 
permissible dose of 30 rad per year, with the two 
highest exposures being 200 and 220 rad, res
pectively. Iodine-13'1 uptake in the thyroid 
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varied from 2 to 40 JLCi. As a precautionary 
measure, all 11 individuals were placed on work 
restrictions, varying from two weeks to eight 
months. The highest external radiation expo
sure, as a result of submersion in the radioactive 
cloud, was approximately 1 R. 

5. EXTERNAL TOTAL BODY EXPOSURE 

(OCTOBER 16, 1959) 

A criticality incident occurred in the process 
equipment waste collection tank of a chemical 
processing plant used for recovering highly en
riched uranium. The incident resulted from 
accidental transfer of about 200 liters of uranyl 
nitrate solution containing about 34 kg of en
riched uranium (91% U-235) from critically 
safe process storage tanks to a geometrically 
unsafe tank through a line normally used for 
waste transfers. Although no specific instances 
of maloperation were discovered, several unsafe 
conditions were found which contributed sub
stantially to the incident. An estimated 4 X 1019 

fissions occurred in a waste tank located 17m 
below grade and shielded by 1 t m of concrete. 
Of the 21 persons directly involved in the inci
dent, seven received external exposure to radia
tion as a result of the passage of a radioactive 
cloud through drains and vents into the inhabi
ted areas; but none received whole-body expo
sure to penetrating radiation in excess of the 
annual permissible dose of 12 r. However, two 
individuals received skin doses from soft radia
tion of 50 and 32 rem, respectively. No medical 
treatment was required for any of the exposed 
individuals. 

Although this was the first criticality incident 
at the NR TS, it was the twelfth such event in 
the United States. It is of interest to note this 
was the first such incident where personnel 
were wearing film badges. Another interesting 
aspect is that two days prior to the incident, 
personnel neutron threshold detectors had been 
installed in 95% of the badges for the 400 
employees working in the Chemical Processing 
Plant. Ironically, only four of the personnel 
involved in the incident were equipped with 
this new monitoring device. 

There was no significant property damage as a 
result of the excursion. The total loss chargeable 
to the incident was approximately $60,000 to 
recover the contaminated uranium solution. 

Approximately two years later, on January 
25, 1961, a second criticality incident occurred 
at the same facility. The lessons learned dur
ing the earlier incident proved very profitable. 
The maximum exposure was less than 55 mrem, 
or less than the daily exposure guide. 

6. RADIATION INJURY {JULY 27, 1955) 

Following shutdown of a prototype propulsion 
reactor, maintenance personnel entered an 
equipment compartment to grind open the 
access ports to the heat exchanger for visual 
inspection. To reduce radiation exposure from 
corrosion and fission products within the ex
changers, the units had been partially filled 
with water and pressurized. On grinding 
through the last weld, a mild blast of air was 
released from one of the contaminated heat 
exchangers impinging on a laborer. About a 
week later, this employee reported to the dis
pensary with a draining ear and was treated 
for an ear infection. Three days later upon the 
completion of another work assignment in a 
contaminated area, the same employee received 
a routine contamination check with a Geiger 
counter. This survey revealed radiation levels of 
from 2 to 20 mr/hr on the left side of his head. 
Examination and treatment at the dispensary 
resulted in the removal of a 70-micron particle 
with a radiation field of approximately 1 rjhr 
at 3 em. This intense radiation field had dam
aged tissue in a local area sufficient to perforate 
the eardrum. Following the removal of the 
radioactive particle, the employee was hospi
talized for observation. 

The extremely minute particle had a gamma 
ray spectrum which indicated aged fission pro
ducts which resulted in a beta-ray exposure 
in the thousands of roentgens to an extremely 
limited area of the ear. The injury resulted in 
12 days of lost time; however, the individual 
has fully recovered except for a 10% loss of 
hearing in the one ear and is still employed 
at the project. The person involved was a new 
employee who had received routine indoctrina
tion in basic radiation protection. Among the 
items which contributed to the injury were the 
following: failure to wear protective covering 
of the head, failure to shower and monitor 
following work in a highly contaminated area, 
and the lack of portal monitors at the exits to 
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the plant. Those items which contributed to 
the incident were subsequently corrected. 

During the seventeen yearsofNR TS operation, 
over 140,000,000 manhours of work have been 
performed with 2 7 5los t-time injuries experienced. 
Only one of these-described above-was caused 
by radiation. Almost 300 times as many injuries 
resulted from gravity than from radiation. 

7. MAXIMUM CREDmLE ACCIDENT 

(JANUARY 3, 1961) 

A 3 MW electrical prototype reactor known 
as the SL-1 underwent a nuclear excursion 
during a maintenance shutdown. The excursion 
destroyed the reactor, fatally injured three oper
ators, and resulted in property damage esti
mated at $4,400,000. The accident was caused 
by a single event which covered a time interval 
of only 30 sec. An experienced military tech
nician, knowing the hazards involved, deliber
ately withdrew the 39 kg central control rod 
to a height of 51 em instead of making a 6 mm 
adjustment as dictated by the standard opera
ting procedure. The reactor was capable of 
reaching criticality with this one rod withdrawn 
approximately 40 em. A total nuclear energy 
release of 130 ± 10 MW-sec occurred. Five per
cent of the fuel in the center 16 fuel elements 
attained vaporization temperature of 2060°C. 
Altogether approximately 20% of the reactor 
core was destroyed. 

The rapid formation of 34 atm of steam in 
the pressure vessel accelerated a 2 m column 
of water above the core and slammed it into the 
thick top head of the pressure vessel at an 
approximate velocity of 50 mfsec, producing a 
phenomenon known as a "water hammer". The 
impact of the compressed water produced a 
peak pressure of about 680 atm and transferred 
momentum to the pressure vessel itself which 
sheared the connecting piping and lifted the 
vessel approximately 3 m into the air. About 
3 sec after the initiating event, the incident was 
over, and the vessel had fallen back onto its 
support cylinder. Based upon the best available 
data, approximately 5% of the gross fission 
products (estimated at 5 X 105 Ci) was ejected 
from the pressure vessel. 

Large amounts of radioactive particles were 
released inside the reactor building. The cylin
drical reactor building was made of steel plate, 

most of which had a thickness of 6.4 mm. The 
building was 13m in diameter with an overall 
height of 16 m. Access to the building was pro
vided by ordinary doors. The building was not a 
pressure-type containment shell, as would have 
been used for a reactor located in populated 
areas. Nevertheless, the building did contain 
almost all of the radioactive particles released 
by the explosion. Essentially all of the released 
material, with the exception of iodine-131 and 
the noble gases, fell out within the 1.2-hectare 
plot which contained the reactor and its support 
buildings. It was estimated that t Ci of cesium-
137 and -l'-0 Ci ofstrontium-90 were released from 
the building. In fact, more contamination was 
spread in the vicinity of the reactor by human 
and vehicular traffic during the subsequent res
cue operations than by the accident itself. Air 
and vegetation sampling indicated that approxi
mately 10 Ci ofiodine-131 were released during 
the first 16 hr and approximately 70 Ci over 
the remaining 30-day period. Continuous air 
samples during this period indicated that the 
infinity thyroid dose for an adult at the nearest 
populated center 7 km was approximately 35 
mrad which was slightly greater than 1% of the 
radiation protection guide value for off-site 
population which was in effect at that time. 

Of interest is the fact that four of the health 
physicists involved in the early rescue operation 
became the first members of the profession to be 
decorated for heroism. Along with three other 
individuals, these men were presented with 
bronze medals by the Carnegie Hero Fund 
Commission for their attempt to rescue the 
three casualties after the accident. Rescue oper
ations which involved short-term exposures in 
radiation fields up to 800 Rfhr resulted in an 
integrated gamma exposure of 375 R to a total 
of263 personnel of which 14 individuals received 
total body radiation exposures in excess of 5 R 
with the highest exposure being 27 R. The 
highest infinity thyroid dose from iodine-131 
was 5.5 rad. 

During operations over the following three
week period, all activities were performed under 
rigid exposure control procedures which in
volved an additional 300 individuals. During 
this interval, there were no injuries nor did a 
single individual exceed the guide value of 3 R 
per quarter. 
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The decision was made to demolish the reactor 
building and to restore the general area to a 
useable condition. It may be of interest that 
in the reactor room only one light bulb had 
been broken, despite the pressure shock and 
the number of missiles which peppered the area. 
The site cleanup resulted in removal of approxi
mately 2500 m 3 of shielding gravel, contaminated 
equipment, and decontamination materials to a 
special burial ground. This material contained 
an estimated 22,000 Ci of fission products. 

In speculating on the impact which the SL-1 
accident could have had upon the public if the 
reactor had been located in a populated area, 
it would have been unlikely that any person 
would have unavoidably received a radiation 
exposure greater than that allowed on an annual 
basis. However, control measures would most 
likely have been necessary in a milk-producing 
area as a protective action to prevent ingestion 

exposure via the milk-chain. 

SUMMARY 

These examples of the most serious incidents 
over the years at the National Reactor Testing 
Station have been presented to support the 
thesis that even the most serious accidents 
experienced at a major testing establishment 

have not produced exposure or InJUry to per
sonnel outside the immediate radiation control 
zone. It has been demonstrated that man can 
work with and control the hazards resulting 
from the use of any quantity of radioactive 
materials. 

As the world enters the nuclear power era, 
the health physicist has been the first to accept 
the challenge given by the late President Ken
nedy, "Regardless of the scope of modern re
search and development, safety is the primary 
purpose and most important product of today's 
scientists." 
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THE HEALTH PHYSICS ASPECTS OF THE FAILURE OF 

A PLUTONIUM-BERYLLIUM START-UP SOURCE IN 
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Abstract-A neutron start-up source, containing 160 grams of plutonium, was supplied by 
the subcontractors for the Safari 1 reactor. During the start-up and commissioning period, 

for which the reactor was under the control of the subcontractors, the container for this source 

ruptured. 
This allowed some of the plutonium and its fission products to escape into the various reactor 

systems. 
The resulting increased levels of radioactivity were first indicated definitely on April 22, 

and after extensive investigations, the rupture of the source container was discovered on 

April 26, 1965. After removing the source from the reactor vessel and taking such other steps 
as were practical to control the increased radiation and contamination hazards, the reactor 

was brought back to power on April 28 and was operated at full power for seven consecutive 

days. 
The events leading up to and surrounding the incident are described. The health physics 

aspects of the incident are presented and the consequences are discussed. It is shown that, 

while greatly increased radiation and contamination hazards arose, no personnel suffered 
injury, ingested radioactive material or received radiation exposures in excess of internationally 

recommended maximum permissible limits. Furthermore, no danger to the general public 
arose in any way as a consequence of the incident. 

I. INTRODUCTION 

It has become customary in the atomic energy 
'industry to report reactor incidents in the open 

"Engineering Design and Safeguards Report 
on the Safari 1 Research Reactor". <16 > 

literature. This has been done in the hope that II. BACKGROUND 

by revealing personnel errors, procedural inade- On March 15, 1965, a 10 Ci Pu-Be start-up 
-quacies and instrumental failures, and by ana- source (Fig. 1) was placed in the bottom of an 
lysing the incidents and describing the methods aluminium basket 1.875 in. i.d. and inserted 
used to combat them and prevent recurrences, into a 2.00 in. i.d. hollow beryllium reflector 
ofhers involved in this new and rapidly develop- element in the reactor core. Fuel element 
ing field might benefit. Examples of such reports loading commenced next day and the reactor 
are given in refs. l through 14. It is with this went critical with nine fuel elements and four 
in mind that the present report is presented. control rods during the evening of March 18. 

Safari 1 is a 90% enriched uranium fuelled, Following control rod calibration, the source 
light-water cooled and moderated, tank-type was moved to core location F7 (Fig. 2) on 
research and materials testing reactor based March 23, and on the following day, after load
on the ORR facility at Oak Ridge. It is located ing more elements, the full operating core, as 
at the National Nuclear Research Centre at shown in Fig. 2, was attained. On March 25 
Pelindaba in South Africa. A general outline the source was moved to reactor location El 
of the facility has been given by Roux, <15 > and to increase the counting rate in the start-up 
a more detailed description will be found in the channel, and low power runs were made up to 

547 
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source. 

April 9 when the power was increased to 2.2 
MW. At this time the reactor was run continu
ously, and power was brought up to the design 
maximum of 6. 7 MW in the early morning hours 
of AprillO, and maintained at this level through 
April 13. After this two days were spent per-

NORTH 

forming Xenon build-up and decay tests at 
60 W, and then all plant, including the ventila
tion system, was shut down for the Easter holi
days, April 16-19 inclusive. When the ventila
tion system was started up on the morning of 
April 20 the stack particulate monitor readings 
increased by two orders of magnitude and re
turned to normal values of about 6 X 10 2 counts( 
min. Previously, increases by factors of up to 
five had been regularly observed under noc
turnal inversion conditions, and as the much 
larger rise could be attributed to the build up 
of radon and thoron decay products, it had no 
disturbing effect upon the reactor operators. 

ID. THE INCIDENT 

The reactor was started on April 21 but was 
shut down after a few hours due to an instrument 
fault. Some 10 hr after shutdown the reactor 
hall ventilation duct monitor, which was set 
at 30% above normal background, tripped 
the ventilation system from a 30,000 cfm un
filtered system to a 2000 cfm filtered system 
with stack discharge. The ventilation trips were 
reset and the reactor was started up again 
reaching full power at 00:43 hr on April 22. 

During the rise to power the stack particulate 
monitor readings rose steadily (Fig. 3) and by 
02 :00 hr the shift health physicist had to change 
the range from 104 to 106 counts/min. Neither 
the rate of increase of this reading nor that of the 

• FUEL ELEMENTS 

I!J CONTROL RODS 

£:1 REGULATING ROO 

W"'\) HOLLOW BERYLLIUM 
~ REFLECTOR ELEMENTS 

~ Pu-Bo SOURCE IN 
lbLl HOLLOW ELEMENT 

MASS OF 
235u IN EACH FUEL ELEMENT:::13S·8g • ALUMINIUM FILLER 

ELEMENTS 

MASS oF 
235u IN EACH coNTROL ROD:= l08-9g fll HYDRAULIC RABBIT 

FIG. 2. Safari 1 core configuration at time of incident. 
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FIG. 3. Stack particulate monitor readings from 14:00 hr 21.4.65 to 09:00 hr on 24.4.65. 

stack gaseous monitor reading (Fig. 4) was 
recognized as a serious abnormal condition. 
At 03 :30 hr the duct monitor tripped the re
actor hall ventilation system again and, although 
previous peaks in the duct monitor has been 
observed (Fig. 5), these were attributed to in
strument behaviour. Routine smear tests and 
air samples taken at this time throughout the 
reactor area showed no increases above normal 
background. However, at 04:19 hr the secon
dary water monitor showed abnormally high 
readings, not due to contamination from the 

secondary water but to direct radiation from 
other equipment. Following high readings from 
the reactor fission products monitor at 05:10 hr 
a special survey was started. At 06 :00 hr sever
al areas of high exposure rate were identified 
(50 R hr - 1 at the surface of the primary water 
demineraliser filter, 25 mR hr - 1 at the entrance 
to the degasifier room) and at 07:54 hr the 
sub-pile room monitor tripped its alarm (Fig. 
6). A few minutes later the senior health phy
sicist arrived to take over the shift and on his 
advice the reactor was shut down at 08:34. 
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FIG. 4. Stack gaseous monitor readings from 14:00 hr on 21.4.65 to 09:00 hr on 24.4.65. 

IV. INVESTIGATIONS AND SUBSEQUENT 

ACTION 

Investigation into the cause of the high read
ings was commenced immediately, but fission 
products could not be identified in samples of 
primary water, or any filters. The fission pro
duct monitor filter contained a considerable 
quantity of ion exchange resin known to have 
been released from the de mineralizer at an earlier 
date, and some consideration was given to the 
possibility that the high radiation levels were 
due to the accumulation of activated resin at 
obstructions in the primary water circuit. This 
did not explain high stack readings and therefore 
the reactor was brought up to full power be
tween 17 :02 and 17 :40 hr in order to obtain 
further data (Figs. 3, 5, 6). Within five minutes 
the duct ventilation monitor tripped due to 
direct radiation. At 18 :22 hr the pool water 
monitor gave a high level alarm, and at 20:54 

hr the reactor was shut down because exposure 
rates around the primary coolant circuit were 
high and increasing. While the reactor was 
operating a gas sample was taken from the 
off-gas ventilation system, and by 08:30 hr on 
the following morning (April 23) it was con
firmed that this contained fission products. The 
water level in the pool was lowered to just above 
the surface of the vessel, and a gas sample from 
the vessel showed a high Xenon content. The 
vessel access hatch was removed, and the water 
level lowered slightly to permit water sampling 
from each fuel channel. Initial results were 
indefinite, so sampling continued with the reac
tor operating at 5 kW, having refilled the pool 
and with all process systems shut off. 

A Victoreen VMS-5/830 C continuous moni
tor responding to particulates in air was in
stalled above the pool and after it had sounded 
an alarm at the 168 hr MPC level for radon all 
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FIG. 5. Reactor hall ventilation duct (Kl) monitor readings from 14:00 hr on 21.4.65 to 
09:00 hr on 24.4.65. 

personnel in the area wore full-face or half-face 
respirators. A 5 ml water sample from core 
location E2 (Fig. 2) gave over 90,000 counts/ 
min compared with 6000-10,000 counts/min for 
similar samples from adjacent channels. This 
differential was confirmed during a short run 
at 50 kW and the reactor was shut down just 
before midnight in the belief that the high 
readings may have been due to a faulty fuel 
element. At 01:16 hr on the next morning 
(April 24) a new fuel element was fitted. On 

April 26 it was suggested that the Pu-Be might 
also be considered as a possible source of con
tamination. The ratio 140Lajl40Ba to 103Ru/ 
103Rh in the spectrum of water from channel E2 
was more consistent with a fission product 
release from 235U than from 239Pu. The reactor 
was therefore started up at 15:00 hr and oper
ated at 30 kW to gather more data. Access 
to the reactor hall was, of course, restricted to 
essential personnel and respirators were worn. 
Even with the new fuel element in place water 
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Fra. 6. Some area radiation monitor readings for the period April 21 through May 6, 1965. 

samples from location E2 still showed very high 
readings and it was decided to remove the bas
ket containing the source and nine beryllium 
plugs for visual examination. The source was 
removed with considerable difficulty late on 
April 26, and was seen to have split longitudin
ally (Fig. 7). Discoloration of the steel case 
indicated that very high temperatures had been 
reached. On the following morning activity 
and irradiation levels were seen to be decreasing, 
and the alpha activity in the pool water was 
about 5 X l0-8 p.Cifml. Two days were spent 
in cleaning up the reactor area and considera
tion was given to the safety of starting up the 
reactor again. Although some chips of the 
Pu-Be source were probably in the reactor ves
sel, primary coolant circuit and pool, and would 
release further fission products on start up, it 

was decided that these could best be disposed 
of by operating the plant and allowing the 
primary circuit and pool filters to remove the 
plutonium and fission products. With a close 
watch on activity and radiation levels the 
reactor was run up to 2.2 MW without a source 
in the afternoon of April 28 and kept steady 
for two hours during observations. At 18 :00 
hr power was increased to 4.4 MW, and the 
main source of stack activity was shown to be 
the degasifier. By 19:12 hrs the reactor was 
at full power and all monitor readings began 
to level off. Full power was maintained during a 
warranty run which lasted for the next 7 days. 
Mter this the reactor was shut down with the 
reactor and pool water purification systems still 
running continuously to clean up as much 
activity as possible. 
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Fro. 7. Photographs of ruptured source container. These photographs were taken 
with the source in a plastic bucket, located under about 12ft of water. The upper 
photograph shows the longitudinal rupture along the top of the container. The 

lower photograph was taken with the container rotated through 90°. 

V. HEALTH PHYSICS ASPECTS OF THE 

INCIDENT 

Table I shows the results of personal dosi
meters worn by all people involved in the 
incident and who received more than 10 mR 
exposure. It will be noted that all results are well 
within ICRP Recommendations. Five people 
were selected for special examination, including 
whole body counting, urine analysis, and a com
plete medical examination. All tests showed 

that no person had suffered any injury whatever 
as a result of the incident. 

VI. RELEASE OF AIRBORNE RADIOACTIVITY 

TO THE ENVIRONMENT 

Figures 3 and 4 show that airborne radio
activity was released from the stack whenever 
the reactor was operated. The analysis of gas 
samples showed that the gaseous activity was 
almost entirely due to 133Xe and 185Xe, which 
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Table I. Integrated {3-y Exposure received by Personnel involved in Incident 

Total exposure in mR 

Person Function Film badge Pocket dosimeter 
19.4.65- 22.4.65-9.5.65 
14.5.65 

K.T.B. Reactor operator 30 48 
D.F.C. Reactor engineer 35 75 

J.R.C. Reactor engineer 55 41 
D.K.C. Health physicist 565 603 
G.P.D. Health physicist 385 361 
A.D. Operations manager 293 326 
T.E. Reactor operator 160 91 

D.J.F. Plant engineer 30 48 
R.D.G. Electrician 10 21 

N.G. Chern. operatior.s ass. 30 66 
R.H.J. Reactor operator 17 45 

P.J.J. Plant engineer 160 184 
E.L. Fitter 14 33 

J.M. Reactor operator 80 88 
C.M. Reactor supervisor 150 172 
W.M. Reactor operator 35 46 
C.W.P. Ass. operations manager 30 145 

A.S. Health physicist 80 78 
A.M.V. Reactor operator 10 28 

R.V. Reactor analyst 10 25 
J.D.V. Reactor analyst 200 185 
D.].W. Health physicist 635 535 
B.C.W. Health physicist 260 231 

Table 2. Airborne Particulate Activiry in the Stack at Various Times during 
and Subsequent to the Incident 

p.Cifcc 
Reactor 

Date Time power a 13-r 
X 1010 X lQlO 

22.4.65 18:00-20:00 6.67 MW 0.8 780 
24.4.65 23:01 Off 0.5 1.8 
29.4.65 00:20 6.67 MW 1.9 410 
29.4.65 22:38 6.67 MW 1.4 16 
29.4.65 23:43 6.67 MW 1.4 40 
30.4.65 04:30-06:30 6.67 MW 2.0 300 
16.2.66 11:41 6.67 MW 1.2 21 
23.2.66 10:54 Off 0.7 1.6 
25.2.66 II :45 Off 0.2 0.3 

Note: All measurements were made after allowing 30 min for decay. 
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of course passes unimpeded through the filtra
tion banks. 88Rb and 138Cs, with half-lives of 
18 and 32 min, were identified in the airborne 
particulate samples. These are the decay pro
ducts of the fission product noble gases 88Kr and 
13BXe. It is assumed that the decay nuclides 
rapidly attached themselves to the surfaces of 
dust particles, <17 l which in turn were collected 
by the filter paper of the various monitors and 
samplers. The isotopes 88Rb and 138Cs are not 
listed in the report of Committee 2 of the 
I.C.R.P. <18 l An (MPC)a value of I X I0-6 

11-Cijcm 3 has been calculated <19 l for 88Rb for a 
40 hr week, i.e. approximately 2 X 10-7 11-Cij 
em 3 for a 168-hr week. Table 2 gives airborne 
particulate activity concentrations obtained 
from samples taken on GF/A filter paper from 
the stack, both at the time of the incident 
and more recently. The highest {3-y value 
observed was 7.8 X I0-8 f-LCifcm 3

, well below 
the (MPC)a value for the isotopes identified. 

It is estimated that, for the period April 21 
through May 7, a total of 2.5 Ci of particulate
borne activity (mainly 88Rb and 138Cs) and 
of the order of 650 Ci of gaseous activity was 
discharged from the stack. On the basis of 
relative toxicities, this is equivalent to about 
10 Ci of 1311, which is within our accepted 
monthly release. 

VII. DISCHARGE OF ACTIVE EFFLUENT 

ONTO THE SITE 

During water sampling procedures on April 
23 the active waste tanks became full due to 
normal drainage from the building. At this 
time the effluent treatment plant was incomplete 
and no other transfer tank was available. Ap
proximately I 000 gallons of water with an acti
vity of 0.14 11-Cijml were pumped out onto the 
ground resulting in a contaminated area about 
60 X 30 yd which was fenced off. No contamin
ation of any dam, river, or water supply re
sulted from this, and by May II the activity 
of the soil was normal for alpha activity (50 
pCi/g) and only six times background for beta 
activity. 

VIII. ENVIRONMENTAL SURVEY RESULTS 

The normal levels of airborne activity around 
the plant were already well established before 
the incident. <20 l These data enabled the high 

levels during the incident to be interpreted, and 
it appeared that the only observable fission 
product escape was of the noble gases Krypton 
and Xenon. Gamma surveys over a 500 yd rad
ius on April 22 and over a 5 mile radius on 
April 29 showed no increase above normal levels. 

IX. HEALTH PHYSICS COVERAGE OF 

OPERATIONS 

The Reactor H.P. personnel consisted of two 
health physicists and three H.P. technicians, 
two of them untrained at the time of the inci
dent. This was considered sufficient for normal 
reactor operation for one shift a day, five days a 
week. Prior to fuel loading operations, the 
building had been classified into zones on the 
basis of expected radiation and contamination 

hazards. Regulations governing entry to and 
exit from the zones had been issued. A com
prehensive pre-start up survey of background 
radiation, air and surface contamination was 
conducted. This was repeated at various power 
levels. 

Few of the operations personnel had previous
ly had experience of working in high radiation 
fields and areas of gross contamination. Pre
viously simple routine jobs now involved con
siderable risk of spreading contamination, of 
ingesting or inhaling radioactive material, and 
of receiving an excessive external radiation dose. 
All available H.P. personnel on the site were 
employed in providing 24-hr coverage of the 
numerous jobs that had to be performed in high 
radiation and/or contamination areas. This in
volved the demarcation of such areas by con
ducting radiation and smear surveys and taking 
air samples, controlling the access of personnel 
to the areas, deciding what protective clothing 
and respiratory equipment should be worn, etc. 

The most serious problems that arose were; 

(a) A shortage of trained health physics per
sonnel, particularly those with sufficient know
ledge and experience to make value judgements; 
and 

(b) communications between operations per
sonnel and health physicists. On several 
occasions, unnecessary exposure occurred or 
contamination was spread due to operations 
being carried out without first contacting 
health physics. 



Date 

22.4 
23.4 

24.4 
25.4 

28.4 

29.4 

30.4 

1.5 

2.5 

Table 3. Airborne Particulate Activity Levels under Normal Operating Conditions and at Various Times during Incident 
(Readings after 30 min decay, except those followed by asterisk, which u:ere qfter 5 min decay) 

Overpool Control room Basement Process wing 
Reactor p.Cifcc p.Cifcc ,_,.Cifcc p.Cifcc 

Times power 
MW a {3y a {3y a {3y a fly 

X 10'" X lQlO X JOlO X JOlo X lQlO X lQlO X 10'o X 1010 

Normal 0 0.6 to 2 3 to 8 0.9 to 3 4 to 20 0.8 to 2 4 to 7 0.3 to 2 2 to 8 

Normal 6.7 0.8 to 2 3 to 7 2 to 3 6to!O 2 to 3 6 to 10 0.7 to 2 3 to 7 

18:00-20:00 .6.7 1 40 - - 2 4 0.6 4 
21:30 5.4kW - 700 - - - - - -
22:00 5.4kW - 100 - 20 - - - -
00:21 Off - 1000* - - - - - -
01:05 Off - 200* - - - - - -
09:00-10:30 Off - 10* 0.4 20 - - - -
12:00-15:30 Off l 4 I 9 - - 0.6 2 
20:22 6.7 1 300 - - - - - -
23:24 6.7 3 600 - - - - - -
03 :00--03 :30 6.7 - - 4 20 5 60 3 10 
15:20--18:00 6.7 - 900 2 10 - - - -
22:05 6.7 2 100 - - - - - -
04:30-06 :30 6.7 4 400 3 20 4 40 3 10 
22:17 6.7 - 200 - - - - - -
02 :00--05 :00 6.7 6 300 5 20 5 30 4 10 
12:15 6.7 300t 5000t - - - - - -
01:00--02:30 6.7 5 400 - - 4 40 3 20 
19:35 6.7 0.7 200 - - 0.9 !0 0.3 20 

t Very large sample. Mter 5 hr decay, readings were 0.8 and 20 for a and /3, respectively. 

c..n 
c..n 
O'l 
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Table 3 gives some typical airborne concen
trations of fJ-y particulate activity observed 
during the period under discussion. The high 
{3-y value observed at 21 :30 hr on April 23 
occurred while water samples were being drawn 
from each fuel element in turn in the search 
for the source of the fission products in the 
primary cooling system. 

for alpha contamination, so the positive results 
were presumably due to plutonium. The fact 
that the contamination was transferable indi
cated the possibility that it could become 
airborne. 

The 40-hr week (MPC)a for 239Pu is 2 X 10-12 

fLCifcm 3 = 4.44 d.p.m.fm 3 ofair. The last value 
in Table 4, 1.4 X 10 -s fLCifcm 2, is equal to 
3108 d.p.m./100 cm 2

• The dispersion of just 2% 
of this activity into the air would be sufficient 
to give an (MPC)a value for 14m3 of air. For 
the above reasons, all areas where transferable 
surface contamination was found to be present 
were carefully decontaminated as soon as 
possible. 

Table 4 presents the results obtained from 
some of the numerous smear samples taken 
during the incident in the search for abnormal 
surface contamination. The major cause for 
concern in the results shown in Tables 3 and 4 
was the long-lived alpha values. All smear 
tests before the incident had yielded zero values 

Table 4. Some Typical Smear Sample Results obtained during Incident 

p.Cifcm 2 

Date 

27.4 

28.4 

29.4 

1.5 

Location of smear 
a 

X 10 5 

Upper portion of pool gate: West side -
Upper portion of pool gate: North side 6.6 
Upper portion of pool gate: South 

(partly washed) -
Entrance to overpool area, west -

Floor in front of elevator entrance, 
overpool level -

Elevator floor -

Gallery floor, in front of steps -

Beam port floor, in front of steps 0.124 
Handling tool storage floor 7.72 

Overpool floor, blue side of change room -
Overpool floor, red side of change room -

Overpool level, north wall above crane 0.001 

Beam port floor, door out of reactor 
hall to main entrance 0.007 

Beam port floor, south of handling tool 
storage 0.20 

Overpool floor, east, next to steel stairs 0.082 

Overpool floor, south-west corner of 
storage rack 0.245 

Overpool floor, between storage rack 
and pool 0.015 

Overpool floor, between storage rack 
and pool 1.4 

Note: The maximum values for blue contamination zones are 

1 X 10-5 p.Cifcm2 = 2220 dis/min/100 cm2 for alphas and 
1 X 10-• p.Cifcm 2 = 22200 dis/min/100 cm 2 for betas. 

{3 

X 104 

I 1.2 
5.6 

6.5 
0.03 

0.17 
0.03 
0.26 
0.51 

18.1 
0.06 
0.38 
0.001 

O.Dl8 

2.8 
0.68 

0.12 

0.12 

1.10 



Table 5. Radiation Levels at Various Points inside the Process Wing 

Primary demin. Pool system 
Shut Primary Primary Primary strainer filters Primary filters 

Reactor down pump heat 

I 

degasi- Off-
Date Time MW pump pipe exchanger On On East West fier gas Full Demin-

pipe tank pipe tank line flow eralizer 

mRjhr mRjhr Rfhr mRfhr mR/hr Rjhr Rjhr mRjhr mRfhr mR/hr mR/hr 

Before incident 6.7 3.2 8.2 4.4 x w-• 4.1 - 0.170 0.170 8.0 - 0.8 0.8 
22.4 08:00 6.7 2000 2000- 5.0 - - - 150 - - - -

3000 
22.4 20:49 6.5 5500 5000 16.0 - - 16.0 - - - - -
23.4 10:15 Off 68 110 4.0 - - 3.7 - 130 12.5 - -
24.4 12:15 Off 28 42 2.3 - - 21 12 35 2.fi - -
25.4 12:10 Off 17 27 1.4 - - 17 - 11 1.:3 - -
26.4 19:20 Off 12.5 20 1.6 40 45 15 8.5 8.0 0.9 - -
28.4 16:15 Off 70 12 1.9 25 47 16 8.0 7.0 1.0 60 200 
28.4 16:35 Sta1ted 60 10 1.4 20 35 15 6.0 4.3 0.7 56 135 
28.4 17:15 0.277 70 36 1.4 60 57 15 6.0 11.0 1.3 85 150 
28.4 17:35 2.2 160 230 1.5 350 220 16.5 6.2 60 6.0 110 160 
28.4 18:25 4.4 430 750 1.65 1000 620 21 6.6 300 27 175 175 
28.4 19:40 6.7 680 1200 2.15 1300 950 26 7.3 410 45 300 180 
29.4 18:30 6.48 450 720 2.2 BOO 550 26 7.0 380 33 900 270 

1.5 15:30 6.53 360 500 1.9 600 390 23.5 5.2 250 21 780 195 
3.5 20:50 6.48 340 460 2.0 510 375 21.0 6.0 260 21 900 185 
5.5 16:29 6.5 255 350 1.6 - - 18.0 - 200 - 750 160 
6.5 19:45 0.020 110 42 1.5 50 68 15.0 4.0 19 1.8 500 100 

End of year 6.7 95 200 0.170 - - 8.0 - 200 - 60 48 
Similar reactor -

after 6 days at 20 - 400 0.180 - - 0.5 - - - - 10 

Note: The west primary demin. filter was on line at the time of the incident. The east one was placed on line during the day of 22.4.65. 



HEALTH PHYSICS ASPECTS OF A Pu-Be START-UP SOURCE FAILURE 559 

No method for the biological monitoring of 
ingested or inhaled plutonium was available 
at this time. A method for analysing the amount 
of plutonium excreted in the urine was sub
sequently developed and none has been detected 
in the urine of operations personnel since tested. 

Apart from the known presence of plutonium 
and fission product contamination in the reactor 
water systems, a major concern was the high 
radiation levels in the process wing, particularly 
on the primary filters. Table 5 gives a selec
tion of radiation readings, during and after 
the incident. Some comparable data from a 
similar reactor are also given. 

Table 5 shows how dramatically the radiation 
dose rates rose when the Pu-Be source was 
ruptured and, also, the effect of subsequent 
reactor operation on the levels. In most cases 
the year-end values, while considerably lower 
than at the height of the incident, were still 
very significantly higher than those obtained 
prior to the rupture. 

The effect has been to demand much stricter 
health physics control over maintenance work 
in the process wing, particularly when such 
work involved breaking into the primary or 
pool water systems. It was nevertheless possible 
to prevent any of the operations personnel from 
acquiring any radioactive body burden or from 
receiving greater than the permissible quarterly 
radiation dose of 3 rem. 

X. DISCUSSION AND CONCLUSION 

Calculations that were carried out subsequent 
to the rupture indicate that the cooling for the 
source, in the core location chosen, was probably 
inadequate for operation at 6. 7 MW. 

The incident emphasised the following essen
tial requirements for the construction and opera
tion of a reactor: 

(i) checking of design, materials and con
struction of every part of the reactor 
system; 

(ii) checking of all reactor operations; 
(iii) planning for accident conditions; 
(iv) provision of adequate H.P. coverage; 
(v) provision of sufficient protective cloth-

ing; 
(vi) provision of adequate waste disposal 

facilities; 

I.R.P. VOL. 1-T 

(vii) provision of a radiological training pro
gramme for all radiation workers. 

Although the resources of the reactor health 
physics group have been taxed to the limit, a 
great deal of invaluable experience has been 
gained in a fairly short period. 
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CONSEQUENCES DU POINT DE VUE DE LA 

RADIOPROTECTION D'UN INCIDENT DE CONTAMINATION 

ETENDUE A LA PILE EL.3 DU CENTRE D'ETUDES 

NUCLEAIRES DE SACLA Y 

L. FITOUSSI et P. LEBOULEUX 

Commissariat a l'Energie Atomique, Centre d'Etudes Nucleaires de Saclay* 

Resu:n1e--Un incident mecanique sur une cellule presentant une rupture de gaine a eu 
comme consequence un incident radio-actif. Cet incident s'est produit pendant le transfert de 
cette cellule de la cuve de Ia pile, a Ia cuve de stockage. II en est resulte une emission de 
produits de fission qui s'est prolongee pendant plusieurs jours, et une contamination etendue 
des aires de travail et des parois du batiment de stockage. 

Apres avoir indique les resultats des mesures de contamination effectuees dans les fluides de 
refroidissement de Ia pile, dans !'air, sur les surfaces et a la cheminee de !'installation, les 
auteurs presentent leurs observations sur !'emission des produits de fission et leur comporte
ment dans les conditions de !'incident. 

D'autre part, les auteurs presentent les consequences de !'incident du point de vue de la 
radioprotection. 

I. INTRODUCTION 

L'objet de cette communication est de pre
senter quelques observations sur les conse
quences d'un incident survenu a la pile EL.3 
du Centre d'Etudes Nucleaires de Saclay. Il 
s'agit d'un incident de rupture de gaine d'un 
element de combustible qui a conduit a une 
contamination radio-active tres etendue parce 
qu'il s'est conjugue avec un incident mecanique 
survenu au cours des deplacements de la cellule 
incriminee. 

Cet incident est caracteristique parce qu'il 
est la consequence d'une suite de deux circon
stances dont les probabilites d'occurrence sont 
relativement faibles. 

II. CIRCONSTANCES DE L'INCIDENT 

2.1. Presentation de la pile EL.3 (Fig. 1) 

La pile EL.3 est une pile a eau lourde. Sa 
puissance nominale est. de 15 MW pour un 
flux thermique maximal de 1014 neutron/em 2 

• s. 
Cette pile sert en particulier a tester les com
bustibles nucleaires et son chargement com-

• B.P. No. 2, gif S. Yvette 91, France. 

prend 15 a 20% de cellules experimentales. 
C'est sur une cellule de ce type qu'est survenue 
la rupture de gaine. 

La mise en place et !'extraction des cellules 
s'effectue pile a l'arret, avec une hotte blindee. 
Cette hotte est munie d'un dispositif autonome 
de refroidissement des cellules (Fig. 2). 

Les cellules extraites sont transportees dans 
le batiment de stockage adjacent au batiment 
de la pile. Avant stockage, les cellules sont 
examinees aux rayons X, en particulier, celles 
presentant une rupture de gaine (Figs. 3 et 4). 

2.2. Description de !'incident 

L'incident s'est produit au cours d'un examen 
radioscopique d'une cellule ayant un taux de 
combustion de 3 650 MWj/t et presentant une 
rupture de gaine ( cf. annexe I). La cellule, 
dont le dispositif d'accrochage s'est deteriore, 
est tombee dans le puits du sas d'observation 
et s'est coincee entre le sas d'observation et la 
hotte blindee. 

La partie superieure de la cellule (sans 
uranium) est restee engagee dans la hotte 
blindee. 

561 
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Fw. 1. Vue eclatee du bloc pile. 

L'echauffement du combustible, qui ne peut 
etre refroidi dans cette position, a provoque une 
contamination atmospherique due a un degage
ment important de produits de fission qui a 
cesse lorsque le puits du sas d'observation a ete 
rempli d'eau. 

La cellule est transferee successivement dans 
deux alveoles de la cuve de stockage, pour 
cellules avariees, car la premiere alveole de 
stockage s'est averee non etanche et insuffisam
ment refroidie (Fig. 5). 

C'est au cours de ces operations que le bati
ment de stockage, isole fort heureusement du hall 
de la pile, a ete presque entierement contamine. 

ill. CONTR0LES DE RADIOPROTECTION 

3.1. Contamination atmospMrique 

Pendant toute la duree des operations, la 
contamination atmospherique a ete controlee 

par des prelevements effectues sur papier filtre 
et charbons actifs. Les resultats obtenus sont 
portes sur la courbe de la Fig. 6. 

A partir de ces resultats, l'activite totale de 
l'iode 1311iberee dans !'atmosphere du batiment 
a ete evaluee a environ 0,1 a 0,2 Ci. Cette valeur 
a ete corroboree par les mesures effectuees dans 
l'air rejete par la cheminee de la pile qui ont 
donne 0, 17 Ci. Ces dernieres mesures ont mon
tre que l'activite des produits de fission solides 
rejetee dans !'atmosphere etait inferieure a 
2.10 - 4 Ci en raison de· l'efficacite des filtres du 
circuit d'extraction d'air. <1 > 

Neanmoins, des controles par prelevements 
d'herbe ont ete effectues autour du Centre 
d'Etudes Nucleaires de Saclay, dans 1a direc
tion des vents dominants. Comme prevu, ces 
prelevements n'ont pas permis de deceler la 
presence de produits de fission. Par contre, des 
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FIG. 2. Hotte de defournement. 

prelevenients de thyroi"de de bovins ont donne 
des resultats positifs (jusqu'a 48 pCifg). Toute
fois, rien ne permet de conclure actuellement 
que cette contamination ait ete liee aux rejets 
d'iode a partir de·EL.3. . 

REMARQUE: Du fait du taux de combustion 
relativement eleve de l'uranium, la quantite des 
isotopes du plutonium forme dans le combus
tible etait importante: de l'ordre de 1 mg par 
gramme d'uranium. En adniettant un taux 
d'emission· du plutonium de l'ordre de 1% 
de la quantite formee, on calcule un risque 

potentiel de contamination par le plutonium de 
l'ordre de 2 a 10% du risque potentiel du a 
l'iode 131. Cependant, dans les mesures faites 
a posteriori sur les prelf:vements, il ne nous a 
pas ete possible de mettre en evidence le 
plutonium. 

3.2. Contamination des surfaces 

Par suite de !'emission importante des pro
duits de fission, de fortes contaminations des 
surfaces de travail, des parois et du plafond 
du batiment ont ete observees (tableau I). Les 
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Fw. 3. Hotte de defournement sur le toit de la pile. 

Frc. 4. Coupe schemati:jue du ba.timent de la pile et du batiment de stockage. 
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FIG. 5. Alveoles des cuves pour elements irradies du batiment de stockage. 
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FIG. 6. Evolution de la contamination atmospherique dans le batiment de stockage. 
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contaminations les plus importantes ont ete 
mesurees sur les aires de travail ( 10 - 5 a 10-3 

Ci/dm 2) et sur la hotte blindee de defournement 
des cellules. A. l'interieur de cette hotte dans 
le logement de la cellule, la pollution etait 
telle que l'on a mesure une intensite d'irradia

tion de l'ordre de 100 radfh. 

IV. ETUDES DES RESULTATS DES MESURES 

DE LA CONTAMINATION 

Les resultats des mesures effectuees sur les 
prelevements atmospheriques et de surfaces nous 
out conduits a formuler quelques observations 
sur le comportement des produits de fission. 

Pour pousser plus a fond nos investigations 
concernant !'evolution de !'incident, nous avons 
ete conduits a effectuer des prelevements dans 
les circuits d'eau lourde et d'helium de la pile 
EL.3, ainsi que dans le puits du sas d'observa
tion et Ia premiere alveole de stockage de la 

cellule. 

4.1. Emission des produits de fission dans les circuits 

de la pile 

A. partir des resultats de ces prelevements 
donnes au tableau 2 et d'hypotheses simples, 
nous avons calcule la quantite d'uranium mise 
en jeu au fur et a mesure de !'evolution de 
]'incident et les pourcentages des produits de 
fission emis dans l'eau lourde. 

La quantite d'uranium impliquee dans la 
rupture de gaine a ete tout d'abord calculee en 
supposant un taux d'emission de 100% des gaz 
de fission et le passage de l'activite totale de ces 
gaz dans !'atmosphere en helium de la cuve. <3- 5 •

8 > 

Avec ces hypotheses, la masse d'uranium cal
culee est de 10 grammes. On en a deduit les 
activites des autres produits de fission formes. <2> 

En fait, une rupture de gaine n'entraine 
pas obligatoirement la fusion de !'uranium. II 
en resulte que le taux d'emission reel des gaz 
de fission est inferieur a 100%. En admettant un 
taux d'emission compris entre 20 et 70% <9 • 

10 > 

la quantite d'uranium touchee par la rupture de 
gaine est comprise entre 15 et 50 g. 

Les pourcentages d'emission des produits de 
fission dans l'eau lourde au moment de la rup
ture de gaine peuvent etre compris entre les 
deux valeurs mentionnees dans le tableau 2. 

Mis a part le taux d'emission du 137Cs qui 

peut paraitre eleve, ces resultats semblent en 
assez bon accord avec les valeurs generalement 
admises. 

4.2. Comportement des produits de fission liberis dans 

le batiment 

4.2.1. Les rcsultats concernant 131! et 137Cs 
des analyses effectuees sur les prelevements d'eau 
du puits du sas d'observation et de la premiere 
alveole de stockage ont montre que les activites 
de ces deux radio-elements liberees successive
ment dans ces deux volumes etaient 5, puis 
40 fois, superieures a celles liberees dans l'eau 
lourde. 

Ces resultats out done confirme !'aggravation 
progressive de !'incident en raison du mauvais 
refroidissement de !'uranium du aux mauvaises 
conditions de stockage. Les quantites d'uranium 

mises en jeu evaluees a partir de ces deux radio
elements, comparativement aux resultats ob
tenus dans l'eau lourde sont respectivement de 
l'ordre de 10 2 et de 103 grammes. La valeur 
maximale calculee de 2,3 kg a ete confirmee 
par les examens visuels et radiographiques qui 
ont ete effectues ulterieurement. 

4.2.2. Les constatations les plus marquantes 
du comportement des produits de fission liberes 
dans le batiment sont les suivantes: 

-Mis a part l'iode 131, nous avons trouve, 
dans !'atmosphere et sur les surfaces, les memes 
produits de fission dans les memes proportions 
relatives moyennes. 

Ces proportions relatives moyennes, en pre
nant le couple 140Ba-La comme unite, sont les 
suivantes: 

95Zr-95Nb 1,2 
103Ru 0,5 
140Ba-uoLa 1 
141Ce 0,5 

-L'iode 131 dont la presence dans !'atmo
sphere a ete mise en evidence et suivie 
reguW:rement n'a pu etre decele sur les surfaces 
contaminees. Les raisons evoquees pour rendre 
compte de ce resultat sont d'une part, la faible 
vitesse de depot <6

• 
7> et, d'autre part, la diffi

culte de le prelever sur des surfaces par simple 
frottis. 

-Les Cesium 134 et 137 n'ont pas ete mis 
en evidence dans !'atmosphere du batiment, 
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bien que les activites mesurees dans 1' eau lourde, 
les eaux du puits du sas d'observation et de Ia 
premiere alveole de stockage sont relativement 
importantes. 

V. CONSEQUENCES DE L'INCIDENT DU POINT 

DE VUE DE LA RADIOPROTECTION 

5.1. Irradiation externe et interne du personnel 

Les differentes operations de transfert et de 
stockage de la cellule defectueuse ont necessite 
!'intervention de 49 personnes. Une regie
mentation stricte des conditions de travail a 
conduit a des irradiations externes relativement 

faibles puisque pour Ia duree des operations 
(environ 10 jours de travail) 47 personnes ont 
subi une irradiation inferieure a 300 mrem et 
deux personnes ont subi respectivement 315 et 
550 mrem* (cf. annexe II). 

Les contaminations internes ont egalement 
ete faibles. En general, elles ont ete subies le 
premier jour au cours de la brusque emission 
de produits de fission, alors que le personnel 
ne portait qu'un appareil respiratoire filtrant. 
Les contaminations internes mesurees par le 
Service Medical ont ete inferieures a 50 CMA.h 
et le plus souvent de l'ordre de I CMA.h. t 

5.2. Enseignements acquis ala suite de l'incident 

Des enseignements utiles ont ete acquis a Ia 
suite de cet incident. Ces enseignements con
cernent l'equipement des locaux, l'equipement 
du personnel, les materiels et les methodes de 
mesure en radioprotection ( cf. annexe III). 

Quoique cet incident n'ai eu que des con
sequences tres limitees concernant les irradia
tions externes et internes du personnel, il a pris 
une ampleur inhabituelle par sa duree, les taux 
de contamination atteints, !'importance des 

* Les niveaux d'irradiation mesures, dus a la 
presence des gaz de fission, a la contamination des 
surfaces et des fuites de rayonnement, etaient 
generalement inferieurs a 40 mradfh. Une seu1e 
intervention de td:s courte dun~e n'interessant que 
les mains et les avant-bras, a du etre effectuee dans 
une intensite d'irradiation de 70 radfh. 

t La CMA pour l'iode 131 est de 4,5.10·• Cifm 8 

{reg1ementation EURATOM) 1 CMA.h correspond 
a une quantite inhalee de 5,6.10-• Ci. 

I.R.P. VOL. I-T* 

surfaces contaminees et le nombre des personnes 

impliquees. 
Il convient done d'etre extremement vigilant 

en cas d'incident meme apparamment mineur, 
survenant sur des materiaux presentant des 
risques radio-actifs importants. 

Une fois de plus, nous constatons, que des 
verifications minutieuses et systematiques, tant 
sur les projets d'appareillage que sur les me
thodes de travail, peuvent dans certains cas 
economiser beaucoup de temps et d'argent meme 
si a la longue, elles peuvent apparaitre fasti
dieuses et inutiles. 

ANNEXE I 

Caracteristiques de la cellule 

Combustible: Uranium enrichi a 1,6% allie a 
du molybdene (0,22%), du fer (0,03%) 
et du chrome (0, 11 %) 

Poids de combustible: 12,4 kg (soit environ 3,1 kg 

par cartouche) 
Taux de combustion: 3 650 MWjjt 

La rupture de gaine a ete signalee le 28 
Octobre 1965 a 9h 25 par le dispositif de detec
tion de rupture de gaine, alors que la pile 
fonctionnait a 4 MW depuis 9h 07. Cette alarme 
a provoque I' arret de la pile par chute des barres 
de securite. 

Auparavant, Ia pile etait a l'arret depuis le 
21 Octobre 1965 a 18h. 

ANNEXEll 

Conditions de travail pendant les interventions 
dans le Mtiment de stockage 

1. Les conditions de travail dans le batiment de 
stockage ont ete reglementees pour limiter 
!'irradiation externe et la contamination des 
equipes d'intervention. 

2. Les equipes d'intervention etaient consti
tuees de 3 agents du Service d'exploitation 
de la pile et d'un agent du Service de pro
tection contre les radiations. 

3. Le temps de travail par equipe etait de 
l'ordre de ! d'heure d'une part, pour limiter 
!'irradiation externe et, d'autre part, en raison 
de l'autonomie de 20 minutes conferee par 
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Tableau 1. Contamination des Surfaces Dans le Batiment de Stockage 

Zone contaminee 

Niveau + 7 m (1) 

Niveau 0 
Niveau-6 m 
Pont rou1ant 
P1afond ( + 22 m) 
Parois vertica1es 

Surface interessee 
m• 

130 
200 
200 

30 
400 

1 500 

<1> Niveau ou 1es travaux etaient effectues. 

Taux de contamination 
Ci/dm 2 <•> 

10-5 a 10-3 

10-8 a 10-5 

10-7 a 10-8 
10-8 a 10-4 

10-8 
10-7 

<2> Radioelements identifies 95Zr-95Nb-103Ru-uoBa-1•oLa-141Ce 

Tableau 2. Emission des Produits de Fission dans les Circuits de la Pile El.3 Lars de la 

Rupture de Caine 

Activite vo1umique Pourcentage d'emission dans 
Ci/m 3 D20 

Radio elements 
Circuit He Circuit D 20 I II 

1ssxe 2,8.10-1 

185Xe 2,3.10-2 

s5mKr 2,9.10-3 
88Kr-88Rb 1,5.10-3 

oszr-•sNb 6.10-• 5 1-3 
97Zr-97Nb 9.10- 3 10 2-6 
1osRu 4.7.10- 2 10 2-8 
!31J 5,8.10-2 20 4-13 
137Cs 7.10- 3 50 10-35 
HOBa-I•oLa 3, I.IO-• 2 

I 
0,5-1,5 

141Ce 4,2.10-• 5 1-4 

I. En supposant un taux d'emission des gaz rares de 100% (fusion uranium) 
II. En supposant un taux d'emission des gaz rares de 20 a 70%. <9 • 10> 

les bouteilles d'air des appareils respira
toires. 

ANNEXEm 

4. Pour les interventions effectuees sur la cel
lule avariee, l'emploi d'un scaphandre en 

Mesures envisagees consecutives aux enseignements 

acquis ala suite de ['incident 

Equipement des locaux. · matiere plastique recouvrant les vetements 
de travail et l'appareil respiratoire isolant 
etait indispensable pour limiter la contami
nation radio-active du personnel (Fig. 7). 
Cependant, ce scaphandre n'etait pas revetu 
pour les travaux de preparation sans inter
vention sur la cellule, afin d'augmenter le 
rendement du personnel. 

-Amenagement de vestiaires speciaux pour 
le ba.timent de stockage 

-Mise en place d'un dispositif de ventilation 
autonome a efficacite elevee dans le bati
ment de stockage 

-Necessite d'une possibilite d'isolement des 
zones de travail dans les batiments de pile 
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pour eviter la generalisation de la con
tamination a la suite d'incident de ce type. 

Equipement du personnel. Un risque grave d'as
phyxie est apparu dans !'utilisation de l'appareil 
respiratoire isolant porte a l'interieur du sca
phandre. II a ete decide, d'une part, de revoir 
le dispositif de securite de l'appareil isolant 
signalant l'epuisement de la reserve d'air, et, 

FIG. 7. Scaphandre utilise pendant 1es interven
tions dans le batiment de stockage. 

d'autre part, d'utiliser un autre type de sca
phandre (fig. 8). 

Materiels et methodes de mesure en radioprotection. 
-Necessite d'une reserve importante de 

materiel de radioprotection a stocker dans 
des armoires facilement accessibles et pro
tegees contre la contamination radio
active. 

-Mise en evidence des risques potentiels des 
isotopes du plutonium dans le cas des cel
lules de combustibles presentent des taux 
de combustion Cleves. 

-Mesure des contaminations deposees sur 

les surfaces a l'aide de prelevements effec
tues. sur papier gomme (methode analogue 
a celle utilisee pour les retombees des 
explosions nucleaires) et par mesure directe 

par spectrometric y. 
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COMPARISON OF FISSION PRODUCT RELEASES FROM 

THE DESTRUCTIVE TESTS OF TWO SNAP IOA/2 REACTORS* 

0. L.CORDES 

Phillips Petroleum Co., Atomic Energy Division, Idaho Falls, Idaho 

Abstract-Retention of fission products by the water environment surrounding a water
moderated reactor has long been considered an effective measure for reducing the radiological 
consequences of a reactor accident. Little credit has been taken for this factor in reactor 
safety analyses, however, because experimental evidence as to the degree of this reduction has 
been lacking. 

An unusual opportunity to study the retention effect of the water environment upon the 
fraction and type of fission products released during a reactor accident was provided as part 
of an experimental program in aerospace safety conducted by Phillips Petroleum Company 
for the United States Atomic Energy Commission. In separate experiments two modified 
SNAP lOA/2 flight system reactors containing fuel made of an alloy of uranium and zirconium
hydride were intentionally destroyed. One of these reactors was tested while immersed in 
water and the other was tested in air to determine the consequence of an uncontrolled self
limiting excursion in each of these environments. 

This paper compares the fission product release information obtained from these experi
ments and evaluates the fission product retention effect of the water environment. The major 
conclusions reached regarding the retention effect of the water environment are that: 

1. The water cooling effect on the hot fuel, which limited the destruction of the fuel and 
caused the fission products to remain trapped in the fuel matrix, is an important mechanism 
in suppressing the release of fissiOn products. 

2. The release fraction of noble gas fission products is greatly reduced by a water environ
ment. Only 4% of the total noble gas fission products were released from the water-immersion 
test. 

3. Halogen and "solid" fission products from an underwater destruction excursion are 
completely retained, provided the water environment exists following the excursion. 

I. INTRODUCTION fraction of fission products released. (lJ This 

approach has certain limitations since it is 

necessary to scale the results from the capsule 

experiments to full-scale integral-core reactors. 

Because the conditions in a full-scale reactor 

core vary from point to point and cannot be 

uniquely represented by a small isolated sample, 

the methods for scaling are approximate and 

not well known. This uncertainty in scaling 

generally results in an over-conservative estimate 

when applied to fission product releases. 

In the safety analysis of many water-cooled 

reactors the coolant has been assumed to supply 

an additional barrier to the release of fission 

products. However, little credit has been taken 

for this factor because experimental evidence 

as to its effectiveness has been lacking. In the 

past, information concerning the effectiveness 

of such a barrier was . studied by subjecting 

small, fueled capsule experimentS to· conditions 

simulating a reactor accident and observing 

the effect of an added water barrier upon the An ideal experiment for determining the 

extent a water environment reduces the release 

*Work performed under the auspices of the U.S. of fission products from a reactor accident would 

AtomicEnergyCommission(ContractAT(l0-1)-205). consist of two full-scale reactor destructive tests, 
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with one reactor immersed in water and the 
other in air. This use of full-scale integral-core 
reactors would eliminate the necessity of scaling 
the results of smaller capsule-type experiments 
to actual reactor accident conditions. 

An approximation to this ideal experiment 
occurred as part of an experimental program in 
aerospace safety conducted by Phillips Petro
leum Company for the United Stales Atomic 
Energy Commission at the National Reactor 
Testing Station in Idaho. In this experiment, 
designated the SNAPTRAN program, two modi
fied SNAP lOA/2 flight system reactors were 
intentionally subjected to severe reactivity in
sertions which resulted in their destruction. The 
first of these was an underwater test designed 
to determine the radiological consequences of an 
accidental immersion of one of these reactors in 
water, such as could occur from the aborting 
of an attempted launch of the reactor into orbit 
around the earth. The second test was con
ducted in an air atmosphere to gain information 
on reactor kinetics as well as to demonstrate 
the radiological consequences of an uncontrolled 
self-limiting excursion in an air environment. 

The purpose of this paper is to compare 
the fission product release data from these two 
destructive tests in order to evaluate the extent 
to which the water environment reduced the 
release of fission products to the atmosphere. In 
addition, radiological instruments and sampling 
techniques are briefly described. 

2. REACTOR DESCRIPTION 

The two reactors used in the SNAPTRAN 
destructive tests were SNAP 1 OA/2 flight system 
reactors with modified control systems to provide 
for rapid insertion of reactivity. Each of the 
identical reactor cores contained thirty-seven 
fuel rods in a thin, cylindrical, stainless-steel 
vessel approximately 23 em in diameter and 31 
em in height. The fuel rods were made from a 
homogeneous alloy of zirconium-hydride and 
uranium and were clad with Hastelloy-N. With 
this arrangement, each reactor contained 4. 75 kg 
of U-235 and 464 g-moles of hydrogen. For 
normal flight system operation, an external, 
fixed beryllium reflector was placed around 
the core to provide sufficient neutron reflection 
for reactor operation and the interstitial spaces 

in the core were filled with a sodium-potassium 
(NaK) liquid-metal coolant. 

For the water-immersion test, the reactor 
was located in a concrete environmental tank 
which had an internal diameter of 4.25 m and 
a depth of 3.1 m. When filled, the water depth 
above the reactor was approximately 1 m. The 
size of the tank was selected to simulate a large 
body of water yet remain small enough to 
facilitate pressure measurements and evaluation 
of other phenomena. Because it had been shown 
that the normal beryllium reflector would be 
stripped from the reactor during entry into 
water following a launch abort, the beryllium 
reflector was not used in the water-immersion 
test. Instead, the water environment provided 
the necessary neutron reflection to achieve 
criticality, and the axial position of a 0.64-cm
thick, neutron-absorbing, boron-aluminum sleeve 
controlled the reactor. The NaK coolant was 
used, however, to provide for the possibility of an 
additional energy release through a NaK-water 
reaction. To initiate the test the boron-alu
minum sleeve was rapidly withdrawn from 
around the reactor by a pyrotechnic actuator. 

For the open-air destructive test, the reactor 
was mounted in the normal beryllium reflector 
assembly to simulate the space reactor package. 
Reactor control was accomplished by the posi
tion of beryllium drums which were rotated into 
rounded slots 90 degrees apart in the fixed 
beryllium reflector (Fig. 1). Rapid reactivity 
insertion was achieved by rapidly rotating the 
steel drive shafts of the beryllium drums with a 
rack-and-pinion gear train connected to a 
pneumatically driven cylinder and piston. 

To facilitate movement from the test area to 
the assembly and examination area, both test 
reactor packages were mounted on railroad 
dollies. Reactor control and initiation of the· 
destructive tests were accomplished from an 
underground shielded equipment and control 
building adjacent to the reactor test pad. The 
shielded roadway tunnel shown in Fig. 2 gave 
access to the underground area. The test cell 
building, also mounted on railroad-type wheels 
and steel tracks, was pulled back from the test 
pad prior to the initiation of both tests, leaving 
the test package essentially open to the environ
ment. 
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EXTERNAL Be REFLECTOR 

REACTOR VESSEL 

FUEL PINS (37) 

CONTROL DRUM 

FIG. 1. Typical SNAP 1 OA/2 reactor and 
beryllium reflector cross-section. 

DOLL..Y a TEST Cl!l..l. .,. ...... 

FIG. 2. Test pad layout. 

3. TEST DESCRIPTION 

. The two destructive tests were conducted 
under similar weather conditions. The first 
test, which was the water-immersion test, was 
conducted on April 1, 1964, with a 10 meter 
per second wind speed and a slightly unstable 
vertical temperature profile (Pasquill class C). 
The second, or beryllium-reflected test, was 
conducted on January 11, 1966, with a 5 meter 
per second wind speed and a neutral (Pasquill 
class D) vertical temperature profile. Each test 
produced a single radioactive cloud which 
traveled downwind over an instrumented radio
logical grid. 

The radioactive cloud from the water-im
mersion test seemed to be delayed for several 
seconds following the excursion, during which 
time the initial column of water and steam 
collapsed back into the environmental tank. 
Following the collapse of the water, the visible 
vapor-filled cloud moved downwind over the 
radiological grid. The short delay in release 
of the cloud was confirmed by a measured 
shift in the isotopic ratio of the daughters of 
krypton gases. For example, measured ratios 
agree with the theoretical ratios if a delayed 
release time of 3 sec is postulated. 

Figure 3 shows the twin flashes from the 
pyrotechnic actuator which removed the control 
sleeve and initiated the water-immersion des
tructive test. In the next picture (Fig. 4) the 
reactor is at peak power, and the entire environ
mental tank is illuminated by the Cerenkov 
glow. The development of the water and steam 
cloud at 200 msec and 550 msec after peak 
power is shown in Figs. 5 and 6, respectively. 
Figure 7 shows the nearly collapsed water and 
steam cloud at 2.6 sec after peak power. Im
mediately following this, the visible cloud arose 
and moved downwind. 

The beryllium-reflected test was somewhat 
more spectacular in that the entire test pad 
(some 20m across) was covered with burning 
hydrogen and fuel. A visible cloud arose from 
this test without delay and continued to rise, 
reaching a height of approximately 50 m before 
leveling off at a distance of 100m downwind. 
Some of the fuel pieces continued to burn for 
several seconds following the test and un
doubtedly continued to evolve fission products. 
Measurements made with samplers located at 
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Fw. 3. Overhead view of the water-immersion test initiation. 

intervals on a 46-m-high tower indicate that the 
amount of activity released by the burning fuel 
was small compared to that which followed the 
path of the visible cloud. Figure 8 shows the 
beryllium-reflected reactor on the test pad im
mediately prior to the test. The beginning and 
rise of the visible cloud are shown in Figs. 9 and 
10 taken at 1.10 sec and 2.35 sec, respectively, 
after peak power. 

4. RADIOLOGICAL MONITORING AND 

INSTRUMENTS 

Both destructive tests were monitored to 
obtain radiological data from which the 
magnitude of the fission product releases and 

radiological hazards could be determined. This 
monitoring was accomplished by a radiological 
monitoring grid located on a series of concentric 
arcs surrounding the reactor test pad. In a 
60-degree sector centered on a line 30 degrees 
east of true north, which coincided with the 
movement of the prevailing wind, sampling 
stations were located out to a distance of 5 miles 
to provide downwind monitoring. The place
ment of the samplers used on the monitori~g 
grid is shown in Figs. 11, 12, and 13. Figure 14 
shows a typical grid station with a high volume 
air sampler, a fallout plate, a direct radiation 
monitor, and a balloon-type fission gas sampler. 
In addition to the downwind ground-level grid 
samplers, several sets of samplers were located 
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FIG. 4. Overhead view of the water-immersion test at peak power. 

above the reactor test pad on a 46-m-high 
exhaust stack and a 46-m-high tower. These 
samplers provided information on the effective 
height of the radioactive releases and obtained 
samples through a vertical section of the radio~ 
active cloud. 

Figure 15 shows the primary sampler used 
on the grid. The sampler consisted of a Staplex 
high-volume air pump modified to hold a 
4-in. diameter by l-in. deep charcoal bed 
in series with a 4 in. diameter particulate 
filter (Microsorban). Noble gases were sampled 
using the balloon-type sampler shown in Fig. 16. 
The amount of noble gas drawn into the balloon 
through a one-way' valve is determined by count
ing the radioactive daughters formed during a 

measured decay interval. Particle sizing of the 
debris from the destructive tests was attempted 
using the six-stage Anderson impactor samplers. 
Several Unico four-stage cascade impactors 
were also used during the water-immersion test. 
Horizontal fallout plates containing sticky paper 
sampled the deposition of radioactive debris. 
During the water-immersion test, water catch 
trays and cans were also used. Direct radiation 
measurements were made using film badge dosi
meters, ionization chambers, and thermo
luminescent dosimeters. For a more complete 
description of the reactors and the radiological 
sampling grid, the reader is referred to United 
States Atomic Energy Commission reports IDO 
17019, IDO 17083, and IDO 17194. <2-4> 
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FIG. 5. Overhead view of the developing cloud from the water-immersion test 200 msec after 
peak power. 

5. DATA AND ANALYSIS 

Since the magnitude of the nuclear energy 
release from each of the two tests was similar 
(45 MW-sec for the water-immersion test and 
54 MW-sec for the beryllium-reflected test) 
the quantity of fission products available for 
release from each test was of the same order of 
magnitude. The quantity or fraction of the 
fission products actually released to the atmos
phere differed between the two tests, however, 
indicating that the release of fission products 
from a reactor accident is a function of the 
immediate environment of the reactor. 

Data from the radiological grid indicated 
that the only fission products released from the 
water-immersion test were noble gases. There 
were no indications of halogen or "solid" fission 

products outside the water of the environmental 
tank other than those which were also the daugh
ters of the short-lived radioactive gases. Only 
daughters of 3-sec Kr-92, 10-sec Kr-91, 16-sec 
Xe-140, and 41-sec Xe-139 were detected on the 
filters of the high-volume air samplers. In addi
tion, the cesium daughter of 17-min Xe-138 
was detected in the fission-gas sampler. 

Because of this surprising lack of fission pro
ducts, several lines of investigation were under
taken to verify and establish an upper limit 
for release fractions of the noble gases and the 
iodines. 

Four independent methods were used to 
determine the release fraction for the noble 
gases. The first method, based on a generalized 
Gaussian dispersion formula< 6 l in which a source 
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FIG. 6. Elevation view of the developing cloud from the water-immersion test 550 msec after 
peak power. 

FIG. 7. Elevation view of the nearly collapsed cloud from the water-immersion test 2.6 sec 
after peak power. 
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FIG. 8. Elevation view of the beryllium reflected test at 50 msec prior to reactor destruction. 

FIG. 9. Elevation view of the developing cloud from the beryllium-reflected test L 10 sec after 
peak power. 
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Fw. 10. Elevation view of the developing cloud from the beryllium-reflected test 2.35 sec after 

peak power. 
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term is calculated from field measurements, 
led to estimated releases of 4% for Kr-91, 
3% for Kr-92, and 3% for Xe-139. In the 
second method, a physical estimate of the cloud 
volume was made from photographs and radia
tion measurements. This volume was assumed 
to be uniformly filled with the maximum con
centration of Xe-1 38 detected in the cloud to 
estimate the total quantity released. This 

A 8 c 

t 
3 

4 

7 

8 

9 

A B c 

cated that 80% of the krypton remained in the 
fuel. It is felt that this amount is somewhat less 
than that actually retained during the excursion 
partly because of the opportunity for the krypton 
to diffuse from the fuel during the interval 
between the destructive test and the analysis 
time and partly because of the difficulty in 
extrapolating the results from one small piece 
of fuel to the entire core. All four independent 
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FIG. 12. Radiological monitoring grid to a radius of 300m. 

method indicated a release of 2% for Xe-138. 
In the third method, all (99%) of the recovered 
reactor fuel was dissolved and sampled for Cs-
137, the daughter of I-137 and Xe-137. The 
difference between the calculated quantity pro
duced in the reactor core and the measured 
amount would be that which was released as 
I-137 or Xe-137. This method indicated that 
0% of the Xe-137 chain was released. The 
fourth method consisted of measuring the 
amount of Kr-85 remaining in a small piece 
of fuel and extrapolating this measured con
centration to the entire core. This method indi-

methods indicate a very small release per
centage of the noble gases. On the basis of these 
measurements and the assumption that all 
noble gases behave essentially the same as those 
measured, the estimate of 4% is taken to repre
sent a reasonable upper limit of the noble gas 
release from the water-immersion test. 

The lack of detectable quantities of iodine 
on the downwind grid samplers (specifically 
designed to be highly sensitive to airborne radio
iodine) implied that the halogen fission products 
were completely retained in the fuel or in the 
water environment during the water-immersion 
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test. To substantiate the downwind grid 
measurements, samples of the environmental 
tank water and the reactor fuel were analyzed 
for iodines. Significant quantities ofi-131 and I-
133 were detected in the samples of the environ-

FIG. 14. Typical grid station cons1stmg of a 
fallout plate, a film dosimeter, a high volume 

air sampler, and a balloon fission gas sampler. 

mental water taken several days after the test 
(after the water had been drained to a holding 
tank) indicating that iodines had been held up 
in the water. A quantitative balance was not 
possible because there was no way to distinguish 
between iodine produced directly by fission and 
that produced indirectly by tellurium decay. 
Tellurium strongly tends to plate out on piping 
and cold surfaces, thus reducing by some un
known quantity the total amount of iodine 
reaching the sampling point. In addition, the 
fuel analysis indicated that a significant amount 
of iodine had been retained in the fuel matrix. 
Radiochemical analysis of the fuel showed that 
approximately 87% of the expected I-131 was 
in the fuel at the time of analysis. This was 
anticipated because essentially all I-131 comes 
from telluriums with half-lives longer than 20 
min, and tellurium would be expected to remain 
with the fuel material during the quick cooldown 
following the excursion. While a quantitative 
iodine balance was not achieved, the detection 
of significant quantities of iodine in the water 
and fuel tends to confirm the positive downwind 
measurement that halogens were not released 
to the atmosphere from the water-immersion 
test. 

The test data from the beryllium-reflected 
test differed significantly from water-immersion 
test data with respect to the release of fission 
products. Large quantities of the noble gases, 
iodines, and telluriums were detected on the 
downwind radiological grid. In addition, small 
fuel particles were recovered . as far as 200 m 

downwind, and significant quantities of the 
"solid" fission products were detected in the 
radioactive cloud. 

FIG. 15. High volume air sampler with charcoal and dust filter. 
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Fm. 16. Balloon fission gas sampler. 

The radioactive cloud from the beryllium
reflected test rose considerably higher than did 
the cloud from the water-immersion test and as a 
result could not be adequately sampled by the 
close-in ground-level samplers. This circum
stance, plus the interference from the small fuel 
fragments, limited the release analysis to sam
ples collected beyond 500 m downwind. Ac
cordingly, all release estimates were made on 
the basis of dispersion calculations <6 l in which 
a source term, developed from measured data, 
was compared with the calculated quantity 
available in the reactor. 

Analysis of the activities of tellurium-132 
and molybdenum- and technetium-99 collected 
directly by the samplers indicated that 45% 
of the tellurium-132 and 5% of the molybdenum
and technetium-99 had been released. These 
three isotopes were the only fission products 
other than halogens and daughters of noble 
gases detected on the grid. By assuming that the 
isotopes which are also daughters of noble gases 
were released with the same percentage as moly b
denum, the activity on the samplers from the 
noble gas daughters could be calculated and the 
release percentage of the noble gases could be 

determined. ·with this assumption the release 

values from the Kr-91, Kr-92, Xe-139, and 
Xe-140 chains indicated a release of 75%. 

The iodine and tellurium release fractions 
were determined by solving simultaneous equa~ 

tions of the form: 
n 

Dn = FaDno + 2 F;Dni 
i=l 

where Dn = detected activity of the nth isotope 
in a decay chain (corrected for diffusion); 

Dni = computed activity of the nth isotope 
from decay of the ith precursor; 

Dno = computed activity of the nth isotope 
available for release; 

F; = fraction of the ith precursor released; 
Fa = fraction of the nth isotope of the decay 

chain released. 

By comparing data from any two of the 131, 
132, 133, and 135 decay chains and assuming 
all iodine detected on the grid was from either 
direct yield iodine or tellurium decay and that 
the samplers were 100% efficient, release frac
tions for both iodine and tellurium were ob
tained. This technique, when applied to all 
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Table 1. Summary of SNAPTRAN Destructive Test Data 

Noble gas release (%) 
Iodine release (%) 
Tellurium release (%) 
Solid release (%) 
Total inventory release (%) 
Maximum reactivity inserted ($) 
Minimum period (msec) 
Maximum power (GW) 

Maximum energy release (MW-sec) 
Maximum fuel temp. (°F) 

Water-immersion 

test 

4 

0 
0 
0 

<1 
3.8 
0.64 

18 
45 

2400 
2000 

Eery Ilium-reflected 

test 

75 
70 
45 
5 

20 
5.1 
0.20 

75 
54 

3000 
2400 

Highest avg. core temp. (°F) 1900 at Disassembly 1400 at Disassembly 

available data from each of the decay chains, 
gave an estimated release of 70% for the iodines 
and 45% for the telluriums. The 45% release 
of tellurium agrees with the 45% release value 
determined from direct measurement of tel
lurium-132 collected on grid samplers. 

Table 1 summarizes the fission product re
lease data from the two tests and lists some of the 
reactor physics data as well. 

From Table 1 it can be seen that the water 
environment was extremely effective in reducing 
the quantity of fission products released to the 
environs beyond the water. Ninety-six percent 
of the noble gases and essentially 100% of 
the halogen and "solid" fission products were 
retained in the fuel and in the water barrier. 
The reactor physics data indicates that there 
were differences between the two tests, especially 
in the amount of reactivity inserted and in the 
peak power attained; however, the total energy 
release and thus the quantity of fission products 
available for release were nearly the same. This 
similarity between the two tests indicates that 
the difference in fission product release to the 
environment was almost entirely due to the 
water environment. 

6. DISCUSSION 

Most surprising of the observed phenomena 
was the unexpectedly small release of noble 
gases from the water-immersion test. Since 

noble gases do not react with or absorb in water 
to any appreciable extent, it appears that the 
retention of the noble gases resulted from the 
rapid cooling action of the water on the dis
rupted fuel. The quickly cooled fuel apparently 
regained sufficient integrity to hold the gases 
within the fuel matrix. A comparison of the 
composite photographs of the core remains from 
both reactors shows that the cooling action of 
the water was effective in reducing the amount 
of fuel disruption. A significant portion of 
the thirty-seven fuel pins was identified and re
covered from the water-immersion test (Fig. 17). 
However, in the beryllium-reflected test (Fig. 
18) most of the fuel pins were completely shat
tered into small unidentifiable fragments. 

The absence of the release of iodines from 
the water-immersion test was not unexpected, 
and the test served to confirm predicted results. 
In an excursion-type accident, iodine is pro
duced in two ways: directly by fission and 
indirectly by tellurium decay. If the energy 
release is such that a water-environment exists 
over the core following a destructive excursion, 
the iodine produced from the tellurium which 
escaped from the fuel would be expected to 
form slowly enough to insure 100% absorption 
in the water. The iodine produced from tel
lurium remaining in the fuel would also be 
expected to remain trapped in the fuel. The 
direct-yield iodine which was available for 
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Fm. 17. Fuel rod remains from the water-immersion test arranged according to original 

core layout. 

instantaneous release would have a high prob
ability of reacting with and remaining in the 
environmental water since most forms of iodine 
readily dissolve in water, and the vigorous mix
ing of the fuel and water during the excursion 
should provide ample contact. In addition, the 
fuel from these particular reactors contained 
copious quantities of hydrogen which would be 
expected to dissociate from the zirconi urn-hydride 
lattice. The immediately available direct yield 
iodine could be expected to react with the hydro
gen to form highly soluble hydrogen iodide, <7 > 

once again keeping the iodine confined to the 
water environment. Also it is likely that the 
NaK coolant used during the water immersion 
test had some retention effect upon the iodines 
released from the fuel. The SNAPTRAN test 

did not demonstrate which mechanism was re
sponsible for the retention of the direct yield 
iodine, only that the combination of the mechan
isms was completely effective. Further experi
mentation with smaller capsule experiments 
could probably determine if the hydrogen and/or 
NaK were required for the observed iodine 
retention. 

The release of a large fraction of the tellurium 
fission products from the beryllium-reflected 
test was another surprising result of these tests. 
While both tellurium and the other "solid" 
fission products were completely retained in the 
water-immersion test; 45% of the tellurium and 
5% of the other "solid" fission products were 
released from the beryllium-reflected test. In 
most reactor safety analysis work, the telluriums 
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FIG. 18. Fuel rod remains from the beryllium-reflected test arranged according to origina 
core layout. 

are grouped with the "solid" portion of the 
fission products. These SNAPTRAN tests indi
cate that this method of grouping is valid only 
for the water-immersed-type accident and that 
significantly larger release fractions of tellurium 
must be considered for reactor excursion acci
dents not immersed in water. 

7. CONCLUSION 

The use of full-scale integral-core reactors 
in these SNAPTRAN tests has demonstrated 
the effectiveness of a water environment in 
suppressing the release of fission products in a 
manner which is free of approximate and con
servative scaling methods inherent with small 
scale experiments. Experimental results show 
that 96% of the noble gases and I 00% of the 

halogens, tellurium, and remammg "solids" 
were retained during the water-immersion test 
while only 25% of the noble gases, 30% of the 
halogens, 55% of the tellurium and 95% of the 
"solids" were retained during the beryllium
reflected test. 

The extraordinarily high retention of the 
noble gases during the water-immersion test 
was apparently due to the quick cooling action 
of the water on the fuel, causing the individual 
gas atoms to be trapped into the remaining fuel 
matrix. The complete retention of iodine by 
the water-immersion test confirmed predictions 
that iodine produced from tellurium decay 
would be released sufficiently slow to insure 
complete absorption by the water, while iodine 
produced by direct yield would either combine 
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with free hydrogen or NaK and be absorbed 
in the water or would dissolve in the water 
directly. Further work is required, however, to 
determine if the large amount of hydrogen 
available during these tests is required to obtain 
the observed retention of iodine. 

The surprisingly high release fraction of 
tellurium (45%) from the waterless beryllium
reflected test when compared with the 5% release 
fraction for "solids" demonstrates that tellurium 
can be classed as a "solid" only when the reactor 
is immersed in water. For the safety analysis re
views of reactors without a water environment, 
fission product release inventories will have to 
consider a higher release of the tellurium. 

In summary, these SNAPTRAN tests, al
though conducted for different purposes, have 
successfully demonstrated some of the suspected 
conservatism in the assumptions used in our 
standard analytical models for performing safety 
analysis reviews and suggest that the full-scale, 
integral-core-type tests are the most effective 
way of obtaining the integrated effects of reactor 
accidents. 
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RADIOLOGICAL ASPECTS OF A REACTOR 

DESTRUCTIVE TEST 

D. F. BUNCH and W. P. GAMMILL* 

U.S. Atomic Energy Commission, Idaho Operations Office, Health and Safety Division, 

P.O. Box 2108, Idaho Falls, Idaho 83401 

Abstract-This paper describes the radiological considerations connected with planning and 

conducting reactor destructive tests at the National Reactor Testing Station in Idaho. There 
have been, in recent years, five reactor destructive tests, including one on January 11, 1966. 

In the last test a modified SNAP 2JlOA reactor was intentionally disassembled as a result of a 
nuclear excursion designed to simulate the "maximum accident" for this system. The primary 

radiological objectives of these tests were to determine the magnitude of the fission product 
release and to assess the radiation exposures resulting from the test. 

This paper presents information on planning prior to the tests and a summary of the radia

tion exposures resulting from the releases, with special emphasis given to the SNAPTRAN-2 
Destructive Test. It is shown that, by using a properly designed environmental sampling 

system and the statistical approach of atmospheric dispersion, one can quickly and accurately 
estimate the magnitude of a release. An equation is shown which is amenable to hand or com

puter solution and will allow estimates of the fractionation of the fission products. Many of 
the considerations in this paper are applicable to any test involving the release to the atmos

phere of significant quantities of fission products. 

INTRODUCTION 

The National Reactor Testing Station 
(NRTS) was established in 1949 as a site where 
the U.S. Atomic Energy Commission could 
build, test and operate various types of reactors 
and allied plants with maximum safety. The 
Health and Safety Division of the Idaho Opera
tions Office has been responsible for all environ
mental monitoring outside the areas specifically 
assigned to the. operating contractors. A con
tinuing objective of this division has been to 
study the behavior of fission products in the 
environment whenever the opportunity presents 
itsel£ Thus, it is to be expected that any dis
cussion of the radiological aspects of reactor 
destructive tests at the NR TS will include a 
detailed description of i:he environmental moni
toring considerations. 

Due to the very nature of the NRTS, there 

* Now with Division of Reactor Development and 
Technology, U.S. Atomic Energy Commission, 
Washington, D.C. 

have been numerous opportunities to study the 
behavior of fission products that have been 
released to the atmosphere as a result of both 
planned and unplanned events. Notable among 
the planned releases are the reactor destructive 
tests, which included the BORAX-I, three 
SPERT-I cores and SNAPTRAN-2 and 3. In 
addition there have been the direct cycle Air
craft Nuclear Propulsion reactor tests (BOOT, 
FEET, LIME and SUBLIME), the radioactive 
lanthanum (RALA) recovery process at the 
Idaho Chemical Processing Plant which involved 
the dissolution of2-3-day-old Materials Testing 
Reactor fuel assemblies, operation of the Fluid
ized Bed Waste Calcination Facilities, and the 
present Controlled Environmental Radioiodine 
Test program (CERT). In general, the acci
dental releases, which include the SL-1 accident 
and the two criticality incidents at the ICPP, 
have not resulted in the release of large enough 
quantities of fission products to justify major 
research efforts. 

In monitoring these fission product releases, 

589 
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many different techniques have been employed 
in the collection, analysis and interpretation of 
data. A general monitoring plan has evolved 
out of these efforts incorporating all of the 
techniques which over the years have proved of 
greatest value. This plan places emphasis on 
obtaining the maximum amount of usiful infor
mation at a minimal cost. It is unlikely that 
others interested in this field of study will be 
able to employ the system used at the NR TS 
without some modification. Nevertheless, it is 
hoped that they will be able to utilize some of 
the described techniques to advantage in their 

research programs. 
Many of the techniques used in assessing the 

consequences of a reactor destructive test are 
applicable to other types of planned or acci
dental releases. However, this discussion will be 
restricted to the considerations which go into 
the planning, assessment of risks, and evaluation 
of the consequences of a reactor destructive 
test resulting in a short term or "puff" release 
of fission products to the atmosphere. 

PLANNING CONSIDERATIONS 

In recent years there have been a number of 
tests at the National Reactor Testing Station 
where reactor cores have been intentionally 
subjected to extreme conditions, leading to 
partial or total destruction of the core and con
commitant releases of fission products to the 
atmosphere. As in any field test where the 
quantity and quality of fission products that 
will be released is not known, it is vitally im
portant that the safe conduct of these "destruc
tive tests" be assured. This assurance can be 
gained by careful preplanning and by adequate 
test-time sampling. In those cases where en
vironmental samples must also provide a source 
of information for reasons other than for safety, 
analytical techniques must be derived to fully 
utilize the gathered data. 

There are two major factors that must be 
considered in monitoring a reactor destructive 
test: samples needed to determine the actual 
consequences of the test and the radiological 
test objectives. Normally, several months prior 
to the accomplishment of a particular test, a 
hazards evaluation will give a computation of 
the maximum as well as the expected releases. 
This information, with knowledge of the appro-

priate dose criteria, can be used to establish 
meteorological conditions that should be met. 
Sampling stations can then be placed at selected 
downwind locations to determine test conse
quences. The radiological objectives, on the 
other hand, determine the kind, number and 
location of additional samples to be taken. 

OnJanuary 11,1966, amodifiedSNAP2/lOA 
Flight-System reactor was disassembled as a 
result of an intentional excursion designed to 
simulate the "maximum accident" for this 

system. The radiological planning considera
tions in this test were typical of those for previous 
destructive tests. First, a safety analysis report 
was prepared <1 J and reviewed. It was deter
mined that there were three major objectives 
that influenced the type and degree of radio
logical monitoring: ( 1) to estimate the magni
tude of the fission product release so that the 
results could be extrapolated to any situation, 
(2) to assess the environmental hazards resulting 
from the test and (3) to gather data on the 
behavior of fission products in the environment. 
On the basis of these objectives certain meteor
ological requirements were established in order 
to minimize the environmental hazards. As 
shown in Fig. l, favorable meteorological dif
fusion conditions resulted from the combination 
of distance factors (distance to nearest populated 
area) and dose criteria (dose limits of occupa
tional and non-occupational personnel). In 
addition to the general stipulation of diffusion, 
it was also required that winds be greater than 
3 mfsec to ensure persistent directional travel 
and that there be no precipitation in the pre
dicted trajectory-to ensure proper operation 
of sampling equipment. On the basis of the 
other objectives ( l and 3), only two of the 
sectors were preferred, allowiQ.g a single grid 
arrangement to be established so that optimum 
data recovery was possible. In these tests pri
mary reliance was placed on the initial deter
mination of potential radiation exposures. 

If safety is the only concern, a number of 
monitoring stations placed at selected popu
lated locations, plus sampling performed by 
mobile monitoring units who may be directed 
into the cloud path, will provide estimates of 
concentrations of fission products and thus esti
mates of exposures to people. If, however, 
estimates of the magnitude of the release and 
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Fm. 1. Minimum meteorological requirements for the SNAPTRAN-2 
destructive test, by sector. 

data for research studies are desired, the samp
ling array must define the characteristics of the 
cloud. 

The design of a monitoring program is to a 
large extent dependent upon the nature and 
expected consequences of the destructive test. 
Two different monitoring approaches will be 
discussed in this section. The first is the stan
dard approach of a fully instrumented fixed 
monitoring grid (Figs. 2 and 3) and the second 

t.R.P, VOL. 1-U 

is a flexible plan which places a strong emphasis 
on mobility (Figs. 2 and 4). The latter ap
proach proved extremely successful during the 
SNAPTRAN-2 destructive test early this year.* 

Regardless of the monitoring scheme chosen, 

* Monitoring for the SNAPTRAN destructive tests 
was a joint effort of Phillips Petroleum Company's 
Health and Safety Branch and the Idaho Operations 
Office, Health and Safety Division. 
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Fw. 2. Typical inner arc monitoring fo( the SNAPTRAN destructive tests. 

there are certain features and requirements that 
are common to both approaches. The full sup
port of a competent meteorological group is 
required to provide comprehensive weather fore
~asts and to monitor the weather conditions 
at the time of the test. In addition, this group 
may· provide important after:O:the-fact informa

. tiori on diffusion characteristics of the atmos
phere at the time of the test to aid in the analysis 
of fission product behavior. At the NRTS this 
support is provided by the Institute for Atmos
pheric Sciences (lAS), ESSA, which was for
merly a Division of the U.S. Weather Bureau. 
This group· ·has done a substantial amount of 
research on the meteorology of the' NR TS. 

Also, lAS has developed a technique for track
ing constant density balloons (Tetroons) by 
RADAR which has proved quite useful in deter
mining the trajectories of radioactive clouds 
following reactor destructive tests. 

Aerial monitoring is a technique that has 
gained wide acceptance in monitoring planned 
and accidental atmospheric releases of this type. 
Though aerial monitoring is normally not con
sidered a test requirement at the NR TS, it has 
become a valuable means of obtaining early 
information with respect to the magnitude of 
the fission product release and the cloud tra
jectory. The instrumentation used at the NR TS 
is a senSitive transistorized single channel 
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FIG. 3. Remote monitoring for the SNAPTRAN-3 destructive test. 

gamma spectrometer with a strip chart recorder. 
However, a simple gamma scintillation survey 
instrument is usually adequate for monitoring 
releases of this type. A light single-engine 
aircraft with a cruising speed of 160 kmfhr or 
more has been found to be best suited for this 
type of monitoring. Costs can be minimized 
by renting an airplane from a local flying ser
vice, as is done at the NRTS. 

The off-site radiological surveillance program 
is normally not affected by the large research 
oriented on-site monitoring plan. The routine 
NR TS Radiation Monitoring'Telemetry System 
forms the backbone of the off-site surveillance 
prognun, though it might be supplemented by 
the addition of a few stations in populated areas 
that are expected to be in the path of the radio
active cloud; This system is capable of measuring 
cloud gamma dose rate, airborne particulate 
activity, and airborne halogen activity. All 

measurements are transmitted to and recorded 
by the master station in the Idaho Operations 
Office Health and Safety Laboratory. 

In designing the on-site surveillance program, 
the primary objective is to assure that the system 
will provide all of the information necessary 
for an early evaluation of any radiological haz~ 
ards associated with the test. The required 
information can generally be obtained from 
minimal monitoring efforts within approxi
mately 2 km of the reactor site. The most rapid 
means of evaluating the magnitude of the re
lease is to measure the maximum gamma dose 
rate or integrated dose which can then be com
pared with predicted values. These measure
ments are normally obtained by means of one or 
two monitoring vehicles which are positioned 
in the path of the cloud. These monitoring 
personnel wear appropriate protective clothing 
and respiratory equipment. In addition to the 
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FIG. 4. Remote monitoring for the SNAPTRAN-2 destructive test. 

dose measurements, these personnel are respon
sible for collecting the air samples which provide 
the earliest information on identity of the re
leased fission products. Once the required 
"safety monitoring" is established, the remaining 
portion of the monitoring program is all related 
directly to the investigation of fission product 
behavior. Following is a list of important con
siderations relevant to the planning of such a 
monitoring system: 

I. Meteorological restrictions on test 
2. Types of samples required 
3. Critical sampling distances 
4. Desired number of sampling points in the 

cloud path at each d,istance of interest 
5. Analytical support availability 
6. Amount of lead time expected to be avail

able to establish a monitoring network 

7. Availability of monitoring vehicles (with 
and without two-way radios), and portable 
two-way radios 

8. Inventory of portable and mobile electrical 
power generators 

9. Availability of access roads in the area of 
interest 

10. Terrain of the monitoring area. 

Meteorological restrictions on the test gener
ally determine the feasibility of establishing a 
fixed monitoring grid. If the acceptable wind 
direction is limited to a sector of less than 90°, 
a common approach has been to completely 
instrument three to five arcs across the entire 
sector. Since the area of interest may extend 
out ten to twenty kilometers, this becomes an 
extremely expensive system requiring a large 
quantity of monitoring equipment. A major 
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disadvantage of this approach, other than ex
pense, is the amount of time and effort required 
to instrument such a grid. The greatest amount 
of time is required to establish the electrical 
system necessary to power the air samplers. 
This may involve the use of 100-150 mobile or 
portable generators, which would have to be 
positioned on the grid and routinely serviced. 

The alternate system to be discussed is capable 
of providing the same information as may be 
obtained from a standard monitoring grid. This 
approach emphasizes mobility and close co
ordination between the monitoring control 
point, meteorological forecasting group, the 
aerial monitoring team and the monitoring 
personnel in the field. A reliable radio com
munications system is an absolute requirement 
for the successful use of this technique. Though 
this system can be used in place of a monitoring 
grid, it is particularly useful when the wind 
restrictions are so broad that a grid is not feasible 
or for distances more remote from the release 
point(> 2km). 

In essence, the objective of this technique is 
to reduce to about three hours the amount of 
time required to establish the monitoring net
work. This is done by eliminating essentially 
all of the air sampling and associated equipment 
which will not lie in the path of the cloud and 
is accomplished in the following manner. At 
test time minus three hours, a fairly accurate 
forecast of wind direction can be expected. 
Once this forecast has been received, all efforts 
are directed toward positioning four to five 
generators and air samplers on each preselected 
downwind arc or road in the predicted cloud 
path. Two or three monitoring vehicles are 
placed on standby on each arc as soon as the 
air sampling stations have been positioned. The 
spacing between these fixed sampling stations 
should be t to i- the predicted cloud width at 
that particular distance. During the last few 
minutes prior to the test the wind direction 
should be firmly established and each monitor
ing vehicle can be moved into a gap between 
two of the fixed stations. This will provide a 
minimum of three samplers in the cloud at each 
distance. In the event the early wind direction 
forecast is incorrect, all of the monitoring 
vehicles can be moved to one side or the other 
of the fixed stations. Any wind shift after initia-

tion of the test can be detected by the monitoring 
aircraft which will allow the downwind moni
toring vehicles to make position corrections. 

The lateral spread of the cloud can be accu
rately assessed by extensive vegetation sampling 
or by the liberal use of gummed paper or carbon 
coated gummed paper fallout plates if sufficient 
vegetation is not available. Once the ratio of 
airborne to deposited activity has been estab~ 
lished at the air sampling locations, the entire 
lateral profile of the cloud can be inferred. 
The advantages of this technique include: 

I. More rapid evaluation of possible hazards. 
2. Minimum cost. 
3. Maximum versatility. 
4. Minimum impact on the analytical sup

port laboratory. 

ESTIMATING THE MAGNITUDE OF THE 

RELEASE 

In any evaluation of the consequences of a 
release of fission products to the atmosphere 
there are two measurable parameters of value, 
the identity of fission products in the atmosphere 
and the concentration of fission products. A 
detailed knowledge of either of these, as a 
function of time and distance, must depend on 
an adequate estimate of the magnitude of the 
release. 

In many cases, as with the SNAPTRAN-2 
Destructive Test, there is no direct method 
whereby this information may be obtained. 
However, accurate determinations are possible 
from downwind air samplers. 

To simplify somewhat, there are several maJor 
steps involved in estimating the total magnitude 
of the release : 

1. Collection of samples of airborne materials. 
2. Counting of samples and conversion of 

data to time integrated concentrations 
(Ci-secfm 3). 

3. Correcting of all concentrations to a com
mon time. 

4. Estimating the lateral spread of the cloud 
and the peak concentrations-at any dis
tance. 

5. Estimating the vertical dispersion and 
wind speed. 

6. Correcting for the initial size of the cloud. 
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7. Correcting for materials that were not 
collected by the air samplers. 

8. Estimating corrected peak concentrations 
as a function of distance to obtain the 
effective source at the corrected time. 

9. Correcting the source to the time of the 
release. 

Our technique of estimating the magnitude 
of the release stems from the use of the statistical 
theory of atmospheric dispersion <2> in order to 
account for the mass dilution of airborne mater
ial as a function of the stability of the atmos
phere and the travel of this material to the point 
of interest. This dilution may be expressed as: 

Q 
(1) x = -c 2 + 2)!( 2 + 2)t 

1t U OJ' Gyi Gz G%1 

exp [-! (a,2 :

2

a,12)] 

where il =the mean wind speed (m/sec), 
ay = the lateral dispersion (m), 
az = the vertical dispersion (m), 

a111 = the initial lateral dispersion (m), 
azi = the initial vertical dispersion (m), 

h = the effective height of the release, 
Q = the source (Ci), 
x = the time-integrated concentration at 

any distance of interest (Ci-secfm 3). 

If this equation is used, Q-the source term
may be determined from knowledge of the other 
parameters. 

In actual practice, the most difficult steps 
in the analysis are to correct counted activity 
to a common time and to accurately account 
for materials that were not collected by the air 
samplers. 

As indicated in a report <3 l on the radiological 
results of the SNAPTRAN-3 (water immersion) 
test, a reactor transient produces large quanti
ties of short-lived noble gases. Only the daugh
ters of these gases are collected by the normal 
air samplers. This is an important consideration 
when estimates of cloud concentrations must 
be determined from collected activity for sam
ples at small distances ( < 2000 m). 

The calculation of cloud activity may be 
. computed from the following equations: 

(2) First Isotope 

N1(t) = N1 (0) exp [ -,\t] 

(3) Second Isotope 

N1(0) ..\1 
N2(t) = (..\

1
-.,\

2
) 

[ exp [ -..\2t] - exp [ -..\1t]] 
+ N2(0) exp [-..\at] 

( 4) Third Isotope 

N1(0) ..\1..\2 
N(t) = (..\1-.\2)(..\1-Aa)(.\2-Aa) 

[ (..\2-As) exp [ -..\1t] - (..\1-..\s) exp [ -Ast] 

+ (..\1-.,\2) exp [ -Ast]] 

+ N2(0) (..\ 2 ~ As) [ exp [-:\at]- exp [ -~t]] 

+ N3 (0) exp [ -..\3t] 

where Nt(t) = number of atoms of ith isotope 
at time t after excursion, 

A; = radioactive decay constant of ith 
isotope, 

N;(O) = initial atoms produced of ith 
isotope. 

As thi:. cloud passes by an air sampler at time T 
(and assuming the noble gas is the precursor 
to the chain), the equations must be modified 
to calculate collected activity, as shown in the 
next examples. 

(5) First Isotope 

N/(t) = 0 t 2. T 

(6) Second Isotope 

N2'(t) = N2(T) exp [ -.\2(t-T)] 

(7) Third Isotope 

Na' (t) = N2 ( T) (..\s~..\a) 

[ exp [ -,\3(t-T)] -exp [ -A2(t- T)]] 

+ N3 (T) exp [ -\(t-T)] 
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Thus the correction factors may be obtained 
from N1 ( t) f N11 ( t). The importance of this 
correction is shown in Fig. 5. In this example 
an estimate of released Xe-139 based on counted 
Ba-139 would underestimate the true value by a 
factor of seven. 

u ... 
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Before estimates of peak concentrations can be 
attempted, the counted activities must be cor
rected to a common time. This may be accom
plished by two methods. If sequential counts 
are taken from representative samples at each 
distance, the peak concentrations at each dis
tance may be. easily estimated, by fitting a 
Gaussian distribution to the corrected data 
points (Fig. 6). The lateral diffusion, ay, is 
that strong-wind distance where the. concentra
tion is 0.6 that at centerline. With values of 
i1 and az from meteorological data, the source 
term at the count time may then be determined. 
This can be compared to the amount produced 
to estimate fractional release. 

~:I==~F=~f--~~~~~~~~~~~~~~ 

Alternately, all samples can be corrected to 
the same count time, once corrections for the 
non-collection of nobles have been made. This 
was done in analyzing the results of the 
SNAPTRAN-2 Destructive Test. With that data 
a curve of peak concentrations as a function of 

5 -- ----r-+-~-+~-r-+--1--+--+--+ 

4 ·-- -- . --t-r-+-~-+~--t-+-+-+--

3+-,_~-+~r-r-,_~-~-~--+-7-~-+~ 

2 +-+--+--+--+--+----"f.-

10° ----·+--+---+ 
-900 -600 -300 

FIG. 6. Derivation of peak concentrations from 
measured crosswind concentrations. 



598 D. F. BUNCH and W. P. GAMMILL 

distance can be derived to find both the mag
nitude of the release and the initial height and 
size of the release. As shown in Fig. 7, the 
estimates using this approach compare very 
favorably with observed results. In this case, 
estimates of Q can be obtained from values of 
the other factors at any point of interest. From 
the equation and parameters listed in Fig. 7, 
a release fraction of 25% of that produced is 
indicated for the SNAPTRAN-2 Test. 

to•~~~~~~--~~,.~.--r-.<>Tn~ 

I ·1 
~ / Theoretical curve assuming no initial size or height of release 

~to'~',, 
1 

; ~ ',, I 
;.::; to•., ' 

1 • ~-!~f~ 0 /Data paints hom SNAPTRAN-2 

sw~ 

i "'~ "'''!r---
x I--- X= a eKp[ln ~} ~ i 10 E ,.,.iJ(O}-tO"r~l1'2.(0'}+crx~}1/2. L (0", +O"u) 

Solid line represents theoretical values from equation usi.1g: 

cry, = O""u = 14 meters 

h = 20 meters 
Stability "Pasquill class D 

U =5 m/sec 

(decay correction factor to Ia - 6 x 10 4 ) 

to. \ol.,.------'----LJ' .Ll.LLL' tb-,o' ,.------'---_j_J--LJ.J...J.J,t~o•.---.L.___j_J_j__J_"-'-';;to 

Distance From Release Point (meters) 

FIG. 7. Comparison of actual and predicted 
peak concentrations. 

Before the consequences of the release can 
be adequately assessed, knowledge of the release 
of each chain or of groups of chains (e.g. nobles, 
halogens) must be obtained. This can be ob
tained from isotopic analysis of the collect
ed activity-such as by gamma spectrometric 
analyses. The actual fractionation can be 
solved by a series of simultaneous equations: 

(8) Fractionation of the Parent 

F1 Au = A*1 

(9) Fractionation of Two-membered Chains 

F1 A21 + Fss Ass = A*s 
F2 B22 + F2 B22 = B*2 

(10) Fractionation of Three-membered Chains 

( 11) 

F1 Aa1 + F2 Aa2 + Fa Aaa = A*a 
F1 Ba1 + F2 Bas + Fa Baa = B*a 
F1 Cn + F2 Ca2 + Fa Cas = C*a 

Fractionation of Four-membered Chains 

F1 Au + F2 Au + F3 A43 

+ F, A44 

F1 B41 + F2 B,2 + Fa B4a 
+ F, B44 

F1 Cu + F2 c42 + Fa C,a 

A*4 

B*4 

+ F, c" = C*, 
F1 D41 + F2 D,2 +Fa D43 

+ F, D44 = D*, 

where A, B, C, D refer to 4 chains that are 
expected to behave similarly (I-131, I-132, 
I-133, I-135), 

F1 is the fraction released of each isotope in 
the chain (F1-fraction released of parent) 
and assumes no isotopic differences in 

fractionation; Fr-1a2 - F1-1a2> 
A;1 indicates the expected activity of the ith 

isotope from the amount of thejth isotope 
that was initially produced, 

A*t is the counted activity of the ith isotope 
corrected for diffusion. 

As can be seen this determination may be simply 
described as: 

(12) 

or taking the data from the point of concentra
tion 
(13) A*; =Xi 7TU (ay2 + ay12)l (az2 + Uz!2)i 

exp [ t (az 2 ~~zr 2 )] ~ F1Aii 

where Xi is the time integrated concentration 
of the ith isotope at the point of interest. 

Equation ( 13) can be solved either by hand 
calculations or by computer techniques using 
tabulated values of inventories. <4 •

5 > Use of key 
equations (1) and (13) allowsrapidandaccurate 
evaluations of the magnitude and kind of release 
to the atmosphere. These can be used to pro
vide rapid estimates based on initial results or 
to provide more accurate estimates when all 
data has been analyzed. 

By the use of the techniques shown earlier 
the magnitude and fractionation of fission pro
duct releases in five recent reactor destructive 
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Table 1. Release Estimates 

SPERT-I 
SNAPTRAN-3 SNAPTRAN-2 

Test I Test II Test III 

Total release (Ci) 1.8 X 104 4 X 10 2 1 X 10 3 3.2 X 104 2 X 106 

%release 0.36 1.5 X 10-3 3.9 X 10-3 0.4 20 

%nobles 3.6 1.5 X 10-2 3.8 X 10- 2 4 75 

% iodines < 5 X I0- 3 < 1 X IO-• <1x10- 2 < 2 X I0- 2 70 

% tellurium - - - - 45 

% others < 5 X 10-4 <1 X 10-s <1 X J0-3 < 2 X 10- 2 5 

Table 2 indicates significant factors in the test that have importance in evaluating this release data. 

tests including SNAPTRAN-2, have been esti
mated. The results are shown in Table 1, 
which also gives information on the percent 
of the core inventory that was released. 

All the tests, except SNAPTRAN-2, were con
ducted with the reactor immersed in water at 
ambient temperature and pressure. Also, all 
tests were conducted with no significant in
ventory previous to the transient. 

There are two factors of immediate interest, 
the scrubbing effect of water and the fraction
ation of fission products. These scrubbing factors 
appear to be of the order of 10 3 for iodines and 
104 for solids. The fractionation ofSNAPTRAN-
2 seems, as expected, to follow the relative 
volatility of the fission products. 

\Vith data on releases and fractionation it is 
possible to extrapolate the actual consequences 
of the tests to any given set of meteorological 
conditions or to any location where samples 
were not taken. 

EVALUATION OF ENVIRONMENTAL 

HAZARDS 

There are essentially three phases of hazards 
evaluation: ( 1) Pretest evaluations to determine 
the feasibility of test operations and to define 
the desired meteorological conditions; (2) Early 
estimates of test consequences based on initial 
results; and (3) Final estimates based on a de
tailed knowledge of the release. 

Since the results of a destructive test cannot 
be completely guaranteed prior to its initiation, 
it is important that data gathered soon after a 
release be evaluated to define the actual conse
quences to off-site areas. 

A rough estimate of the total magnitude of the 
release can be obtained from an estimate of the 
peak concentration at any given distance (as 
shown in Fig. 7) and an estimate of the diffusion 
to that distance for a stability category repre
sentative of test-time conditions (as, for example, 
from ref. 6). This can normally be obtained 

Table 2. Reactor Test Data 

SPERT-I 
SNAPTRAN-3 SNAPTRAN-2 

Test I Test II Test III 

Fuel type U-Al alloy uo. uo. Zirconium- Zirconium-
hydride hydride 
10 weight% U 10 weight% U 

Plate Pin Pin Pin Pin 
Clad AI ss ss Hastelloy-N Hastelloy-N 
Enrich-
ment (%) 93.5 4 4 Fully enriched Fully enriched 
Mw-sec 30.7 155 165 45 54 

I.R.:P. VOL 1-U* 
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Table 3. Summary of Off-site Doses from the SNAPTRAN-2 Destructive Test (rem) 

Thyroid - Ingestion 
Inhalation 

v\lhole body 
Bone 

(1} From ref. 10. 

<2 > From ref. 1. 

Criteria<'> 

5 X I0-1 

1.7 X I0-1 

5 X 10-1 

(S) Potential dose-no cows known to be grazing. 

Pretest 
estimates< 2> 

4.4 X I0- 2 

1.3 X 10-s 
6.6 X I0-4 

1.1 X I0-4 

Early Actual 
estimates 

lQ-1 • 3 X 10-2(3) 

3 X IO-• lQ-4 

3 X 10-4 3 X I0-4 

- < 10-' 

All calculations except thyroid ingestion based on ICRP<7} standard man. 

within a few hours after the release. With gam
ma spectrometric analyses of a few samples, a 
fairly good approximation of off-site concentra
tions of airborne materials can be obtained. 
Milk and vegetation samples provide a con
tinuous check on possible ingestion dose. 

After the data have been more completely 
analyzed, accurate estimates of test conse
quences can be made. Comparisons of the three 
phases of dose estimates for SNAPTRAN-2 with 
relevant criteria are shown in Table 3. 

SUMMARY AND CONCLUSIONS 

By use of an environmental sampling system 
which provides values of peak concentrations 
as function of distance, and by proper analytical 
techniques, it is possible to obtain reliable and 
accurate estimates of the total magnitude of a 
release to the atmosphere and a detailed know
ledge of the isotopic concentrations of airborne 
materials. These results can then be extrapo
lated to any point of interest or for any given 
set of meteorological conditions. These tech
niques have been of value in evaluating the 
results of five destructive tests at the National 
Reactor Testing Station and may be applied 
to any similar situation where estimates of fission 
product releases are desired. 
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Abstract-Deactivation of three of Hanford's eight large plutonium production reactors at 
Richland, Washington, brought to light radiological problems which had not been encountered 
before in the nuclear industry. Large volumes of activation and fission products were gener
ated during the 15 years of operations. Much of this material had been retained in storage and 
retention basins and some was charged into the ground at designated burial locations. In 
addition, a small portion of these products had accumulated in open work areas. 

The basic procedures used to ensure short-term radiological control of deactivated Hanford 
production reactors consisted of essentially reducing the radioactive contamination in the open 
areas to a nominal level and sealing off those locations and systems where decontamination 
was deemed impractical. Long-term radiological control will be maintained with minimum 
surveillance during the postdeactivation period by ensuring that traffic in the open areas is 
kept to a minimum and that sealed-off systems are not disturbed. The proposed paper will 
describe, with the aid of slides, radiological conditions of the various zones before decontamina
tion work was started and will summarize the techniques used in the decontamination and 
containment program. 

Control programs were also established for numerous underground radiation zones such 
as the reactor effluent systems and miscellaneous burial grounds. Open retention basins contain
ing up to 300 tons of radiocontaminated silt and sand required implementation of unique 
containment techniques. The proposed paper, in conjunction with slides, will also describe 
the techniques used to deactivate these zones. · 

Approximately 1 year has elapsed since deactivation ~ork was completed on the reactors 
and their associated facilities. The adequacy of the confinement and decontamination activi
ties is supported by the fact that no contamination spreads have occurred. Within the next 
5 years, the major portion of the activation products will be eliminated through natural decay. 
The remaining activity will largely be attributable to the longer-lived fission products, but these 
are thought not to be prohibitive in reclaiming much of the land for more purposeful future 
activities. 

I. PLANT DESCRIPTION weapons parts, and the performance of other 
The Hanford Plant of the U.S. Atomic En- atomic energy related activities as required by 

ergy Comii}ission is a complex of production, the Commission. To accomplish these assign
research, development and supporting facilities ments, a physical plant has been constructed at 
distributed over a 575 sq miles area of south- an initial capital cost in excess of$1 billion. The 
eastern Washington (Fig. 1). The Plant is under principal process facilities are two fuels fab
the direction of the USAEC Richland Opera- rication plants; nine large nuclear reactors, 
tions Office (RL). Its mission as a production three of which are now shut down; two large 
site has been the production of plutonium chemical separations plants; and a final 
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Fw. 1. Location of the Hanford plant. 

plutonium processing and fabrication facility. 
These are supplemented by hundreds of satellite 
and supporting buildings and facilities. 

Until November of 1965, the General Electric 
Company (G.E.) was responsible for operating 
the nine production reactors. Since that date, 
Douglas United Nuclear, Inc., has taken over 
the "older" reactor operations, and G.E. con
tinues to operate the new dual-purpose reactor. 
The RL Hanford reservation is also a major 
research and development center of the Atomic 
Energy Commission and has an annual Re
search and Development budget in excess of 
$30 million. About one-third of this Research 
and Development effort is in support of Han
ford production operations, and the remainder 
is directed toward a variety of peaceful appli
cations of atomic energy. About three-fourths 
of this work is conducted within the Laboratories 
organization and the remainder by research 
and engineering groups directly attached to 
production organizations. The nearest city is 
Richland, Washington (shown in Figs. 2 and3). 

A. Topography 

The general topography of the Hanford reser
vation is shown by Fig. 4. The terrain, typical 
of much of eastern Washington and Oregon, is 
generally treeless, covered with bunchgrass and 

sagebrush, and varies from plains to gently 
rolling hills. A long, high ridge (Rattlesnake 
Mountain, 3500 ft elevation) bounds the area 
on the southwest, while the Columbia River is 
along the north and east boundary. The river 
shore on the reservation side is gently sloping. 
The eastern shore from 300 Area north to 
about 100-H Area consists of high bluffs; river 
elevation at Richland is about 350 ft. 

B. Geology 

Three major rock formations comprise the 
geology of reactor sites along the Columbia 
River. The Columbia River Basalt series forms 
the bedrock of the region, and current estimates 
place its thickness at 14,000 to 15,000 ft. The 
Ringold Formation overlies basalt at a depth of 
about 500 ft. The late Pleistocene to recent 
fluviatile and glacioftuviatile sediments overlie 
the irregularly eroded surface of the Ringold 
Formation sediments, so that in places they 
grade into and are almost indistinguishable from 
the older sediments. Elsewhere, they consist 
of poorly sorted, but generally coarse-grained 
sand to pebble and cobble gravel and boulders, 
largely derived from the basalt plateau ·to the 
north. · 

No damaging earthquake has ever been re
corded in the immediate vicinity of the RL 
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Frr.. 2. View of Richland, Washington. 

FIG. 3. View of Richland, Washington, and the Columbia River. 
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FIG. 4. Douglas United Nuclear, Inc., facilities. 

Plant, although the area lies in a region sus
ceptible to earthquake damage from the active 
seismic zones of western Washington and from 
the active seismic zone that includes the Walla 
Walla area. For comparison, the expected pro
bability of earthquake damage at the National 
Reactor Test Site (NR TS) at Idaho is about the 
same as RL, but both areas are actually quite 
low in probability. For building code purposes, 
the entire area east of the Cascades is in Zone 2 
of the Seismic Probability Map. (Pacific Coast 
Building Officials Conference, Uniform Building 
Code, 1959 Edition). 

C. Climate 

The Hanford reservation has a semiarid cli
mate of warm summers and mild winters. Day
time temperatures above 90°F. are common 
during July and August. Nights are invariably 
cool throughout the entire spring and summer. 
Even in the hottest month (July), the average 
night-time minimum is 60°F. 

Subfreezing temperatures are frequent during 
the short winter with occasional temperatures 
below zero. The average minimums for January 
and February are 24°F and 30°F, respectively. 

Average highs are 40.5°F in January and 48.8°F 
in February. 

Precipitation is light, averaging about 8 in./ 
year. Most of this falls from November through 
February. Snowfall usually is confined to January 
and February and normally comprises about 
25% of the annual precipitation. The amount 
of snow, which may accumulate, is insignificant 
and generally ranges from a trace to 4 in. 

Occasional early-morning fog appears near 
the river lowlands during the winter months; 
however, smog is unknown. The climate and 
physical features necessary for smog formation 
and continuance are absent and visibility is 
seldom less than 10 miles. The a'l{erage annual 
wind velocity is 7 mph. 

D. Water Supply 

The basic water supply for the Hanford 
reservation is the Columbia River with 
average annual flow rates of 394,000 ft8/sec, 
59,000 ft 3fsec minimum, and 127,000 ft3/sec 
average. Water from the Columbia River is 
pumped to the Hanford reactor areas. It is 
treated and then filtered for use as coolant in 
the reactors. 
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E. Radioactive Waste Disposal 

Conditions at the RL site are particularly 
favorable for solid, gaseous, and liquid waste 
disposal, probably more so than at any other 
major AEC site. Subsurface lateral water flow 
is very slight, rainfall is low and penetrates to 
only a shallow depth that is well above the 
water table. Ion exchange characteristics are 
good. Thus, if needed, large quantities of low
level liquid and solid wastes can be charged into 
the ground to decay. 

Thermally hot reactor cooling water dis
charged to the Columbia River contains radio
nuclides produced mainly by neutron activation 
of impurities. The impurities originate as cor
rosion products, chemical additives, and trace 
elements that are not removed in water treat
ment processes. Most of these are short-lived 
radioisotopes which effectively disappear within 
24 hr. Nevertheless, reactor effluents are ordin
arily retained for short periods in large open 
basins to allow : 

The short-lived activation products to decay. 
Particulate radioactive materials to settle. 
Cooling time for effluent prior to discharge 
into the river. 

Even though additional direct discharge of 
once-through reactor coolant to the Columbia 
River from new facilities is'not allowed, activity 
and contamination levels found in the river are 
much below the imposed AEC limits. 

Small amounts of contaminated reactor ven
tilation air can be safely discharged to the atmos
phere through tall stacks; however, to guard 
against significant contamination of the en
virons outside the reservation boundaries, fog
spray equipment, backed . by high efficiency 
filters, has been installed in reactor production 
facilities. RL reactors are presently confined 
rather than contained (with the exception of 
the Plutonium Recycle Test Reactor, which is 
located near a residential area). 

Contaminated solid wastes from the manu
facturing and laboratory facilities are buried in 
permanently marked trenches above the level 
of the regional ground water. The low rainfall 
in the area results in moisture penetrating the 
soil to a depth of only a few feet; hence, leach
ing of radioactive matedals from the solids is 
negligible. 

All radioactive waste streams, gaseous and 
liquid, are sampled and, in many instances, 
continuously monitored prior to discharge to 
assure that established RL-AEC waste disposal 
limits are not exceeded. 

II. REACTOR DESCRIPTION 

A. General 

The deactivated Hanford reactors are graphite 
moderated, light-water cooled, and fueled with 
uranium metal. Each of the deactivated reactors 
consists of a near cubical stack of graphite (the 
core) which approximates 30ft on an edge. 
Each core is traversed from front to rear by 
about 2000 channels containing aluminum pro
cess tubes. These tubes hold fuel elements and 
provide passage for the "cmce through" cooling 
water entering at the front face and leaving at 
the rear face. The control rods, consisting of 
neutron absorbing material, enter the reactor 
from one side and are positioned remotely by 
controlled motor drives. The "scram" systems 
(safety rods, etc.) for emergency shutdown are 
operated from the top of the reactor. The 
reactor core is surrounded by a graphite "re
flector", to conserve neutrons, and by a heavy 
neutron and radiation absorbing shield. Figure 
5 shows a cut-away view of a typical Hanford 
reactor. 

B. Water Flow 

Water that passes through the reactors is 
pumped from the Columbia River, into water 
treatment basins for flocculation and pH treat
ment, through anthracite filters, and into large 
storage tank'· The treated water is then pumped 
into large risers on both sides of the reactor's 
front face. Horizontal cross connections between 
the risers (crossheaders) carry the water to 
jumpers from the crossheaders and thus into 
the aluminum tubes. The jumpers are called 
"pigtails"; descriptive of their particular shape. 
The water flows through the tube, out the rear 
and into a similar plumbing system on the rear, 
through downcomers, and out through a dis
charge line into large retention basins. The 
retention basins provide both decay time for 
short-lived radionuclides and time for cooling 
of the water by way of evaporation prior to 
discharges back into the river. Figure 6 shows 
the water flow through a typical reactor area. 
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FIG. 5. Cut-away of a typical Hanford reactor. 

Fxa. 6. Water flow through a typical reactor. 
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C. Fuel Handling 

Fuel elements (uranium) are transported from 
the 300 Area Production Fuels plant in special 
semitrailer trucks. Pallets of "elements" are 
transferred ·from the trucks to the reactor 
metal storage room. During refueling of the 
reactor, the metal fuel elements are moved from 
the shipping pallets to charge boxes. The boxes 
are loaded with fuel, "dummies" (perforated 
aluminium spacers), and mixers in the appro
priate order. The fuel elements are also visually 
inspected during the charge-makeup operation, 
and made-up charges are placed on "Tea 
Carts" for subsequent transfer via the metal 
elevator to a work platform and the charging 
machines. The contents of the charge box are 
unloaded onto the front face charging machine 
in proper sequence so the fuel will be located, 

as shown in Fig. 7. This unit was established to 
coordinate activities for deactivation of DR, 
H and F Reactors. The guides established by 
this group were written into a manual cover
ing DR Reactor and later modified for use in 
deactivating H Reactor and finally F Reactor. 
The manual contains specific items to be per
formed during deactivation activities. 

Although each deactivation procedure in
cludes appropriate references and suggestions 
relative to safety, the deactivation unit has no 
direct safety responsibility. Such responsibility 
continued under the direction of the area man
ager who redelegates safety considerations to the 
various managers of Maintenance, Processing 
and Power. The supervisors reporting to these 
managers are considered to be the "mainstays" 
in the organization, for they assume the direct 

FIG. 7. Organization chart-Personnel Affecting Reactor and Radiation Safety Plus 
Deactivation Personnel. 

as previously planned, in the process tube. A 
strict piece count of all fuel is maintained. 

After rear-face discharge of irradiated fuel 
elements, the spent fuel is sorted, picked up, 
counted, weighed, and sorted in buckets under 
several feet of water in a large basin. After a 
specified cooling period, fuel is shipped in spe
cial railroad cars to the Chemical Processing 
plants for separation work. 

Irradiated dummies and mixers are also col
lected in buckets in the water-filled basin, and 
many are decontaminated for future use. Some 
of the dummies (those next to the fuel elements) 
have radiation intensities too high for immediate 
decontamination, and are charged into large 
ground pits for radioactive decay. 

m. REACTOR DEACTIVATION 

A. Administration 

A deactivation "unit" was specially formed 

contact responsibilities with the operating per
sonnel in their respective areas. 

The only special procedures required in the 
operation prior to shutdown of the reactors 
are those used in physics experiments designed 
to measure certain nuclear safety parameters. 
To assure accurate results and safe conditions, 
a scheduling chart was set up prior to beginning 
the tests. This chart is shown in Fig. 8. The 
date is shown along the top with the test listed 
in the columns staggered to the right indicating 
the amount of time each test would take. Some 
of the tests include: 

Local control strength 

Vertical safety rod calibration 

Spline worth 

Discharge to minimum. critical slab 

Cold reactivity-exposure dependence 

Supercell 
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FIG. 8. Scheduling chart. 

FIG• 9. Physics test equipment. 
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Since some of the data obtained have not been 
fully analyzed, and since much of the material 
is classified, the results will not be discussed 
(see Fig. 9 for physics test equipment). 

B. Standard Procedures 

Standard procedures were used to shut the 
reactors down and to discharge the fuel elements. 

C. Deactivation Procedures 

Procedures were written for: 

Decontamination activities 

Physical safeguards (e.g. locks, tag) 

Posting radiation areas 

Transfer of waste to burial grounds and 

"ultimate posting" 

Periodic surveillance after deactivation 

These procedures were reviewed by appropriate 
General Electric Company and AEC personnel 
for adequacy both in coverage and "safeness". 

IV. REACTOR LAYAWAY 

General 

The deactivation unit mentioned earlier was 
formed for the specific purpose of closing the 
reactors known as DR, H and F. DR was shut 
down in December 1964 and put on a standby 
status. Since the deactivation of H and F were 
similar to DR, the deactivation plans for DR 
were issued in the form of a manual. The manual 
contained specific items and tasks that were to 
be performed as part of the deactivation pro
gram. All tasks outlined in the deactivation 
manual were planned and scheduled with safety 
in mind, whether it was nuclear, industrial or 
radiological. A special column was included on 
each instruction sheet pointing out any safety
connected items that should be considered m 
the performance of work. 

Decontamination of the reactors began as 
soon as the fuel had been discharged. Storage 
basins, retention basins, and associated effluent 
piping were given necessary tre<!-tment after the 
irradiated fuel had been shipped. Decontamin
ation, in general, was based on conventional 
cleanliness and good house-keeping practices 
prevalent to the nu~lear industry. Included 
were vacuum cleaning, hose-down, wipe-up and 

disposal of contaminated items. Chemical de
contamination was used in specific locations 
where it had proven to 'be effective in the past 
in the removal of rust and encrusted water 
salts. Materials with a high radiation dose rate 
were left in locations where there was adequate 
shielding. These areas were then posted with 
radiation identification markers and barricaded 
as required. Equipment and locations not having 
economic justification for complete deconta
mination were either isolated, or the contamin
ation was fixed to prevent an inadvertent 
spread. They were then properly marked, 
fenced, or barricaded and posted with informa
tion on the nature and level of contamination. 
Contaminated items valued at less than $5000 
were either buried or used in the operating 
reactor areas. Expendable contaminated mater
ials and equipment were removed and either 
utilized or buried, if this was less costly than 
decontaminating the items. Interior contam
inated surfaces of piping systems and equipment 
not contributing to radiation dose in general 
required no treatment other than sealing to 
contain the contamination. Posting of appro
priate warning signs was then initiated to main
tain the integrity of the system; the effluent 
water piping is one example. All parts of the 
facility, equipment and grounds received a com
plete radiation survey, and the radiological sta
tus was documented and made a part of the 
layaway information package. 

1. Cleaning Methods. Low-level loose contami
nation in such locations as corridors and main 
traffic areas was removed by water washing, 
sponging, and mopping. High level loose con
tamination in other corridor areas that could 
be contained and removed with a minimum 
probability of spreading was collected with 
vacuum cleaning equipment. This was fol
lowed by water washing. Contamination that 
was fixed or had penetrated into porous sur
faces required the use of additional cleansing 
agents in the water, such as detergents and 
commercial chemical cleaning agents. In stub
born cases, detergent was applied with steam 
cleaning equipment. 

Commercial chemical cleaning agents were 
used on reactor hardware where past experience 
indicated no detrimental effects. These agents 
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were used freely on iron and concrete surfaces 
where rust, scale, and water salts trapped and 
concentrated contamination. With this tech
nique, the contamination carriers were, in effect, 
put into the solution and washed away. Extra 
caution and additional controls were exercised 
in the application of these chemical cleansing 
agents so that they did not inadvertently con
tact materials and equipment that could be 
damaged. Some mechanical equipment and 
almost all the electrical equipment and instru
mentation could not be cleaned with water or 
chemical agents. Therefore, vacuum cleaning 
and careful wiping with suitable solvents, rags, 
and swabs were used on this type of equipment. 
In general, where equipment was not subject 
to damage and floor drains were present, water 
washing, sponging and mopping were used 
prior to the application of chemicals. In other 
locations, vacuum cleaning was used exclusively. 
Vacuum cleaners were equipped with traps to 
collect contaminated dust and dirt and were 
designed for the easy removal and disposal of the 
collected dirt. 

2. Shielding and Fixing Methods. Conventional 
shield materials were used as required. Radio
active materials not readily removed by normal 
cleaning methods were fixed in place with 
either paint or a sprayable plastic. Even high
level contamination was fixed without using 
concrete or asphalt coating>. Where economic
ally justified, lead brick and lead sheet of appro
priate thickness were selected for gamma shield-

. ing. However, significant quantities of lead 
brick were not needed after reactor shutdown. 
Some locations, which involved large areas and 
where subsequent removal was a consideration, 
were shielded with earth fill. 

3. Radiological Criteria. The Hanford Radia
tion Control Standards and Procedures (HW-
45674) were used where applicable and were 
consulted as a guide for problems peculiar to 
the task of reactor plant layaway. The sections 
in the standard on radioactive waste disposal, 
shipment of radioactive materials, release from 
radiation zone status, and radiation markers, 
plus other sections, were directly applied in the 
Plant deactivation program. 

The following radioactive contamination ac
tivity and radiation dose-rate levels were used as 

a guide in decontamination and cleaning of the 
plants and appurtenances. 

(a) Nonradiation zones. Working surfaces, doors, 
tables, work benches, and control panels were 
to be decontaminated to less than 100 counts 
per minute ( cpm) *as determined by the standard 
smear technique and to less than l mR/hr. 

(b) Radiation zones requiring posting. In general, 
porous floor surfaces and equipment surfaces 
were to have less than 3000 cpm of smearable 
contamination and a dose rate less than 3 mR/hr 
measured at 1ft from the surface. The common 
traffic areas within controlled radiation zones 
were to be cleaned to less than I 000 cpm by 
smears. The external surfaces of the reactor, 
except the rear face, were to be decontaminated 
to less than 3000 cpm of smearable contamina
tion and less than 3 mR/hr measured at 6 in. 
from the surface. The rear face and rear dis
charge area of the reactor were to be cleaned 
to approximately 10 mR/hr measured at 1ft 
from the surface. 

(c) Significant contamination zones. Barricades, 
warning signs, and/or fixation of contamination 
were used as safeguards for equipment, material, 
or locations where: 

Significant contamination spread could occur, 
or 
Dose rates exceeded 10 mR/hr. 

Included in this classification, for example, 
were the reactor interior, down comer and 
effluent system interior, gas dryer beds, and 
irradiated metal storage basin . 

When a reasonable amount of time and effort 
had been expended in cleaning any location or 
piece of equipment without attaining the above 
goals, the work was to be stopped and the con
dition reevaluated. An alternate treatment was 
to be used such as fixing the contamination, 
shielding, and disposal, accompanied with ap
propriate posting of warning signs and barri
cades. All loose contamination was to be 
removed even though the activity level was 
below the recommended levels. 

4. Application. A systematic program was 
developed and followed during the decontamin
ation of radiation zones within the deactivated 

*A standard GM was used for measurements in 
cpm. 
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FIG. 10. Aerial view of a typical reactor area. 

FIG. 11. Front face of a typical production reactor. 
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reactor facilities. An aerial view of F -Area 
buildings is shown in Fig. 10. Initial efforts 
consisted of removing equipment, tools and 
materials that were not intended for storage in 
the reactor buildings. This was followed by the 
implementation of a general "housekeeping" 
effort and an eventual survey of each radiation 
zone. In many cases, the radiation surveys 
indicated that no additional decontamination 
effort was required to satisfy the postdeactiva
tion radiological control measures mentioned 
earlier. Figure 11 shows the front face of one 

contamination in each reactor. An average of 
43 were previously established radiation zones. 
Some 25 zones required decontamination with 
detergent solutions or chemicals to satisfy the 
decontamination criteria as discussed above. 

(a) Reactor pile and discharge basin. The reactor 
was sealed; Fig. 12 shows a schematic of a typ
ical reactor pile and the associated discharge 
basin. Reactor tubing and hardware \vere also 
sealed. The discharge and storage area shown 
in Figs. 13 and 14 did pose special problems. 
The reactor discharge basin contained a con-

Fw. 12. Schematic of a typical reactor. 

of the Hanford reactors and is typical of the type 
of area that had to be decontaminated. The 
reactor building contained numerous radiation 
zones, some of which contained smearable con
tamination as high as 50,000 cpm. The general 
flow of decontamination work . was from top 
to bottom and from the right side to the left. 

The radioactive contamination in the open 
areas was, however, readily reduced to a nomi
nal level of less than 3000 cpm. There were 
several locations where a spread of contamina
tion could occur or which involved dose rates 
above I 0 mR/hr; these locations were either 
sprayed with a sealant or barricaded and posted 
with tags describing their status. In each case, 
the amount of effort expended on decontamin
ation of a specific location was based to some 
extent on previous decontamination experience. 

Approximately 70 locations were surveyed for 

siderable inventory of radionuclides deposited 
during discharge activities. These radionuclides 
originated in three ways: 

Loss of fission products from irradiated, rup
tured metal fuel elements 

Neutron activated stable elements (from cool
ing water) that had collected on fuel elements, 
dummies, mixers, and tube walls 

Activated elements in structural materials in 
the reactor pile 

The quantity of materials deposited in the basin 
precluded economical removal. Therefore, each 
reactor storage basin was left in a partially 
water-filled condition. 

All loose contamination was secured and 
irradiated material was removed or shielded to 
reduce radiation levels below 3 mR/hr at 1 ft. 
Equipment and foreign objects that could be 
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FIG. 13. Reactor discharge area. 

FIG. 14. Reactor storage area. 
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readily picked up were removed from the basin. 
The water level was gradually lowered and the 
basin walls were hosed down and scrubbed with 
commercial detergents and chemical cleansing 
agents. The radioactive sludge on the bottom 
of the basin was left in place. The basin was 
then posted and barricaded as required by 
existing radiation protection standards. 

A radiological analysis was made at one of 
the deactivated reactors. The basin water level 
was lowered from 17 ft 7 in. to 4 ft. Dose-rate 
measurements taken at the top of the basin did 
not exceed 7 mRfhr and no smearable con
tamination was detected on the basin walls. The 
analysis demonstrated that radiation dose rates 
and contamination could be controlled by keep
ing an appropriate level of water in the basins. 
An alternate method for radiological control 
would be to dump a nominal amount of earth 
or cinder into the basins. To date, it has proven 
to be less expensive, however, to keep water 
in the basins instead of filling them with earth 
or cinder. 

(b) Ventilation system. The reactor ventilation 
supply system did not require decontamination. 

A borderline exception was the internal portions 
of the DR and F Reactor rear face supply ducts 
that required stabilization of loose contamina
tion. All dry and wet filters were left in place. 

Except for the 1 05-H rear face exhaust duct, 
the ventilation exhaust ducts 7 did not require 
decontamination. Access covers were left in 
place to prevent contamination spread, and 
radiation warning signs were then posted at 
appropriate locations. 

On completion of decontamination work on a 
given reactor, a ventilation test was then con
ducted. All supply and exhaust fans were shut 
off for a continuous period of 16 hr. In effect, 
this left the reactor building ventilation system 
in a deactivated status. I!J. conjunction with the 
test, all outside doors were closed, and the ex
haust ducts to the reactor building stack were 
left in the open position. At the conclusion of 
the test, a complete radioactive contamination 
survey was made in the building to determine 
if any radioactive contamination had migrated 
from the various radiation zones to "clean" 
areas;· the results were negative. 

(c) Water plant piping and equipment. As can 

Fw. 15. Typical reactor water plant. 
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be seen in Fig. 15, the three water plants 
supporting the reactors were large and com
plex. Since all three deactivated reactors were 
immediately down river from other operating 
reactors, "low-level" activity, from neutron 
activation of stable elements in the cooling water 
used for the upstream reactors, had plated out 
on the equipment used in the water plants. The 
183 settling basins (Fig. 16) were cleaned of 
loose foreign material and hosed down. The 
rest of each water plant was hosed down and 
left in a standby condition. After a short 
period of time, contamination levels were low 
enough for transfer of the equipment to other 
water plants. 

Because the coolant effluent systems are still 
contaminated with very low levels of radio
activity, control measures are necessary. The 

FIG. 16. Water plant settling basins. 

radionuclide of greatest concern is 65Zn with 
a 245-day half-life. The control procedures 
established for the water plants will preclude 
the spread of contamination, and will prevent 
personnel contact for a period of 5 years. After 
the 5-year period, no further control will be 
necessary because the activity will decay to an 
insignificant level. 

(d) Reactor retention basins. Perhaps the reactor 
retention basins presented the biggest radiolog
ical problems. Original plans called for com
plete removal of baffle plates and the separating 
center wall (see Figs. 17, 18, 19 and 20). A de
molishing crane was used to knock down the 
baffle plates (baffle plates insure water mixing) 
to the floor of the basin. Jackhammer operators 
tried to weaken the center concrete partition, 
so that the demolishing crane could knock it 
over to the floor of the basin, too. Jackhammer 
operators were required to wear full protective 
apparel and respiratory protection. 

All wrecking attempts proved ineffective be
cause of the reinforcement steel within the center 
wall. Originally, the activity in the bottom of 
the basin was to be stabilized with 4 ft of earth 
fill, which wouldslopeupwardsandcoverthesides, 
subsequently creating a large earthen "bowl". 

The amount of dirt necessary to fill the re
tention basin soon proved to be costly. To 
eliminate the additional cubic ft of dirt fill re
quired for sloping the sides, an asphalt spray 
was used to fix contamination on the center, 
side, and end walls. The resultant savings in man
power and equipment were significant. The end 
result was probably more effective using asphalt, 
since high winds could move sloped earth 
shoulders and cause a spread of "low-level" 
contamination. 

Prior to deactivation of the retention basins, 
representative samples were taken to ascertain 
levels of contamination in the 500 tons (total F 
and H Reactor basins) of sludge on the basin 
floor. These representative samples revealed 
accumulations of: 

,..._, 800 Ci of1 6 2Eu ( ,..._, 13-year half-life). 
,..._, 400 Ci of 65Zn ( ,._, 245-day half-life). 
,..._, 40 Ci of 6°Co ( ,._, 5-year half-life). 
,._, 30 Ci of total,B emitters (e.g. 147Pm, 89

-
90Sr, 

99Te). 

Since these radionuclides were uniformly mixed 
in the 500 tons of sand and silt, dose rates from 
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FIG. 17. Retention basin and waffie plater. 

FIG. 18. Initial filling operation. 
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FIG. 19. View of basin center cavity. 

FIG. 20. Side view of basin filling operation. 
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the wet sludge were nominal. Modest safe
guards and controls would be required if use for 
the land was mandatory within the next 5 years. 

Fw. 21. Low-level burial site. 

Estimates show that in 10 years, dose rates will 
be low enough to reclaim the area encompassed 
by the basin walls with little exposure to workers. 
After 50 years, radionuclides will not be signi-

ficant even though 162Eu will theoretically have 
a calculable value. 

Radiation symbols were posed after deactiva
tion activities were complete. 

(e) External radiation zones. There were several 
locations in each reactor area that contained 
underground radioactive materials. Only two 
of the deactivated reactor areas will be dis
cussed, since one plant is located in a dual area 
with an operating reactor. 

At one of the reactor areas there are 13 under
ground radiation zones; the other area has 16. 
Five of these locations, encompassing a peri
meter of 6000 ft, have been permanently ter
minated as burial sites. Figure 21 shows a 
typical "low-level" burial site. The permanently 
posted burial grounds contain two general types 
of radioactive waste: neutron activated reactor 
components and surface contaminated material 
and equipment. The activated components con
sist almost entirely of steel and aluminum. 
Figure 22 shows the boron-steel balls used for 
emergency reactor control being removed from 
a deactivated reactor. The boron-steel balls 
are typical of the type of activated material 
placed in the permanent burial grounds. The 

Fw. 22. Boron steel balls being removed from a reactor facility. 
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most significant :radionuclide contained in this 
type of material is 60Co which has a half-life 
of 5 years. Other types of neutron activated 
materials placed in the burial grounds are 
aluminum tubes, reactor hardware, and thermo
couple wires. Bundles of process tubing have 
dose rates as high as 5 Rjhr at 6 ft. The surface 
contaminates are primarily corrosion and activa
tion products from the reactor cooling water. 
The most significant long half-life radioisotope 
for this type of material is 65Zn which has a 
half-life of 245 days. 

All abandoned burial trenches and pits were 
backfilled to normal grade, which provided at 
least 4 ft of cover and limited the radiation in
tensity level to less then 1 mR/hr. 

charge work. To be specific, an exposure ac
countability program showed that: 

DR Reactor craftsmen received 12 R of 
whole-body exposure; 2 R to monitors, 7 R 
to operators, 2 R to maintenance craftsmen 
and 1 R to others. 
H Reactor craftsmen received 11 R of whole
body exposure; I R to monitors, 5 R to opera
tors, 1 R to maintenance craftsmen and 4 R 
to others. 
F Reactor craftsmen received 14 R of whole
body exposure; 3 R to monitors, 7 R to opera
tors, 2 R to maintenance craftsmen and 2 R 
to others. 

The 37 R received by workers during the de
activation activities for the three reactors repre-

Table 1. Typical Decay Rates 

March 5, 1965 March 21, 1966 

Zone Direct Smears Direct Smears 

Winch 3 mR/hr 1000 cpm 1 mRjhr 500 cpm 
Top of unit 3 mRjhr 1000 cpm 1 mRjhr 500 cpm 
Ball collection 300 mR/hr 1000 cpm 3 mRjhr 500 cpm 
X-2 level 3 mR/hr 1000 cpm 1 mRJhr 100 cpm 
X-1 level 3 mR/hr 1000 cpm 1 mRfhr 100 cpm 
Vacuum system 50 mRJhr 1000 cpm 40 mR/hr 500 cpm 
Rear face 40-70 mR/hr 

I Charge face 4-6 mR/hr 

The burial grounds were then posted in accord 
with existing RL-AEC standards; the concrete 
posts conform to the standard established by 
the state of Washington for highway mark
ing. 

Some of the other underground radiation 
zones were liquid waste disposal sites not re
quiring permanent markers. Concrete posts 
were not installed in these areas, since it was 
predicted that radiological control measures will 
not be necessary for any use of the land 5 years 
after reactor deactivation. 

(f) Personnel exposure. Whole-body radiation 
exposure received by workers during deactiva
tion work was considerably less than that re
ceived during normal maintenance and dis-

20 mRJhr 
3 mR/hr 

sents approximately one-fifth of the total expo
sure required to operate a Hanford production 
reactor for 1 year. 

V. CONCLUSION 

Approximately 1 year has elapsed since de
activation work was completed on the reactors 
and their associated facilities. During this per
iod, routine monitoring and control programs 
have continued in force. Some of the deactiva
tion procedures have been casually mentioned 
in the body of this paper. 

The total surveillance program, however, 
has been much more sophisticated than these 
notations would imply. For example, complete 
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annual survey programs have been completed 
for each of the reactor buildings. Typical data 
on decay rates for specific locations within a 
reactor building are given in Table 1. 

To assure continued control throughout the 
year, surveys on frequently travelled locations 
were made. Experience to date has adequately 
shown that the radiological criteria adhered 
to during the deactivation of the three reactors 
were sufficiently restrictive. The periodic radia
tion and contamination surveillance program 
(as described above) for the reactors has proven 
to be adequate. The decay rates for the remain
ing radioactive materials apparently have de
cayed with a half-life considerably below the 
predicted value of 5 years. 

Deactivation experience gained to date at 
Hanford has demonstrated that: 

Economical deactivation of large single pass 
reactor production facilities can be accom
plished safely and effectively. 
Relatively large quantities of activated ele
ments decay rapidly and will not limit future 
renovation activities. 
Considerable thought and preplanning is re
quired to achieve continued radiological 
control. 
Remaining activity in Hanford facilities will 
be largely attributable to the longer-lived 
fission products, but these will not be pro
hibitive in reclaiming much of the land for 
more purposeful future activities. 



DISCUSSION 

J. PoMAROLA (France): 

J'ai apprecie la tres remarquable concordance des 
films et des dosimetres de poche. M. Craig peut-il 
nous donner des precisions sur les films et les 
dosimetres ? 

D. K. CRAIG: 

The film badges were the standard AERE film 
badges as used by the U.K. Radiological Protection 
Service and the pocket dosimeters were Stephen self
reading quartz fibre dosimeters. 

D. c. LAWRENCE (U.S.A.): 

What was the total amount of Pu 239 involved and 
what percent was released? 

D. K. CRAIG: 

The source contained 160 g of plutonium, i.e. 10 Ci. 
We estimate that about 30% of this was released into 
the primary and pool water systems. The ruptured 
source is still, at this stage, in double containment at 
the bottom of the pool. An attempt will be made to 
measure the amount ofPu released by extracting and 
measuring the amount ofPu left as soon as our hot cell 
facilities are completed. 

0. L. CoRDES (U.S.A.): 

What was the estimated cause of source failure? 

D. K. CRAIG: 

Quite frankly, stupidity. No one had, prior to the 
incident, calculated the heat transfer from and heat 
generation of the source. Subsequent calculations 
showed that, at a reactor power of 6-7 MW, the 
cooling of the source was inadequate in the core loca
tion chosen. Hazard evaluations of the reactor had 
omitted to consider possible hazards arising from the 
source. 

L. DE FRANCESCHI (Italy): 

Due domande per il Dr. Craig: 
1. Nel reattore Safari non si usa allontanare la 

sorgente di neutroni dal core non appena raggiunta 
la criticita? 

2. Che cosa significavano, nelle figure chesonostate 
mostrate, i "massimi livelli di attivita" raggiunti? 

D. K. CRAIG: 

1. The reactor was at the time of the incident still 
under the control of the nuclear sub-contractor. It 
had been suggested to him prior to the start of the 
acceptance test that the Pu-Be source be removed. 
The Operations Manager declined to do so as he 
thought the source would be all right. 

2. The "maximum activity levels" prior to the 
incident indicated in Figs. 2 and 3 referred to the 
maximum readings that had been obtained with the 
reactor at a power of 6-7 MW and all ventilation 
systems operating normally. 

J. PoMAROLA (France): 

Je desire demander une precision aM. Fitoussi. Il 
nous a parle d'une contamination par les produits de 
fission. Mais dans le cas d'une rupture de gaine 
survenant sur une telle cellule, n'y a-t-il pas eu aussi 
une contamination par le Pu 239? 

L. FrTOUSSl: 

La question de M. Pomarola est importante. En 
effet dans le cas d'elements de combustible presentant 
des taux de combustion eleves, la concentration des 
isotopes du plutonium peut etre elevee. Dans le cas 
de la cellule qui a donne lieu a !'incident decrit dans 
ce rapport, le taux de combustion a ete evalue a 
3650 MWjjt, ce qui correspond pour cette cellule a 
une concentration de 1 mg de plutonium par gramme 
d'uranium. En supposant un taux d'emission de 
l'ordre de 1% (comme pour les produits de fission 
solides) on calcule un risque potentiel de l'ordre de 
10% relativement a celui de l'iode-131. Toutefois, 
comme il est dit dans le rapport, nous n'avons pas pu 
mettre en evidence a posteriori la presence du pluto
nium dans les prelevements atmospheriques et de 

surface. 

B. w. EMMERSON (U.K.): 

I. At what fuel temperature was P 31 still being 
released from the fuel element? 

2. Was the gaseous effluent released via an P 31 

extraction filter? 

L. Frroussr: 

I. Pour repondre a la premiere question je dois 
donner une precision complementaire concernant la 
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pile EL3 qui presente une puissance specifique de 
l'ordre de 40 MW/t. La puissance degagee par les 
produits de fission est done importante et necessite un 
refroidissement efficace car 12 heures apres le 
defournement la temperature de !'uranium peut 
depasser 600°C. 

2. Le circuit d'extraction d'air de la pile EL3 com
porte un dispositif de filtres de secours comprenant 
entre autres un piege a iode a charbons actifs. Ce 
dispositif n'est mis en service qu'en cas d'accident 
important car il necessite l'arret de la pile. 

Or pendant ces operations, la pile etait en fonction
nement et l'activite rejetee ne presentait pas de risque 
important. C'est pourquoi le dispositif de secours n'a 
pas ete mis en service. 

E. W.JACKSON (U.K.): 

In the results of downwind concentration of !1 31 

given by Gammill and Bunch for several release 
experiments, and claimed to be capable of being used 
to predict the amount in curies emitted by the reactor, 
there is no mention whatever in the tables shown of the 
deposition of material from the clouds in transit. I 

cannot see what it is possible to calculate from the 
results on this basis. 

D. F. BUNCH: 

Although not indicated in the presentation, deple
tion of the cloud by deposition was considered. For 
the stated meteorological conditions, depletion of air
borne activity by deposition was found to be insignifi
cant in these tests. 

B. w. EMMERSON (U.K.): 

1. How was contamination, as collected on surface 
smears, examined for isotopic and energy distribution? 

2. What degree of protective clothing was required 
whilst decontaminating large surfaces, as exampled in 
Fig. 9? 

L. WALLIS: 

l. We have no data bearing on this question. 
2. Airborne contamination was not a problem. 

Therefore, no protective clothing was worn. 
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Abstract-A field study was undertaken to evaluate the use of pocket ion chamber dosimeters 
for measuring population dose to background radiation. The chambers were charged to a 
low voltage to minimize leakage and read after exposure with a pulse-reading method. The 
method had a sensitivity reported to be I mr ± 0.2 mr. 

Special tests were devised for selection of stable and reproducible ion chambers. The dosi
meters were worn by individuals for a week at a time over a five-week period and calibrated 
and standardized after each week of use. Results of an analysis of variance'On the standardization 
data obtained with 41 dosimeters over the period of use are presented. The tests showed that 
after field use, the system, including reader plus dosimeters, showed increased variability 
over the variability at the beginning of the tests. The leakage of the dosimeters was also 
apparently increased in field use over that found in laboratory experiments. The study showed 
the need of frequent testing in the field of any system used for population dosimetry at the low 
levels characteristic of background radiation. 

The design of a study of population exposure to background radiation with personnel moni
toring devices is discussed. Formulas are presented for determining the total number of dosi
meters to use and the number of dosimeters to assign per individual, based on initial pilot 
studies. 

The test data obtained in this survey should be useful for comparison with test data on 
other dosimeter systems, such as the thermoluminescent type in evaluating the performance 
of detection systems for the measurement of low-level population exposure. 

INTRODUCTION 

Interest in the measurement of background 
radiation for epidemiologic studies has, in recent 
years, stimulated efforts to develop methods 
that are capable of detecting differences in low
level gamma radiation and that are, at the same 
time, suitable for use in large-scale population 
studies. Such methods should be sufficiently 
sensitive to monitor the low dose rates character
istic of background radiation with a high degree 
of reliability. In addition, the dosimetric system 
should exhibit minimal energy dependence with
in the range of energies likely to be encountered 
in studies of natural background radiation and 
should be relatively dose-rate independent. The 

*Aided by research grant GM07615-03 from the 
National Institutes of Health. 

instruments should also be portable and suffi
ciently stable to ensure reliable operation under 
a variety, of field conditions. 

Of particular concern to epidemiologic investi
gations is the dose received by members of the 
population during the course of their normal 
activities. This may be estimated from spot 
measurements of the potential exposure in the 
environment as recorded by a pressurized ioni
zation chamber or a geiger or scintillation detec
tor. If a detailed mapping of the environment 
is made over the time period of interest and 
knowledge of the time spent by the subjects in 
areas of different exposure rates is obtained, the 
personnel dose may be calculated. 

Environmental measurements provide a satis
factory method of determining population dose, 
and estimates based on their use have been 
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presented in several studies. <1
> Where the main 

information desired is the exposure of a selected 
group of individuals, or the difference in expo
sure of individuals in different areas, personnel 
monitoring devices provide an attractive alter
native approach to background measurements, 
since they measure personnel exposure directly. 

Personnel monitoring devices may also be 
particularly useful when the background levels, 
which are affected by rainfall, fallout, and 
barometric pressure, change significantly over 
the period of time of interest. 

The two detection devices which have been 
used most extensively to date for monitoring of 
individuals occupationally exposed to radiation 
are pencil condenser ionization chambers and 
personnel monitoring film. Because of their 
widespread use and commercial development, 
both types of detectors are available at suffi
ciently low unit cost to enable their use by large 
numbers of individuals. However, the usual 
methods of using these detectors for radiation 
protection purposes are not sufficiently sensitive 
to enable their direct application to the low 
levels generally accumulated in population ex
posure studies. 

The sensitivity of the personnel monitor film 
can be improved vastly by surrounding it with 
scintillation material, and the performance of 
this unit has been studied in detail by Henson. <2 > 

It turns out that the film is highly dose-rate 
and temperature dependent when the exposure 
is produced by light from the scintillator rather 
than by background radiation directly. 

The sensitivity of pencil ionization chambers 
may also be greatly increased by the use of a 
special read-out system designed in 1958 by 
Roesch, McCall and Rising. <3 > In this method, 
a precision, stable voltage supply is used to 
charge the ion chambers. After exposure, the 
chamber is recharged to the same voltage 
through a resistor. A voltage pulse is produced 
across the resistor proportional to the differences 
in voltage between the ion chamber and charg
ing voltage and, therefore, proportional to the 
measured dose. According to McCall, this sys
tem has several advantages as compared to the 
conventional method of reading condenser ion 
chambers. <4 > 

First, the method is a differential one; and the 
difficulties of measuring a small difference be-

tween two large numbers is avoided. Second, 
the method uses pulse measurements rather 
than direct current, and it becomes much sim
pler to obtain high sensitivity and stability. 
Selected single pencil dosimeters can measure 
l mr levels with an accuracy of ±0.2 mr in 
95% of the trials. The pencils are mechanically 
stable and undergo little change due to thermal 
cycling. 

The characteristics of this system suggest that 
it may be adaptable for use in epidemiologic 
studies of background radiation. The present 
study was designed to assess this possibility. 

INSTRUMENTATION 

Specially selected Victoreen Model 36 Z 
pocket ion chamber dosimeters and a com
mercial reader were used. The reader is of 
the type described by Roesch et al. <3 > and was 
supplied by Controls for Radiation, Cambridge, 
Massachusetts. A photograph of the reader is 
given in Fig. l. It consists essentially of three 
parts-input circuit, amplifier, and peak-read
ing voltmeter. The input circuit is a high
impedance cathode follower using an electro
meter tube. Long time constants are used to 
minimize the effect of electrical noise caused 
by the insertion of the ion chamber. The ampli
fier is a low-gain circuit with a choice of attenu
ators to provide high and low ranges. The 
peak-reading voltmeter converts the pulse into a 
very long high-current pulse whose amplitude 
can be displayed on a meter. The rest of the 
circuitry includes a highly stable power supply 
for charging the ion chambers and a system for 
simulatingvarious doses on the ion chambers. This 
latter system makes it possible to check quickly 
the calibration and linearity of the reader. 

Since a broad spectrum of gamma rays is 
encountered in the measurement of background 
radiation, it is desirable to have detectors as 
nearly energy-independent as possible. The 
Victoreen pencil dosimeters used were reported 
by their manufacturer to have a dose response 
which varied only a few percent with energy 
between 0.1 MeV and 1 MeV. 

A seven-day period was chosen as a conven
ient time interval for measuring exposure. Read
ings of approximately 2-4 mr were expected for 
this period. The reader had two ranges and 
was adjusted so that the lower range was 0-5, 
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and the meter read directly in mr. The high 
range of0-50 mr was not used in this study. To 
avoid excessive leakage, the chambers were 
charged to only 20 V. At this voltage, satura
tion is obtained up to dose rates of at least 50 mrf 
hr, and this saturation continues down to about 
ten volts. Leakage was reported to increase 
the reading Ly about l mrfmonth at 20 V. <3• 5> 

SELECTION OF DOSIMETERS 

The use of pencil chambers for measurement 
in the l mr range required special care in their 
selection. Residual mechanical strains in the 

trials, the following empirical criteria for accep
tance of dosimeters for field use were adopted. 

1. Dosimeters were tested as a set, and the 
whole set was accepted or rejected depending 
on their meeting the prescribed conditions. 

2. All the dosimeters were given a constant 
exposure of approximately 1 mr, and the expo
sure time was 5 min. The value chosen for the 
reference exposure was the average of all the 
readings of the dosimeters suitable for field use. 

3. Each set of dosimeters was exposed for five 
times in succession. At least 90% of the readings 
had to be within 0.3 mr of the average reading, 

FIG. I. Ionization chamber pulse reader. 

insulators, loose connections, and excess dust or 
moisture may produce erratic and nonrepro
ducible readings. It was therefore necessary 
to establish criteria for screening dosimeters 
prior to field evaluation, 

During the course of initial screening, it was 
noted that even those dosimeters which ap
peared to be functioning in a reliable manner 
would occasionally give readings which differed 
appreciably from the average, e.g. as much as 
0.5 mr when the average was 1.1 mr. Conse
quently, selection criteria were based on the 
average results of several readings rather than 
on a single reading. Mter several preliminary 

and each dosimeter had to read within 0.3 mr 
of the average in three out of five trials. 

The initial set of dosimeters tested could not 
meet these criteria. Another set of 50 dosi
meters which was tested gave a mean reading 
of 1.03 mr, and the numbers of dosimeters giving 
all five, four, and three readings within the 
prescribed range were 39, 8, and 3 respectively. 
These readings represented 92% of the total 
taken. A third set gave a mean value of 1.24 mr 
and was rejected. Some dosimeters which gave 
erratic results because of induced charges on 
the· insulator were improved and found suitable 
for use after exposure to 1 OOr of X-radiation. 
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Table 1. Screening of Dosimeters Prior to Field Use 

Instrument Trial 1 Trial2 Trial3 Trial4 Trial 5 Mean 

number (mr) (mr) (mr) (mr) (mr) (mr) 

14,508 1.10 1.20 1.10 1.00 1.10 1.10 

14,532 1.10 1.10 1.20 1.00 0.95 1.07 

14,544 1.00 1.00 1.10 1.00 0.90 1.00 

14,743 1.00 1.10 0.80 1.00 0.60 0.90 

14,817 1.10 1.10 0.80 0.90 1.20 1.02 

14,897 1.00 0.90 0.70 0.80 1.00 0.88 

14,946 1.00 0.70 0.90 1.10 0.90 0.92 

14,961 1.05 1.00 1.10 1.00 1.20 1.07 

15,175 0.80* 0.70 0.80 0.90 0.80 0.80 

15,208 0.80 0.60 0.10 1.70 0.80 0.80 

15,338 1.30 0.90 0.10 1.00 1.10 1.08 

15,605 0.90 1.30 1.00 1.00 0.90 1.02 

15,639 1.20 1.00 0.60 1.00 1.20 1.00 

15,688 1.20 1.20 1.00 1.20 1.00 1.12 

15,704 1.00 1.20 0.80 1.30 1.10 1.08 

15,734 0.95 1.00 1.00 1.10 0.90 0.99 

15,805 0.95 1.00 0.70 0.70 0.90 0.85 

15,903 0.90 1.20 1.10 1.20 1.00 1.08 

15,918 1.20 1.10 0.90 1.00 0.95 1.03 

15,946 1.10 0.90 1.00 1.20 1.20 1.08 

16,023 1.00 1.30 0.80 1.10 1.00 1.04 

16,059 1.20 0.60 0.80 0.90 0.85 0.87 

16,310 1.00 0.80 0.80 0.80 1.00 0.88 

16,337 1.50 1.00 0.90 1.00 1.10 1.10 

16,368 1.10 1.00 1.00 1.20 1.10 1.08 

16,397 1.50 1.10 1.00 1.20 1.10 1.18 

16,478 1.20 1.30 1.10 1.50 1.00 1.22 

16,629 0.90 0.90 1.00 0.70 0.70 0.84 

16,662 0.90 0.80 0.90 0.80 0.90 0.86 

16,705 0.85 0.80 1.00 0.90 1.00 0.91 

16,842 0.90 0.70 0.90 0.80 1.00 0.86 

16,868 0.90 1.00 0.80 0.90 0.90 0.90 

16,959 1.00 1.10 . 0.90 1.00 1.00 1.00 

17,046 1.10 1.30 1.10 0.90 1.10 1.10 

17,127 1.20 1.10 0.90 1.00 1.30 1.10 

17,169 1.10 0.90 1.10 0.70 1.00 0.96 

17,173 1.10 1.10 0.90 1.20 1.00 1.06 

17,185 0.80 0.90 0.60 1.00 0.70 0.80 

17,291 1.20 1.80 1.10 1.40 1.20 1.34 

17,303 1.10 1.00 0.80 1.10 1.00 1.00 

17,404 1.00 0.83* 0.83* 0.90 0.60 0.83 

* Instrument mean substituted for missing reading. 
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PERFORMANCE TESTS DURING FIELD USE 

Test results obtained with one set of dosi· 
meters that was selected for field use are given 
in Table 1. This group consisted of 41 dosi
meters. The mean reading of the exposure was 
1.00 mr. Thirty-one of the dosimeters read 
between 0. 7 and 1. 3 mr; 9 dosimeters gave read· 
ings in this range in four out of five trials; 
and only 1 dosimeter exceeded these readings in 
two of five trials. Ninety-five percent of the 
readings were within the prescribed range. 

Table 1 provides an indication of the extent 
to which the response characteristics of the 
41 dosimeters varied, both within a single instru
ment and between instruments, when the instru
ments were exposed to a reference source under 
standard conditions. An analysis of variance 
based on the observations in Table 1 is shown in 
Table2(a). The detailed methods for calculating 
the mean squares can be found in standard 
statistical textbooks. <6 J 

The mean square 0.0222 represents the error 
variance associated with reading and timing as 
well as those factors inherent in the nature of 
the individual instruments. The variability be
tween instruments was significantly greater than 
the variability within instruments. 

The dosimeters were worn by individuals for a 
week at a time over a five-week period to mea
sure exposure from background radiation. The 
results of this study have been published else-

where. <7
• 

8 l Following each weekly read-out, the 
pencil chambers were exposed to two calibra
tion trials with the same reference source and 

using the same technique employed prior to the 
field studies. The results of these calibration 
trials are shown in Table 2 (b) and indicate a 
significant variation between the means of the 
five weeks. 

The variation may have been caused by 
difficulties in accurate adjustment of the read
out system over an extended time period, as 
well as by possible changes in average dosimeter 
performance. As before, the variation between 
dosimeters was also significant. The interaction 
between weeks and dosimeters was not signifi
cant. Also worth noting is the fact that the 
error variance 0.0407 during field use is signi
ficantly larger than the error variance 0.0222 
in the laboratory selection tests shown in Table 
1. This may be due, in part, to the mechanical 
trauma to which the dosimeters were subjected 
when worn over a period of five weeks and to vari
ations in leakage of the individual dosimeters. 

Following the population survey, the dosi
meters were returned to the laboratory where 
they were again exposed to four calibration 
trials. Table 2(c) gives the analysis of variance 
for the same set of 41 dosimeters following field 
use. The variation between dosimeters is no 
longer significant. However, the error variance 
has increased greatly. This increase was due 
presumably not only to the effect of handling 

Table 2. Analysis of Variance 

Source Degrees 
of of Mean 

variation freedom square F 

(a) Before field use 
Between dosimeters 40 0.0770 3.45 P < O.Gl 
Within dosimeters 164 0.0222 

(b) During field use 
Weeks 4 0.189 4.65P < 0.01 
Dosimeters 40 0.157 3.84P < O.oi 
Interaction . 160 0.0415 1.02 not significant 
Within dosimeters 205 0.0407 

(c) After field use 
Between dosimeters 40 0.2604 1.37 
Within dosimeters 164 0.1893 
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during field use on the dosimeters, but also to 
an unexpected difficulty encountered with res
pect to the read-out unit. This suggests the 
necessity of frequent testing of the entire system 
under actual survey conditions. 

Experience acquired in repeated tests of the 
dosimeters indicated that the variance in dosi
meter readings was significantly influenced by 
the method of handling the dosimeters and the 
method of inserting the dosimeters into the 
reader, and a proper technique had to be de
veloped to give minimum variance in the read
ings. Apparently, as the limit of sensitivity of 
this system was approached, as much art as 
science was required in getting the best per
formance possible. 

During the time the dosimeters were used to 
measure personnel exposure, a concurrent inde
pendent study of background radiation in the 
area was conducted by Lowder and Condon with 
the use of high-pressure argon ionization cham
bers and a gamma spectrometer system. <8 > 

The dosimeters averaged 1.1 mr /week higher 
than the personnel exposure calculated by 

Lowder and Condon in all areas. The higher 
exposure values obtained with the dosimeters 
indicated a systematic error which was attri
buted by Lowder and Condon to be due to 
leakage of the dosimeters in the field which was 
considerably higher than the expected value 
used to correct the readings. The expected 
value based on laboratory tests had indicated a 
leakage correction of0.2 mrfweek, so the average 
total leakage for pencil chambers when worn 
by individuals was of the order of 1.3 mrfweek.* 

Because the purpose of the dosimeters was 
primarily to measure a difference in levels be
tween two areas, the leakage produced only a 
second order error in the desired results. This 
may be seen by comparing the differences in the 
weekly exposure for two regions as derived by 
Lowder and Condon based on ionization cham
ber and dosimeter readings. The two sets of 
results are presented in Table 3. 

*A leakage rate of approximately 1 mrfweek was 
also observed in tests at Harvard of dosimeters used 
as area monitors. 

Table 3. Comparison of Differences in Weekry Exposures for two Regions as Determined from 

Pressurized Ionization Chamber and Pencil Dosimeter Measurements 

Difference in mrfweek 

Regions Ionization Pencil dosimeters (average of 100 
compared* chambers readings per area, 2 dosimeters/individual) 

8-4 0.82 0.97 
8-1 0.76 0.70 
8-2 0.69 0.81 
8-3 0.67 0.66 
8-5 0.61 0.57 
8-6 0.52 0.70 
7-4 0.44 0.49 
8-7 0.38 0.49 
7-1 0.36 0.24 
7-2 0.31 0.35 
6-4 0.30 0.27 
7-3 0.29 0.20 
7-5 0.23 0.08 
6-1 0.22 0.00 
5-4 0.21 0.43 

* Regions I through 8 were classified on the basis of underlying bedrock. The equivalent uranium bedrock 
concentration ranged from a minimum in region 1 progressively up to a maximum in region 8. 
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The results in Table 3 indicate good agree
ment between differences in exposure in dif
ferent areas as determined from pencil chamber 
and pressurized ionization chamber measure
ments for differences greater than 0.3 mr. 
Lowder and Condon report a high degree of 
correlation between the two methods with a line 
of slope equal to one fitting very well a plot of 
dosimeter measurements versus ionization cham
ber measurements. It is not possible to deter
mine to what extent the differences in results 
for the two methods reflect true differences in 
exposure or errors in the methods. 

DETERMINATION OF SAMPLE SIZE 

In planning a survey to measure differences 
in the population exposure between two regions 
it is necessary to determine the number of per
sons to be included in the sample as well as 
the number of dosimeters to be worn by each 
individual. For this purpose it is advisable 
to conduct a pilot study in order to obtain esti
mates of the magnitude ofthe variation between 
dosimeters worn by the same individual (inter
dosimeter variability) and of the variation be
tween individuals within a region (interindi
vidual variability). 

Table 4, based on data obtained during a 
survey in northern New England, indicates the 
type of information which should be collected 
in a pilot study, preferably but not necessarily, 

in the two regions. In this case 20 individuals, 
5 from the urban and rural parts of each region, 
wore 2 dosimeters each for a week. This period 
of exposure is such that readings were, for the 
most part, between 2 mr and 4 mr. Since the 
top scale reading is 5 mr, it is necessary to keep 
the exposure under this level. 

The information of particular importance 
from the pilot survey is the within areas sources 
of variation. Dosimeters, when worn by indi
viduals, show greater variation (0.3978) than 
they did when exposed to a constant source. 
Variations between individuals, (0.9248) is sig
nificantly greater than variation between dosi
meters. Consequently, if the between areas 
mean squares are to be tested for significance, it 
must be against the between individuals' mean 
square rather than against that for dosimeters. 

The general formula for the determination of 
sample size is: (1°) 

n = 2s 2 (t~ + tp) 
2 

~2 

where n is the number of observations in each 
of the two groups, s2 is the estimate of variance, 
~ is the difference to be established, t~ is 

the !-value associated with the level of signifi
cance and fp is the !-value associated with power. 
t~, t6 and ~ are chosen by the investigator. 
The value of s2 is determined from the pilot 
survey. 

Table 4. Readings on Dosimeters Worn by Individuals in Pilot Study 

Region A Urban Rural 

Individual 1 3.5 3.4 6 4.3 4.8 
2 4.2 4.6 7 5.0 4.4 
3 4.0 4.8 8 3.7 2.1 
4 5.0 5.0 9 5.0 4.2 
5 3.4 2.7 10 5.0 4.8 

Region B 

Individual 11 2.6 2.6 16 2.1 1.8 
12 2.5 2.2 17 3.3 2.2 
13 3.3 3.3 18 3.0 2.8 
14 2.8 2.8 19 2.6 2.5 
15 2.8 2.6 20 2.5 5.0 

The analysis of variance on these 40 observations is shown in Table 5. 

l.R.p, VOL.l-W* 
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Table 5. Ana[ysis of Variance from the Pilot Survey 

Source of variation Degrees of freedom Mean square 

Between Areas 
Regions 
Urban-Rural 
Interaction 

Within Areas 

Between individuals 
Between dosimeters 

within individuals 

From the within areas mean squares, it is 
possible to determine the components of vari
ance aD 2 and a12 associated with dosimeters and 
individuals. In general, the between individuals 
mean square is aD2 +Dai 2 where Dis the number 
of dosimeters worn by an individual. The be
tween dosimeters mean square is aD 2

• In this 
case 

aD 2 + 2a1 2 = 0.9248, aD
2 = 0.3978 

This gives a1
2 = 0.2635. 

The variance s 2 in the sample size formula 
is the variance between individuals, aD 2 + Da1

2
, 

which becomes 0.3978 + 0.2635D. The num
ber of observations per group is ID where I 
is the number of individuals in each area. 

The formula for the determination of sample 
s1ze becomes 

ID - 2(t .. + tp) 2 ( 2 + D 2) 
- A

2 
aD ar 

3 6.5396 
1 19.1822 
I 0.0562 
1 0.3802 

36 

16 

20 

0.9248 

0.3978 

Putting in the values from the pilot survey, this 
becomes 

I= 2(t .. ~2 tp) 2 (0.~78 + 0.2635) 

As an illustration of the use of the formula, let 
us assume the investigator considers the estab
lishment of differences, A, of 0.55 and 0.30, 
to be significant at the 5% level and that he 
wishes to be 90% sure of establishing such a 
difference if it exists. Under large sample theory 
to.os = 1.96 and !0 •10 (one tail) = 1.28. 

CONCLUSIONS 

Field experience with a pencil ionization 
chamber type of personnel monitoring system 
for measuring weekly exposures to background 
radiation produced results with considerably 
greater variability and additional systematic 
errors than were expected on the basis oflabora
tory studies. 

Table 6. Number of Dosimeters Required to Establish Differences of0.55 and 0.3 mr 
between two Areas, based on Results of Pilot Survey 

Ll = 0.55 mr Ll = 0.3 mr 

Dosimeters per individual, D 1 2 3 1 2 3 
Individuals required in each area, I 46 32 27 154 108 91 
Observations per group in each 

area, ID 46 64 81 154 216 273 
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The main source of error in field application 
of the pencil chambers was excessive leakage, 
which probably precludes the application of the 
pencils for absolute measurements at their 
limits of sensitivity. However, the pencil cham
bers were effective in measuring differences in 
exposure because the effects ofleakage were to a 
large extent cancelled out. 

The procedures employed in the field study 
were able to detect differences of greater than 
0.3 mr/week when 100 observations were made 
at each point. 

The evaluation data presented in this paper 
for pencil dosimeters should be useful to investi
gators interested in using this method at the 
limit of its sensitivity. The statistical and experi
mental methods of testing these dosimeters as 
outlined in this paper are indicative of the type 
of information which should be obtained with 
other systems for personnel dosimetry at radia
tion background levels if useful evaluations and 
comparisons of their performance are to be made. 
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SOME PROBLEMS OF ORGANIZING A SUPERVISION 

SYSTEM FOR RADIATION PRODUCING MACHINES 

IN A SMALL COUNTRY (ISRAEL) 

A. DONAGI 

Tel-Hashomer Hospital, Israel Ministry of Health, Tel-Hashomer, Israel 

Abstract-Israel has more than two thousand radiation producing machines. Some of these 
machines are quite ancient. They emit excessive amounts of radiation and endanger both 
operators and patients. Despite this, there was no law regulating the supervision and inspection 
of such machines until a year ago. Recently, an ordinance in this regard was passed and a 
centralized system of supervision was installed, based on a special laboratory, organized and 
equipped for this purpose. 

The paper presents a variety of administrative and technical problems involved in the 
organization of a supervision system within a short time in a small country where previous 
data was scarce or non-existent. Special problems arising from the fact that Israel is an im
migration country and, as a result, contains many makes and models of machines, are presented. 

It is hoped that the experience gained and the techniques used may be of assistance to small 
countries facing similar problems. 
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ANALYSE ET BILAN DES RISQUES ASSOCIES A LA 

GESTION DES DECHETS RADIO-ACTIFS 

F. DUHAMEL 

Commissariat a l'Energie Atomique, Paris 

Resu:me-Les dangers que presentent les dechets radio-actifs sous le rapport de la sante pub
lique ne se situent pas aisement dans le cadre des hypotheses qui ont ete faites par la Com
mission Internationale de Protection Radiologique pour en definir les ordres de grandeur. La 
consideration de la toxicite radiologique ainsi definie ne permet pas, dans ce cas particulier, de 
donner une idee, meme sommaire, du danger reel. 

En reprenant !'analyse de ce probleme on peut montrer qu'il existe un certain nombre de 
cas, tous differents, dans lesquels les dangers doivent etre consideres d'une maniere speciale, 
amenant la toxicite biologique a ne plus jouer qu'un role secondaire en regard de certaines 
caracteristiques physiques. 

La communication a pour but, d'une part, de rechercher quels sont les parametres essentiels, 
facteurs de danger, sur lesquels doit principalement porter notre attention, d'autre part, 
d'essayer d'evaluer !'importance de ces dangers afin d'en tirer des conclusions sur les moyens 
propres a les reduire. 

L'homme devant un danger reagit d'instinct 
comme s'il en etait lui-meme directement me
nace. Une telle reaction est intimement liee a 
la notion meme du danger car c'est elle qui 
inspire chez lui le sentiment de crainte qui 
est inseparable de cette notion. Cependant, 
nous cherchons a dominer le danger et. pour 
cela nous devons apprecier dans quelle mesure 
la menace pese reellement sur nous-memes; or, 
si la science a pu montrer que certains dangers 
etaient purement imaginaires, elle a aussi 
revele !'existence ou la possibilite de dangers 
que nous n'imaginions pas, et il faut que nous 
determinions si ces nouveaux dangers corres
pondent bien a des menaces qui nous sont 
reellement destinees. 

Dans ce but, il nous faut faire de chaque 
danger une evaluation quantitative, bien que 
cette notion puisse nous sembler, a premiere 
vue, difficile a enfermer dans !'expression d'une 
quantite. Une telle expression doit en effet 
dependre d'un tres grand nombre de parametres 
dont nous devons faire une exploration tres 
detaillee afin de decouvrir ceux qui, dans 
chaque cas particulier, commandent le phe
nomene principal. Nous pouvons ainsi simpli-
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tier l'etude par une premiere estimation qui 
beneficie a la fois de !'experience et de !'imagi
nation. 

A priori, les parametres les plus importants 
sont ceux qui definissent le "vehicule" du danger 
mais il n'est pas certain qu'il faille necessaire
ment les etudier a fond. Par exemple, si on 
veut tracer une route dans une region escarpee, 
l'un des dangers proviendra des chutes de 
pierres; il faudra done s'en proteger et ceci 
aura des consequences appreciables sur le 
trace de la route. On ne cherchera toutefois 
pas a definir le danger specifique a chaque type 
de pierre selon sa grosseur, sa densite et sa 
hauteur de chute: et pourtant, on a tendance 
a operer de cette maniere dans le domaine de 
la contamination radio-active. Il est certes 
necessaire de definir queUe part de danger recele 
chaque radio-element; sa toxicite radio-active en 
exprime en quelque sorte le danger specifique 
et permet de le comparer aux autres radio
elements ou meme a certains toxiques chimiques; 
mais, par contre, cette expression quantitative 
ne permet pas a elle seule une evaluation 
realiste du danger. N'a-t-on pas admis, parfois, 
faute de renseignements suffisants, les normes 
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· de potabilite comme limites de contamination 
des eaux de mer et des eaux d'egout? 

Il est au contraire indispensable d'analyser 
les divers processus par lesquels les dangers de 
contamination peuvent se manifester lors des 
differentes etapes de la gestion des dechets radio
actifs. Certes, il ne peut etre question de de
tailler ici methodiquement et rigoureusement 
cette analyse mais seulement d'en rechercher 
les grandes lignes. 

Deux grandes categories de contaminations 
doivent, a priori, etre considerees separement: 
d'une part les contaminations qui resultent des 
rejets interessant les masses d'eau oceaniques, 
au la diffusion peut theoriquement s' itendre a toute 

la masse, d'autre part celles qui n'interessent 
aucunement ces masses d'eaux car elles sont 
Iiees a des rejets au sol ou dans le sol loin des 
cotes et, dans ce cas, la diffusion reste neces
sairement limitee a une zone beaucoup plus 
restreinte. Entre ces deux categories existent 
des frontieres multiples, principalement les con
taminations de !'atmosphere, des estuaires et 
des regions cotieres. 

La contamination des sols ou des oceans ne produit 

pas de contamination significative de l' atmosphere. 

D'une part, on sait que l'eau de pluie ne con
tient pas plus de 10 - 4 fois la concentration de 
l'eau de mer en ses produits contenus, d'autre 
part divers travaux ont montre que la remise 
en suspension dans !'atmosphere de contami
nants du sol ne jouait qu'un role tres minime 
dans la contamination atmospherique. <1 > Par 
contre, la contamination de ['atmosphere produit 

une contamination du sol et des oceans dont l' etude 

est extremement instructive. Quant aux contamina
tions des estuaires et des cotes, leur etude doit 
etre jointe ~ celle de la contamination des oceans 
avec laquelle elles sont en etroitet relation. 

Dans !'atmosphere, les rejets sont nombreux 
mais leurs effets sont masques par deux phe
nomenes principaux: la contamination radio
active naturelle et la contamination artificielle 
par les retombees des explosions nucleaires. Il 
est interessant d'examiner les effets de ces dif
ferentes contaminations. Tandis que l'homme 
est soumis, du fait de la radio-activite naturelle, 
a une irradiation externe d'environ 100 a 200 
mrem par an, il re<;oit environ 40 mrem par 
an du fait des diverses sources artificielles de 
rayonnement< 2 > et il a re<;u au maximum 50 

mrem par an par le rayonnement direct des 
retombees radio-actives provenant des explo
sions nucleaires anterieures; la dose qu'il va main
tenant recevoir chaque annee de ce meme fait 
sera inferieure a 10 mrem par an. <3 > Au regard 
de cette irradiation externe, celle que peut 
produire un rejet dans !'atmosphere lors du 
fonctionnement normal d'installations nude
aires reste negligeable, a !'exception toutefois 
des irradiations par les panaches contamines par 
l'Argon 41 qui, lorsqu'ils ne concernent qu'une 
zone etroite peuvent atteindre le niveau de 
!'irradiation naturelle. 

L'aspect le plus interessant de la contamina
tion radio-active atmospherique par les re
tombees reside dans la contamination consecu
tive de la surface de la terre et de la biosphere. 
L'etude de cette contamination permet de suivre 
les processus de diffusion des differents radio
elements. Elle permet en meme temps de 
guider l'analyse des dangers lies aux rejets de 
dechets radio-actifs car on y trouve les memes 
radio-elements bien qu'ils se presentent sous des 
formes chimiques souvent fort differentes. On 
arrive a ce resultat que !'inhalation des pous
sieres joue un role secondaire dans l'effet global 
d'une contamination generale tandis que la 
diffusion de certains radio-elements, notamment 
Carbone 14, Strontium 90 et 89, Cesium 137 et 
lode 131 dans les chaines alimentaires produit 
des effets significatifs. <4

• &) Il resulte d'ailleurs 
de ces etudes que la contamination interne produite 

par les retombees radio-actives produit une irradiation 

du meme ordre que ['irradiation externe produite 

directement par ces memes retombles c'est-a-dire doit 
rester inferieure a 10 mrem par an. On peut 
s'inspirer des methodes et des resultats de ces 
etudes pour rechercher les consequences even
tuelles des rejets de dechets dans les sols et les 
oceans. 

Les rejets de liquides dans les masses oceani
ques donnent lieu a une diffusion mecanique 
dont il faut etudier les lois dans chaque cas 
particulier; elle aboutit freqliemment a diluer 
la concentration des rejets par un facteur 1 os 
a 1010 sans requerir des delais considerables. 

Les phenomenes importants sont ensuite !'ab
sorption et !'elution sur les differents consti
tuants heterogenes du milieu: suspensions, sedi
ments, alluvions et enfin chaines alimentaires 
aboutissant a l'homme. Parmi tous les circuits 
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possibles qui, theoriquement, aboutissent a 
l'homme, beaucoup peuvent etre laisses !de cote 
grace a une analyse soignee des processus. En 
outre, si tousles radio-elements doiventetresus
pectes a priori, seul, un petit nombre apporte 
une contribution non negligeable a !'irradiation 
totale de l'homme. Enfin, il faut evaluer, pour 
chaque maniere dont !'irradiation de l'homme 
est possible, le taux approximatif de cette irradi
ation. 

Par exemple, dans une zone de peche arti
sanale, on trouvera que !'irradiation directe 
externe venant de la mer est negligeable par 
rapport a !'irradiation provenant de la manu
tention des engins de peche. Pres d'une plage, 
on trouvera que !'irradiation des baigneurs dans 
l'eau de mer est faible par rapport a !'irradiation 
qu'apporte un sejour prolonge sur la plage. 
Apres avoir etudie !'alimentation des popula
tions voisines, on comparera comme precedem
ment !'irradiation par contamination interne a 
}'irradiation externe. (Il faut noter que les pro
duits de la mer peuvent etre consommes directe
ment mais peuvent aussi servir a la fertilisation 
des sols, a !'alimentation du betail ou encore 
peuvent etre incorpores dans des produits d'ori
gine agricole.) On a a tenir compte de facteurs 
de reconcentration pouvant atteindre 104 ou 
meme 105 mais comme, en meme temps, les 
produits se dispersent parmi d'autres, l'effet 
final reste tres petit. 

On peut ainsi calculer que, pour une masse 
d'eau oceanique, brassee mais non rapidement 
deplacee, presentant des conditions moyennes 
de turbidite, et pour un rejet continu de 30 
Cifjour de produits de fission au voisinage des 
cotes, donnant en quelques jours une zone 
contaminee de plusieurs centaines de km 2

, on 
obtient une irradiation individuelle totale in
ferieure a 1 mremfan. 

En respectant certaines limites, d'ailleurs 
bien larges, eu egard aux besoins, on peut done 
utiliser aux rejets d'effiuents les masses d'eaux 
oceaniques tout en evitant d'irradier l'homme 
a tin niveau qui ne serait pas .negligeable par 
rapport au niveau de !'irradiation naturelle. 

Le cas des estuaires a faitl'objet de nombreuses 
etudes et on peut conclure que les conditions 
d'absorption et d'elution successives des radio
elements entre l'eau douce et l'eau de mer ne 
sont pas defavorables aux rejets. <6 > Les facteurs 

de reconcentration trouves ne depassent pas 10 3 

et le phenomene n'est pas entierement rever
sible. <7

) L'infiuence de Ia contamination des fieuves 
sur celle de Ia mer est, en definitive, negligeable. 

u ne grande partie des etudes physico-chi
miques effectuees en laboratoire ou dans les 
oceans peut servir indifferemment a I' evaluation 
de la contamination des sols ou des oceans; 
cepcndant, les caracteristiques hydrogeologiques 
des sites restent les parametres fondamentaux 
permettant d'evaluer le devenir des radio-ele
ments et les risques de contamination lors des 
rejets au sol ou dans le sol. On a acquis dans 
ce domaine une grande experience pratique 
du fait de }'exploitation, dans certains sites 
privilegies, de methodes empiriques de stockage 
et de rejet dans le sol. <8 l Beaucoup d'etudes 
ont ete faites pour extrapoler les resultats des 
experiences pratiques et evaluer les capacites 
de stockage des sites terrestres. <9 ) Ceci a permis 
d'appliquer a des sites particuliers ne presentant 
pas a priori les caracteristiques les meilleures 
sous ce rapport, des methodes plus perfection
nees qui se sont revelees a la fois economiques 
et sures. (lO) 

De cette somme considerable de resultats on 
peut deduire que les methodes de stockage ct de 
rejet dans le sol sont excellentes a la double 
condition, d'une part qu'il soit procede a une 
etude suffisamment precise du sol, aux resultats 
de laquelle la methode choisie doit etre adaptee, 
d'autre part, que le controle consecutif aux 
rejets soit organise: la vitesse d'elution des radio
elements est tres variable selon certains para
metres physico-chimiques et doit etre mesuree, 
les points de resurgence, ou la consommation est 
possible, doivent etre connus et surveilles, le 
front de contamination doit etre suivi. Si les 
points de resurgence sont situes a plusieurs 
centaines de metres du point de stockage et que 
le terrain n'est pas fissure, le stockage est sur 
dans une limite de capacite qui peut etre evaluee 
en fonction de la nature et du conditionnement 
des dechets. Des dizaines de milliers de curies peu
vent ainsi etre stockes sans qu' aucune irradiation 
appreciable ne puisse atteindre un element quelconque de 
la population avoisinante. Les radio-elements les 
plus importants a surveiller sont le Tritium, le 
Strontium, le Ruthenium et le Cobalt. 

On peut s'interesser a titre d'exemple a !'ir
radiation qui resulterait du rejet dans unetang 
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ou dans une riviere comme cas particuliers 
dans lesquels le rejet au sol se presente dans les 
conditions a priori les moins favorables. Un 
rejet d'environ 10 Ci par an de Ruthenium 
I 06 dans un etang peu draine, situe dans une 
region temperee, produirait sur les berges une 
irradiation de l'ordre du milliremfheure; une 
telle methode est done peu favorable. Par con
tre, dans une riviere bien brassee on peut rejeter 
par an autant de curies de produits de fission qu'il 
ne s'ecoule de m 3 par seconde, sans que !'irradia
tion totale consecutive a !'alimentation directe 
par la riviere ne depasse I 0 mremfan, et en 
pratique, dans le cas le moins favorable, !'ir
radiation reelle serait tres probablement 10 a 
I 00 fois plus faible encore. On a cherche a 
utiliser des regions reellement desertiques mais, 
si les rejets peuvent y etre faits en toute securite, 
malheureusement les conditions economiques 
sont tres defavorables. 

On peut dire, en resume, que, dans !'ensem
ble, moyennant certaines precautions, il est 
possible de rejeter et de stocker au sol et dans le 
sol, des quantites considerables de radio-elements 
sans rechercher un eloignement exagere des 
populations. 

D'une maniere generale les migrations des 
radio-elements a l'interieur et a l'exterieur des 
sites de stockage ou de rejet sont la cause 
principale des dangers de contamination, mais 
les conditions de ces migrations peuvent etre 
methodiquement etudiees. <12 ) 

Les resultats des nombreuses etudes ainsi 
entreprises dans le monde montrent que les 
irradiations moyennes concernant les popula
tions voisines des sites de rejet ou de stockage 
sont reellement negligeables. Avant de conclure, 
a l'inocuite de rejets, il faut cependant examiner 
l'eventualite d'une contamination isolee par de 
grosses particules. On fait en effet souvent 
!'hypothese implicite que Ia contamination est 
repartie de maniere uniforme et on evalue des 
irradiations moyennes. II est necessaire d'exa
miner queUe serait Ia consequence d'une repar
tition tres heterogene et discontinue qui se tra
duirait par !'existence de "points chauds", c'est
a-dire d'amas de substances radio-actives. Dans 
ce cas, l'evenement a redouter serait !'absorp
tion en une seule fois, par un individu unique, 
d'une substance dangereuse. On sait que le 
calcul du danger biologique peut etre ramener 

a celui du danger resultant d'une contamination 
continue. <13> C'est ainsi qu'on peut admettre 
qu'un individu absorbe en une fois Ia quantite 
de radio-activite qu'il pourrait normalement 
absorber en un an. Pour que cela soit effective
ment realise, il faut supposer qu'une telle ac
tivite a echappe au controle: la probabilite d'un 
tel evenement depend done de Ia maniere dont 
le controle est organise. En !'absence d'un 
controle continu et representatif, le danger est 
reel car, si les prelevements sont de 1 litre, i1 
faut qu'un litre d'eau ayant echappe au con
trole contienne environ 1.000 fois plus d'activite 
que la moyenne pour que la dose annuelle soit 
depassee, tandis que si les grains de substance 
radio-active passent de 0, 1 micron a 0,1 milli
metre, la radio-activite en est multipliee par 109

• 

Lors d'un rejet dans une masse d'eau, des conditions 

doivent done etre imposees a la turbidite des eaux 

au point de rejet, avant et apres leur melange, afin 

d'eviter des anomalies de granulometrie. 
Pour la meme raison, le rejet de dechets 

solides dans les eaux n'est admissible que pour 
des blocs monolithiques qui ne peuvent etre 
ni desagreges ni entames et qui ne risquent pas 
de foisonner par corrosion. Par contre, dans 
un sol non fissure, le transport de radio-elements 
ne peut se faire que par elutions successives, 
done avec homogeneite et continuite. C'est hi 
un avantage considerable propre au stockage 
dans le sol. 

Pour conclure, il nous faut confronter les 
resultats actuels des etudes sur la sfuete des 
rejets et des stockages avec les taux de produc
tion futurs des dechets radio-actifs. Selon les 
estimations les plus valables on peut penser que, 
du fait des applications pacifiques de l'energie 
atomique, la quantite totale de produits de 
fission dans le monde est maintenant de l'ordre 
de 101° Ci et qu'elle sera d'environ 1013 Ci en 
l'an 2.000. Dans cette dernif:re quantite il faut 
comprendre environ 101° Ci de Strontium 90. <14> 

Cette radio-activite restera stockee au sol car, 
seule, une petite partie sera diffusee par rejet 
ou elution. Actuellement, seule une fraction 
de l'ordre de 10-6, soit 106 Ci environ, en est 
rejetee annuellement en sorte qu'elle s'echappe 
des sites de production. La situation deviendrait 
preoccupante si !'augmentation de la production 
correspondait, non pas a une multiplication des 
points de rejets mais seulement a un developpe-
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ment des sites anciens. On pourrait alors etre 
gene par la saturation de leurs. capacites de 
rejet. Dans ce cas, il est clair que les methodes 
de retention devraient etre perfectionnees; mais 
ceci est possible car on peut observer que la 
part du cout des traitements dans le prix de 
revient de l'energie est actuellement inferieure a 
1%: (H) des ameliorations sont certainement 
possibles. On dispose done de deux facteurs de 
secutite: la multiplication des points de rejet 
et !'amelioration des traitements, et ceci, a 
partir d'une situation qui n'est nullement in
quietante. 

En resume, actuellement, le rejet des dechets 
radio-actifs demande, dans chaque cas parti
culier, des precautions serieuses, notamment I' e
valuation scientifique des capacites de reception 
des sites et !'organisation de con troles techniques 
bien adaptes au but poursuivi. C

15> Cependant 
on peut tenir pour acquis que, si ces precautions 
sont prises, aucun individu parmi les popula
tions avoisinantes ne peut recevoir plus de quel
ques pour cent de la dose d'irradiation naturelle. 
Enfin on est en droit de penser que, dans l'ave
nir, il suffi.ra d'assurer aux etudes de t~aitement 
ainsi qu'aux etudes et controles de site un 
developpement parallele a celui de l'energie 
atomique pour etre certain de ne pas depasser 
le tres faible taux d'irradiation obtenu jusqu'a 
present. 
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EVALUATION EXPERIMENTALE DES POSSIBILITES DE 

DIFFUSION DES EFFLUENTS GAZEUX D'UNE 

CENTRALE NUCLEAIRE 
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Resunu5-Cette conference analyse les resultats des mesures de diffusion effectuees sur le site 
de la centrale des Ardennes de mai a octobre 1964. On a evalue, avec une approximation 
jugee suffisante pour les besoins de la radioprotection, la repartition de la contamination 
volumique et surfacique consecutive a des rejets experimentaux. 

Les resultats des mesures meteorologiques menees sur 1e site de 1960 a 1965 sont brievement 
presentes. 

L'etude experimentale permet le calcul des valeurs de consigne applicables aux rejets 
d'effiuents radio-actifs a !'atmosphere, en vue de respecter 1es normes de protection sanitaire. 

1. INTRODUCTION 

U ne centrale nucleaire est susceptible de 
rejeter des effluents gazeux radio-actifs dans 
l'<l.tmosphere. Les rejets peuvent etre normaux 
m1 accidentels; ils provoquent une contamina
tion de !'atmosphere a un niveau variable avec 
le debit de rejet de !'installation. 

1.1. Rejets normaux 

Dans le cas de rejets normaux, la contamina
tion de l'air inhale doit etre inferieure en moy
elme a la contamination maximale admissible 
puur la population. 

Dans la periode experimentale actuelle, il 
nous est demande que la contamination ne 
depasse pas, en valeur instantanee, dix fois la 
contamination maximale admissible. 

Pour satisfaire a ces criteres, l'exploitant de 
!'installation riucleaire doit choisir le debit de 
rejet approprie, lequel est fonction des condi
tions meteorologiques de diffusion des effluents. 
Dans le but de simplifier !'exploitation, il nous 
a paru preferable de fixer un debit admissible 
pour les rejets permanents en choisissant des 
conditions meteorologiques moyennes, tout en 
permettant des rejets temporaires lors des con
ditions plus favorables que les conditions moy-
ennes. 

1.2. Rejets accidentels 

Dans le cas des rejets accidentels, il est sou
haitable d'evaluer a priori: 

-d'une part, les niveaux de contamination 
possibles dans le cas de l'accident maximal 

hypothetique; 
-d'autre part, les niveaux d'alarme a partir 

desquels il conviendra de declencher des dis
positifs de sauvegarde. 

Dans le premier cas, il s'agit, des la mise en 
exploitation de !'installation, de donner des in
formations aux organismes officiels en vue de la 
preparation de dispositifs de sauvegarde adaptes 
au risque c'est a dire qui ne soient pas exagere
ment sous-evalues, ou surevalues. Les niveaux 
de contamination possible seront done calcules 
avec des hypotheses de conditions meteoro
logiques defavorables, ayant un risque faible, 

connu et accepte, d'etre depassees. 
Dans le deuxieme cas, il s'agit, au moment 

de !'accident, de choisir le dispositif de sauve
garde approprie en fonction du debit ou de la 
quantite d'effiuents rejetes; il n'est pas neces
saire en effet de mettre en ceuvre l'ensemble 
du dispositif si cela ne se justifie pas. Bien que 
l'on puisse disposer, dans ces circonstances, de 
la connaissance des conditions meteorologiques 
reelles, il semble preferable d'adopter les memes 
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hypotheses que dans le cas precedent. Il ne 
parait pas souhaitable de compliquer la tache 
des responsables en cas d'accident; par contre, 
il est tres certainement plus judicieux de cor
riger les dispositions prises "a priori" en fonction 
des mesures de contamination effectivement re
alisees sur le terrain. 

1. 3. Evaluation des debits-seuils 

Pour evaluer les debits-seuils d'activite des 
effluents gazeux, il nous faut determiner le rap
port existant entre la contamination atmosphe
rique observee au sol et le debit d'activite, ce 
rapport pouvant etre defini comme le coefficient 
de diffusion atmospherique. 

Le coefficient de diffusion atmospherique a 
ete represente par des formules dont les para
metres ont ete ajustes par differents experi
mentateurs operant sur des terrains plans. Il 
nous parait utile actuellement de mesurer ce 
coefficient "in situ", pour tenir compte de 
!'influence des batiments avoisinant le point 
d'emission et du reliefirregulier de certains sites. 

Nous essayons de determiner le coefficient 
de diffusion en fonction des conditions meteoro
logiques: vitesse et direction du vent, etat de 
stabilite thermique ou dynamique de !'atmo
sphere. Parallelement, nous determinons la 
probabilite des differents types de conditions 

meteorologiques. 
Cette conference analyse les enseignements 

tires de campagnes de mesures menees sur le 
site de !a centrale des Ardennes, que nous avons 
choisi pour nos premieres experimentations en 
raison de son relief accuse. 

L'etude meteorologique a ete conduite de 
1960 a 1965 et traitee par un programme de 
calcul mis au point a notre demande par la 
Direction des etudes et recherches d' Electricite 

de France. 
L'etude de la diffusion atmospherique a fait 

!'objet de dix semaines d'experimentation sur 
le site; pendant cette peri ode, 40 emissions ont 
ete effectuees depuis un point aussi voisin que 
possible du point d'emission prevu pour les 
effluents; on a reuni ainsi environ 2500 observa
tions de contamination atmospherique et 5000 
observations de contamination du sol. 

Ces resultats ont ete obtenus avec la partici
pation d'organismes franc;ais et belges, que nous 
tenons a remercier pour leur collaboration. 

2. DESCRIPTION DU SITE 

La centrale des Ardennes se situe dans la 
pointe dessinee par la frontiere franco-beige 
autour de la petite ville de Givet (fig. 1). La 
centrale est situee dans !a partie meridionale 
d'une boucle de la Meuse, sur la commune de 
Chooz. Le relief a l'interieur de la boucle ne 
depasse guere 150m NGF*, la cote de la Meuse 
s'etablissant vers 100 a 105m. L'exterieur de 
la boucle est constitue par un plateau boise 
dont la cote moyenne est de l'ordre de 300m. 
Ce plateau est creuse par l'etroite vallee de la 
Houille, affluent de la Meuse. Au nord-ouest 
de la vallee de la Meuse, le relief s'etablit a 
la cote 220m environ. 

La partie nucleaire de la centrale est souter
raine. Le rejet des effluents gazeux est fait a 
partir d'une cheminee dont la base est a la 
cote 300 environ. Sa hauteur n'etait pas definie 
a l'epoque des mesures. Celles-ci ont ete realisees 
en supposant la source d'effluent a une hauteur 
de 50 ou 25m, avec !'intention de preciser 
la hauteur optimale d'emission en fonction des 
resultats d'experience. 

La pente du terrain au nord de la cheminee, 
entre cheminee et Meuse, est voisine de 100%. 

On con9oit que, dans ces conditions de relief, 
l'on ait craint d'appliquer un formulaire stan
dard. En particulier, on pouvait se demander 
si la hauteur d'emission devait etre consideree 
comme identique lors des rejets vers le sud (sol 
a la cote 300) ou vers le nord (sol a la cote 

150). 

3. MATERIELS ET METHODES 

3.1. Mesures meteorologiques 

Les mesures meteorologiques ont ete mises 
en service sur le site fin 1959 pour les premieres 
(precipitations, humidite, temperature), courant 
1963 pour les dernieres (mesure de vent des 
stations provisoires et mesure de temperature 
sur la pente). Leur emplacement est repere 
sur la figure I. 

Le tableau I donne la liste de ces mesures 
avec leurs caracteristiques. 

Les emplacements de memre ont ete choisis: 
-pour les mesures de vent, de fac;on a avoir 

une idee de la trajectoire moyenne des effluents 

* NGF: nivellement general de la France. 
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FIG. 1. Carte du site des Ardennes. Les tercles indiquent les emplacements des mesures 

meteorologiques, les carres ceux des stations de controle radiologique ou sont effectuees 
des mesures meteorologiques; 
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Tableau 1. Mesures meteorologiques 

Grandeur 

Vitesse et direction 
du vent 

" 
" 
" 

" 

" 

" 

" 

Temperature } 
Humidite 
Precipitation 
Temperature 

Lieu-dit 

Cote 3SO 

Cote 32S 
Cote 13S 
Chooz 

Felenne 

Chamois 

Ham 

Landrichamps 

{

Chooz 

Felenne 
Cote 300 
Cote 23S 
Cote 170 
Cote lOS 

et de la stabilite dynamique de !'atmosphere; 

-pour les mesures de temperature, le long 

de la pente, dans l'espoir de pouvoir caracteriser 

l'etat de stabilite thermique de !'atmosphere.* 

Le programme de calcul elabore pour le 

traitement de ces mesures permet, outre le traite

ment individuel de chaque mesure, de recher

cher des liaisons entre differentes grandeurs: 

-recherche de la direction du vent en un 

point d'observation quelconque en fonction de 

la direction simultanee en un point repere qui 

a ete choisi a la cote 350, ce choix devant inter

venir des le debut du traitement; ceci permet 

de definir des trajectoires moyennes; 

-calcul des gradients de temperature a partir 

des temperatures echelonnees en latitude; 

-calcul du coefficient de stabilite a partir 

* Pour evaluer cet etat de stabilite d'une fa~on plus 
satisfaisante, il eut fallu disposer d'un pylone de 300m 
implante dans la va!Iee. 

Caracteristique du lieu 

Pylone de SO m proche de Ia 
cheminee 

A mi-hauteur du pylone de SO m 
A l'interieur de Ia boucle 
Station de radio-protection en 

bord de Meuse 
Station de radio-protection sur une 
hauteur 

Station provisoire a un col entre 
Meuse et Houilles 

Station provisoire a I'ouest de Ia 
boucle 

Station provisoire a un col entre 
Meuse et Houilles 

Mesures debutees sur Ie site de 
I9S9 a 1962 

Mesures par thermographes repartis 
entre Ia base du pylone et Ia 
Meuse 

de ]a vitesse du vent mesuree a des hauteurs 

differentes;t 

-comparaison du gradient de temperature 

et du coefficient de stabilite; 

-recherche de la direction et de la vitesse 

du vent la plus probable en fonction du gradient 

de temperature; 

-calcul de la probabilite de conserver en fonc

tion du temps, la direction du vent ou le gra

dient de temperature dans un intervalle de 

valeurs donne. 

A !'occasion des mesures de diffusion, des 

mesures meteorologique.> complementaires ont 

ete effectuees: 

-mesure du gradient de temperature par 

t Le coefficient de stabilite n est deduit de la 
formule 

ou Vet V1 sont les vitesses de vent mesurees au meme 
instant aux hauteurs h et h1 • 
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thermocouples sur le pylone principal entre les 
cotes 302 et 350; 

-sondage par ballon captif emportant une 
sonde photographique et donnant la tempera
ture en fonction de !'altitude jusqu'a 500 m 
environ; 

Ces mesures ont ete completees par des son
dages de vents en altitude etablis avec des hal
Ions libres emportant une radiosonde; ces 
mesures ont permis de disposer de donnees sur 
la temperature et le vent en altitude jusqu'a 
des hauteurs importantes. 

3.2. Nlesures de diffusion atmospherique-

La methode a deja ete decrite par R. le 

Quinio et J. Hugon. <1 > On utilise un traceur, 
constitue par un aerosol de fluoresceine, qui est 
emis d'un emplacement representant la che
minee et que l'on recueille sous le vent de 
l'emission par aspiration sur filtre ou par depot 
sur des surfaces. La mesure est ensuite faite par 
fluorescence. 

3.2. l. L'emission (fig. 2) a ete realisee a partir 
du pylone proche de !'emplacement prevu 
pour Ia cheminee, successivement aux cotes 350 
et 325. La duree de chaque emission est de 
70 a 90 mn. 

La solution de fluoresceine a 100 g/1 est mon
t<~e par mise en pression dans une cuve, jusqu'au 

Oicleurs 

Dispositif 
d'emission 

Bac a niveau 
constant 

Air comRrime 

Cuve en 
pression 

Fw. 2. Dispositif d'emission. 

niveau d'emission. Une rampe de gicleurs est 
alimentee en air com prime; par effet de trompe, 
les gicleurs assurent la pulverisation de la solution. 

La granulometrie des aerosols obtenus est 
satisfaisante. Des agglomerats de cristaux de 
diametre superieur a 10 fL ne sont observes 
qu'au voisinage immediat de !'emission. Nous 
avons considere que cet aerosol est representatif 
des aerosols ou des produits volatils qui peuvent 
etre emi3 par une installation nucleaire. 

3.2. 2. Les pretevements portent sur les aerosols 
en suspension dans l'air et sur les aerosols 
deposes. 

Les aerosols en suspension sont captes sur 
des filtres en fibres synthetiques. Une trompe 
a air utilisant une bouteille, de volume 6 
litres, d'air comprime a 200 bars, permet de 
filtrer 6,5 m 3 d'air ambiant en 45 mn a travers 
un filtre de 120 mm de diametre. Apres cor
rection en fonction de la pression reelle de la 
bouteille, qui est lue au debut de !'aspiration, 
l'erreur sur le volume d'air aspire est inferieure 

a IO%. 
Les aerosols deposes sont recueillis sur des 

boites de Petri de 80 mm de diametre et en 
matiere plastique pour ]es distances proches, 
de 165 mm de diametre et en verre pyrex pour 
les grandes distances. Ces boites de Petri sont 
disposees sur un socle ?t une dizaine de centi
metres du sol. Il est souhaitable qu'elles soient 
deposees sur un terrain aussi homogene que 
possible, une etendue d'herbe par exemple, 
pour que les resultats soient reproductibles. 

Les dispositifs de prelevement sont places 
sur le terrain par des equipes constituees cha
cune par deux agents disposant d'un vehicule; 
chaque equipe a la charge de lO prelevements 
atmospheriques et de 20 prelevements de sur
face. Il a ete forme jusqu'a 8 equipes lors des 
operations dans les Ardennes. 

A chaque equipe est affecte un itineraire 
choisi en fonction de la direction prevue du 
vent pendant !'emission. L'heure de debut 
d'aspiration est fixee en fonction de l'heure 
d'emission et de la vitesse de propagation prevue 
pour le panache. On essaie de centrer la 
periode d'aspiration par rapport a la periode 
de passage du panache. Des corrections sont 
ensuite apportees eventuellement en fonction 
de la vitesse de propagation effectivement ob
servee pendant !'emission. 



648 ].].MARTIN, R. ROCHE etJ. KIEFFER 

Une attention particuliere doit etre portee a 
la protection du materiel contre une contamina
tion en ftuoresceine. On utilise des enveloppes 
au des sachets ou des boites de protection. Une 
contamination de lO-s g de ftuoresceine sur 

un support, filtre ou boite de Petri, conduit en 
effet a une mesure significative. 

3.2. 3. La mesure est faite par lavage du filtre 
au de la boite de Petri avec une quantite connue 
d'eau permutee. Cette eau est ensuite analysee 
avec un ftuorophotometre. Les reglages de cet 
appareil permettent d'avoir une lecture directe 
en contamination volumique de la solution 
entre I0-6 et l0- 3 g(l. Pour des contaminations 

superieures, qui ne sont obtenues que pour les 
points de prelevement proches, il y a lieu de 
diluer la solution pour effectuer la mesure. 

Le tarage de l'appareil est effectue periodique
ment a partir d'une solution etalon preparee au 
laboratoire. Les corrections sont pratiquement 
nulles si l'on a soin de laisser l'appareil chauffer 
pendant une heure avant d'effectuer tout tarage. 

L'appareil peut effectuer une mesure sur une 
solution a 2.10-7 g/1, ce qui correspond au 
"bruit de fond" de l'eau distillee ou bi-per
mutee. Dans le cas d'un filtre, lorsque celui-ci 
est lave avec 20 em 3 d'eau permutee (volume 
utilise habituellement), la mesure sur un filtre 
vierge peut atteindre 10 -s gjl avec le filtre 
utilise, lO-s avec des filtres plus courants. 

II importe de s'assurer que le rendement de 
lavage des filtres ou des boites de Petri est 
constant. II est fait periodiquement des evalua
tions de ce rendement en operant deux lavages 
successifs sur un meme prelevement. Le rende
ment moyen de lavage se tient autour de 85% 
pour les filtres, de 95% pour les boites de 
Petri. 

3.2. 4. Pour evaluer la precision, nous avons 
compare les mesures sur des filtres obtenus par 
deux equipes differentes, en des points proches, 
lors d'une meme emission. Certains de ces 
prelevements etaient meme analyses par des 
pastes de mesure differents. 

Pour les couples de mesure retenus, * la 

* Les mesures ont ete retenues a condition de 
depasser le double du bruit de fond et de correspondre 
a des points de preU:vement de deux equipes diffe
rentes, operant a moins de 500 m. de distance, mais a 
l'ecart de !'axe de panache. 

difference relative (rapport de la difference des 
mesures a leur valeur moyenne) a toujours ete 
inferieure a 25%. 

Cette precision parait tres suffisante; elle en
globe toutes les erreurs de prelevement et de 
mesure. 

4. RESULTATS DES MESURES DE 

DIFFUSION ATMOSPHERIQUE 

Les resultats bruts des mesures sur les filtres 
et les boites de Petri ont ete traites de fac,;on a 
obtenir des lois de variation de la contamination 
atmospherique ou surfacique en fonction de 
la distance et des conditions meteorologiques. (2 ) 

4.1. Premiere representation des risultats 

Les contaminations atmospherique et sur
facique on1: ete rapportees respectivement au 
debit de ftuoresceine a I' emission eta la quantite 
globale rejetee. On obtient ainsi des valeurs 
comparables d'une emission a l'autre. 

Ces valeurs sont repartees sur une carte a 
!'emplacement de mesure et servent a tracer 
des courbes d'isocontamination. On obtient 
ainsi la trace au sol du panache. On observe 
des panaches multilobes (fig. 3) ou monolobes 
(fig. 4). L'un et l'autre cas peuvent se rencontrer 
par vent fort, mais selon la direction principale 
du vent, le reliefpeut provoquer un renforcement 
du panache (cas de la fig. 4 ou le panache suit 
la vallee de la Meuse) ou induire un panache 

jN Givet 

Fra. 3. Contamination atmospherique observee 
pendant Ia 4eme operation. 
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tN Operation 30 
10k~ 

Winenne 

Fw. 4. Contamination atmospherique observee 
pendant Ia 30eme operation. 

Se~condaire (cas de la fig. 3 ou le panache sep
t~ntrional s'est forme dans la vallee de la Houille 
alors que le vent etait d'ouest nord-ouest.) 

Dans le cas des vents faibles sans direction 
preferentielle, il est apparu difficile, sinon im
possible, de determiner des panaches; to us les 
secteurs sont alors soumis au panache pendant 
1.1.n temps plus ou moins long et l'on obtient une 
contamination homogene sans maximum mar
que. 

On con<;oit des a present que, pour une meme 
c!uantite emise, la contamination maximale ob
servee est d'autant plus faible que le nombre de 
I>anaches obtenus est grand. Ce nombre est 
fonction de la fluctuation en direction du vent 
<:t d'un facteur non meteorologique, le relief, 
<1ui varie suivant chaque direction. 

'!.2. Determination des contaminations maximales 

A partir des courbes d'isocontamination, on 
tletermine les coupes interessantes des panaches 
l'mr lesquelles on trouve les valeurs maximales 
(fig. 5). 

Les points d'observation ne sont qu'excep
tionnellemeri.t places sur l'axe de panache. Les 
valeurs maximales observees ne sont done pas 
les valeurs maximales reelles. 

FIG. 5. Coupes transversales du panache durant 
!'operation 30. 

Il est possible d'effectuer une correction sur 
]es valeurs maximales observees. Pour ce faire, 
a chaque coupe valable a ete superposee une 
courbe de Gauss; ceci a permis de determiner 
une valeur maximale extrapolee et l'ecart-type 
de la courbe de Gauss appropriee ( ce qui revient 
a definir une "largeur" du panache; la con
tamination est reduite a 1% de la contamination 
maximale a une distance de l'axe egale a trois 
fois l'ecart-type). 

Par cette methode, on a reduit considerable
meat la dispersion des valeurs maximales. Celles
ci ont ete multipliees par la vitesse du vent 
observe pendant 1 emission pour obtenir des 
valeurs maximales com parables entre elles (fig. 6). 

On a entoure les points d'observation par 
deux droites paralleles enfermant entre elles 
95% des points. Le rapport entre les valeurs 
maximale et minimale pour une abscisse deter
minee definit la largeur de la bande. Alors 
que cette largeur est egale a 70 pour les valeurs 
observees, elle n'est que de 20 pour les valeurs 
extrapolees. 

Les valeurs observees etant des valeurs maxi· 
males connues par defaut, il faut choisir comme 
loi de variation une enveloppe maximale difficile 
a preciser. Par contre, dans le cas des valeurs 
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Concentration 

Ia 

FIG. 6. Concentration en fonction de la dis
tance: valeurs observees et extrapolees. 

extrapolees qui sont des valeurs maximales con
nues par exces ou par defaut, il est possible de 
choisir une moyenne. 

Parmi les valeurs extrapolees, il est done 
possible de tracer une droite moyenne* sachant 
que 95% des valeurs reelles seront dans une 
bande de largeur connue. 

4.3. Etude de !'influence des parametres mr!teorologiques 
ou autres 

La representation precedente a utilise toutes 
les observations queUes que soient les caracteris
tiques du point d'observation ou des conditions 
meteorologiques. 

II est apparu que di:fferents facteurs pouvaient 
provoquer une dispersion des observations. 
Notons que l'on a suppose avoir tenu compte 
du facteur vitesse du vent en multipliant les 
contaminations relatives par ce facteur. 

Pour souligner !'influence de ces facteurs les 

* Les formules theoriques donnent des courbes 
asymptotes a une droite au-dela d'une certaine dis
tance (en coordonnees logarithmiques). L'approxima
tion par une droite permet sa determination par la 
methode des moindres carres et le traitement statis
tique ulterieur. 

valeurs extrapolees ont progressivement ete re
parties en differentes classes: 

a-deux classes suivant la hauteur d'emission 
H (cotes 350 et 325). 

b-pour chacune de ces classes H, trois classes 
suivant la stabilite S caracterisees par le gradient 
vertical de temperature observe soit sur le 
pyl6ne et la pente, soit, egalement, par le moyen 
des sondages d'altitude; ces classes ont ete 
cotees I (gradient vertical inferieur a-1 °C( 
100m), II (gradient entre-1 et 0° C/100 m) 
et III (gradient vertical positif); 

c-pour chacune des classes (H, S) trois 
classes suivant la "cote relative" h; il est apparu 
en effet que selon la position du point d'obser
vation, la difference de cote, appelee ici cote 
relative, entre le point d'emission et le point 
d'observation pouvait varier de-50 a + 250 m; 
cette cote relative peut etre assimilee a une 
hauteur d'emission; ces differentes classes h 
avaient les limites suivantes: h1 pour h :::;; 50, h2 

pour 50<h :::;; 150, h 3 pour 150<h :::::;250. 
II est apparu des le debut que la contamina

tion n'etait pas liee de fa«;on significative a 
la cote relative: tout se passe comme si la tur
bulence atmospherique due au relief annihilait 
le relief en repla«;ant tous les points d'observa
tion a un meme niveau. 

A partir des groupes d?observations, reparties 
dans les classes (H, S), on a trace les droites 
moyennes et les bandes a 95% pour chacune 
des classes (les bandes a 95% ne sont plus 
tracees ici a vue, mais a partir de l'ecart type 
de la distribution des observations sur diffe
rentes abcisses). 

Les droites moyennes sont ainsi tracees: 
-sur la figure 7, pour la contamination at

mospherique multipliee par la vitesse du vent; 
-sur la figure 8, pour l'ecart-type de la 

distribution de la contamination atmosphe
rique perpendiculairement a l'axe du panache. 

On a compare les pentes des droites et evalue 
la surface de recouvrement des bandes entre 
elles. 

II est ainsi apparu que toutes les bandes ont 
une proportion de recouvrement superieure a 
60%, sauf la bande tracee a partir des con
taminations atmospheriques, dans le cas d'emis
sion a 325 m, en periode de stabilite III et de 
vent faible, qui ne presente aucun recouvrement 
avec ses voisines. II a paru utile de creer cette 
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Fw. 8. Ecart-type a en fonction de la distance. 

sub-division entre vent faible ( inferieur a 
2 m/s) et fort (superieur a 4 mjs) dans ce cas 
particulier. * 

Les pentes des droites moyennes ne sont pas 
significativement differentes: 

-dans les differents cas d'ecart-type a; 
-pour une cote d'emission donnee (350 et 

325), dans les differents cas de stabilite de la 
contamination atmospherique. 

Par contre, il apparait une difference, sig
nificative au risque 1%, entre les pentes des 
droites de contamination atmospherique des 
emissions a 350 et 325 m. 

Frc. 9. Resultats de contamination atmo
spherique compares a la theorie. 

4.4. Conclusions de !'etude de dijfusion 

4.4. 1. La corttamination atmospMrique moyenne 
peut etre representee en fonction de la distance 
par une droite (en coordonnees logarithmiques) 
differente selon la cote d'emission et valable pour 
des distances superieures a 300m (fig. 9). 

Les facteurs meteorologiques ou orographiques 
ne semblent pas avoir un effet determinant sur 
la contamination. Cependant, dans les cas de 

* Il n'y a pas eu d'emission dans le cas III pour des 
vitesses de vent intermediaires. 
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grande stabilite ou, par vent faible, la turbulence 
dynamique et thermique est nulle, la conta
mination est nettement plus faible que dans les 
autres cas. Dans ce cas le panache subit une 
grande diffusion laterale et une faible diffusion 
verticale, ce qui tend a reduire la contamination 
au niveau du sol. 

La contamination atmospherique est plus 
faible pour une emission a la cote 325 que pour 
une emission a 350m jusqu'a des distances 
importantes. Ceci peut etre du a I' absorption de 
l'effiuent par la foret avoisinant le point d'emis
sion, absorption plus importante pour une 
emission d'une hauteur plus faible. On peut 
supposer que cette retention est egalement 
valable pour les effiuents radio-actifs. En con
sequence, on a admis d'elever une cheminee 
d'une hauteur de 18 m qui, compte tenu de la 
vitesse ascensionnelle des gaz a la sortie, permet 
d'admettre la valeur de 325m comme cote 
effective de rejet. 

Compte tenu de la largeur des bandes a 
95%, on a une estimation de la valeur maximale 
observable, avec un risque 2,5% de voir cette 
valeur depassee, en multipliant par 3 la valeur 
moyenne deduite de la droite. 

4.4. 2. L'ecart-rype de la distribution de la 

contamination atmospherique perpendiculaire
ment a l'axe du panache peut etre traduit 
par une representation lineaire en fonction de 
la distance et en coordonnees logarithmiques 
(fig. 10). 

4.4. 3. Un traitement analogue a ete fait 
pour la contamination surjacique observie en l' ab

sence de pluie. Les contaminations observees sont 
assez peu differentes, mais, neanmoins, en pro
gression croissante du cas I au cas III de 
stabilite (fig. II). 

En regie pratique, la contamination sur
facique Q divisee par l'activite rejetee Q peut 
etre deduite de la contamination atmospherique 
en appliquant un coefficient I 0- 2 a la contami
nation atmospherique corrigee du debit d'ac
tivite et de la vitesse du vent. 

Q X 
Q_ ~ I0- 2

• q· u 

Ce coefficient 10- 2 est prudent. La valeur 
trouvee est (6,2 ± 4,6) 10- 3• Elle ne varie pas 
de fa"on significative avec la distance. 

4.4. 4. L'etude de la contamination surfacique 

par temps de pluie s'est soldee par un echec: le re
sultats obtenus, tres heterogenes, ne permettent 
pas de determiner une loi de variation. 

Courbes 

10 
3 

FIG. 11. Resultats de contamination surfacique 
compares a la theorie. 
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En accord avec des considerations theoriques, 
il semble pratique d'adopter une valeur dix fois 
superieure a celle de la contamination en !'ab
sence de pluie. 

4.5. Comparaison des resultats trouves avec les valeurs 
thioriques 

On a represente (figs. 9, 10 et 11) sur les 
memes graphiques, les courbes experimentales 
et les courbes theoriques tracees a partir de 
la formule de Sutton pour une hauteur d'emis
sion supposee a 50 m. 

On constate que les contaminations experi
mentales maximales sont plus faibles que les 
contaminations theoriques, alors que l'ecart
type a observe est generalement plus grand que 
1' ecart- type theorique. 

Ces constatations sont le resultat d'un meme 
phenomene: la diffusion laterale du panache 
est beaucoup plus grande que ne le prevoit la 
theorie, essentiellement parce que la direction 
du vent est susceptible de variations, ce que ne 
prevoit pas la theorie, et parce que ces varia
tions sont d'autant plus grandes que le temps 
de mesure est long. II semble qu'un temps d'ex
perimentation voisin de J'heure soit bien adapte 
a nos besoins. 

Les variations en direction du vent se mar

quent par un ecart-type plus grand a courte 
distance, mais des que les differents panaches 
sont etablis, aides en cela par le relief par exem
ple, leur ecart-type devient relativement plus 
faible. L'ecart-type a courte distance est, en 
fait, un ecart-type apparent sur plusieurs pa
naches juxtaposes. 

II apparait done qu'il est un caractere meteo
rologique qui a ete neglige au cours de· ces ex
perimentations: les fluctuations en direction 
du vent qui pourraient etre traduites par l'ecart
type de la distribution en direction du vent 
autour d'une valeur moyenne pendant !'emis
sion. Ce parametre pourrait etre deduit d'un 
enregistrement continu du vent, mais il faut 
reconnaitre que pour passer ensuite a des regles 
d'exploitation, il ne peut etre un critere pratique. 
Il n'a pas paru regrettable dans notre cas par
ticulier, de perdre un peu en precision au benefice 
de la simplicite. 

On peut remarquer accessoirement que les 
courbes observees ne rendent pas compte des 
faibles valeurs theoriques de la contamination 

aux courtes distances. Nous avons bien observe 
cependant des valeurs faibles en amont des 
valeurs maximales et sous le vent de !'emission. 
Si des maximums ont ete isoles a des distances 
de plusieurs kilometres de !'emission, nous avons 
considere que ceci etait du au relief. En fait, 
notre methode de recherche statistique nous a 
oblige a considerer que la courbe moyenne etait 
une droite en coordonnees logarithmiques. Nous 
avons admis cette loi de variation en acceptant 
de surestimer la contamination pour les courtes 
distances et de ne la considerer comme valable 
qu'a partir de 300m environ du point d'emis

sion. 

5. RESULTATS DES MESURES 

METEOROLOGIQUES 

Les resultats essentiels pour le probleme de 

diffusion sont seuls rapportes ici. 
5.1. Vitesse du vent 

La vitesse moyenne generale ressort a 5,3 mfs 

a la cote 350, 4,6 mjs a la cote 325. 
La vitesse la plus frequente est de 5 mjs en 

general, 7 mjs par temps de pluie. 
La frequence des vents inferieurs a 5 m/s est 

de l'ordre de 30% par temps de pluie, 50% 
par temps sec. La frequence des vents inferieurs 
a 1 m/s est de 3% par temps de pluie, 5% 
a la cote 350, 7% a la cote 325 par temps 

sec. 
La frequence des vents superieurs a 10 mfs a 

ete variable au cours des annees d'observation: 

-2 a 20% en cas de pluie a la cote 350 
-1 a 10% dans le cas general. 

5.2. Direction du vent (figs. 12 et 13) 
La direction la plus frequente se situe generale

ment dans le secteur sud (sud-sud-est a sud
ouest) avec une frequence variable de 10 a 
15%, atteignant 20% pour les cas de pluie en 

1963 et 1964. 
La direction la mains frequente est generale

ment l'est-sud-est mais a ete quelquefois du 
secteur nord-ouest, la frequence variant de 

I ~3%. 
Dans le cas des vents faibles (vitesse de 1 et 

2 mjs), on observe une difference significative 
de la repartition de la direction avec le cas 
general. La direction la plus frequente se 
situe dans le secteur nord; dans ce cas, les 
effluents sont rejetes vers la fon~t, les premieres 
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agglomerations se situent alors a une distance 
de 6 a 7 km. 

La permanence de la direction a ete recher
chee en determinant le nombre d'observations 
successives pour lesquelles la direction a conserve 
une valeur fixee dans un secteur de 90 degres 
(sans annulation de la vitesse); on selectionne 
ainsi des sequences d'observation. Les sequences 
sont classees par saison en groupant differentes 
annees. La sequence observee la plus longue 
est superieure a 300 observations horaires 
( chiffre maximal admis au programme de calcul). 
La saison presentant le maximum de per
manence est l'hiver; la direction la plus per
manente est le sud-ouest. 

On a observe, dans ce secteur sud-ouest, au 
cours de deux annees consecutives, que 2 a 4% 
des sequences, groupant au maximum 9% du 
temps, ont une duree superieure ou egale a 
60 h et 7 a 9% (au maximum 14% du temps) 
une duree superieure ou ega1e a 30 h. 

5.3. Stabilite de l' atmosphere 

Le gradient vertical de temperature observe 
sur la pente presente une dominance nette
ment negative (tableau 2). 

Seu1e, 1a premiere classe de gradient presente 
une certaine permanence: 3 sequences en deux 
ans d'une duree superieure a 200 h et 30 d'une 
duree superieure a 30 h. II n'a pas ete observe 
de sequence superieure a 30 h pour 1es autres 
classes. 

Le coefficient de stabi1ite n (voir page 646) a 
ete classe en fonction du gradient observe simul
tanement. La valeur moyenne de n ressort a 
0,3 ou 0,4 queUe que so it la classe (fig. 14); 
theoriquement elle devrait varier de 0,1 a 0,6 
sensib1ement, lorsque le gradient varie de - 3 
a +soC/100m (ce qui a ete trouve sur d'autres 
sites plus plats). 

Le coefficient de stabilite subit une variation 
diurne de grande amplitude en ete, de faible 
amplitude en hiver (fig. 15). Par contre, le 
gradient mesure ne presente pas de variation 
diurne significative. 

Ceci montre que le gradient observe le long 
de la pente n'est pas presentatif de l'etat de 
stabilite de !'atmosphere, qui est mieux repre
sente par la valeur calculee n. Cette anomalie 
est tres certainement due au relie£ Lorsque le 
vent n'est pas faible, !'absence de stabilite ther-
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Tableau 2. Gradient observe entre les cotes 300 et 105 

Valeur du gradient (°C/100 m) 

inferieur a-1 
entre- I et 0 
entre 0 et + 3 
superieur a + 3 

Frequence% 

58 
26 
15 

1 

C1asse 

I 
II 
III 
III 

(nombre total d'observations: 15975) 

Coefficient de stabilite 

I 
I 
I 

I 
I 

Vent de secteur sud I 

0, 41-------+--~=---:7'1'~-..;::--r--''--

I 
I Vent de secteur 

nord 

+4 -2 
Gradient ~C/100 m 

Fro. 14. Coefficient de stabilite en fonction du 
gradient. 

mique est compensee par l'instabilite dynamique 
due au relief. 

5. 4. Vitesse et direction en fonction du gradient 

Les vitesses faibles ou moyennes sont aussi 
frequentes quel que soit le gradient. Par contre, 
les vitesses elevees sont plus frequentes lorsque 
le gradient est negatif que lorsque le gradient 
est positif: 

Si on met a part les gradients fortement posi
tifs, dont la frequence est tres faible, les a:utres 
classes de gradient presentent la meme pro
babilite que dans le cas generallorsque le vent 
provient du demi-horizon est. Par contre, 
lorsque le vent souffle du demi-horizon ouest, la 
frequence du gradient diminue quand le gra
dient devient positif. Ainsi, a titre d'exemple, 

Llt.P, VOL, 1-X 

les frequences pour le vent d'ouest sont les 
suivantes: 

79% pour les gradients inferieurs a - 1° 

C/100 m 
18% pour les gradients compris entre -1 et 0 
3% pour les gradients compris entre 0 et 

+ 3 mains de 0,1% pour les gradients superieurs 
a +3°Cfl00 m. 

Ces frequences montrent une disproportion 
encore plus marquee que dans le cas general. 

En fait, dans le cas particulier de la centrale 
des Ardennes, ces conclusions n'ont pas de 
repercussion sur la fac;on de traiter le probleme 
des effluents gazeux, puisque les resultats de 
l'etude de diffusion n'ont pas permis de mettre 
en evidence !'influence du gradient. 

Coefficient de stabilite 

0,61-----+-----t----t-----t-

00 06 12 18 00 
Heure 

FIG. 15. Coefficient de stabilite en fonction de 
l'heure. 
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6. REGLES DE REJET 

A la suite de cette etude, il parait possible de 
definir des regles pratiques concernant: 

-les rejets admissibles en exploitation nor
male 

-des niveaux d'intervention en cas d'acci
dent. 

6.1. Rejets normaux 

Dans le cas de rejets normaux, 1es reglements 
sanitaires nationaux demandent que 1a conta
mination atmospherique resultant de ces rejets 
soit inferieure a 1a concentration maximale 
admissible pour la population (CMAP) en 
valeur moyenne trimestrielle, sans que la con
tamination instantanee n'excede 10 CMAP. 

Il convient d'abord de se demander ou doit 
etre respectee cette convention. Les effluents 
etant le plus frequemment diriges vers le nord, 

on peut adopter comme point critique les 
premieres habitations situees dans ce secteur 
celles de la commune de Chooz situees a l~ 
distance de 1500 m. 

Pour evaluer le debit admissible de rejet q, on 
peut faire intervenir trois facteurs: 

-le facteur "diffusion" (~a) deduit des es

sais de diffusion (on peut prendre une valeur 
moyenne ou une valeur maximale selon le cas). 

-le facteur "vitesse" a, 
-le facteur "direction" d, qui tient compte 

du fait que le vent n'est pas toujours dirige vers 

le point critique. Le debit est ainsi evalue par 

a x 
q=- --

d (~a) 
X etant la contamination maximale admissible 
que l'on designera par xo (1 CMAP) pour la 
valeur moyenne admissible et 1 Oxo pour la 
valeur maximale admissible. 

En fait de valeur maximale admissible il 
s'agit plus exactement d'une valeur maxi~ale 
pour laquelle on admet un depassement dans 
un nombre limite de cas. 

Le debit maximal admissible (q max) con
duisant a la contamination lOxa, a ete evalue 
(tableau 3) pour differentes valeurs des facteurs. 
A partir des etudes precedentes, on a determine 
les probabilites de voir ces facteurs augmenter 
la contamination atmospherique. On a calcule 
dans chaque cas la contamination moyenne 
resultant de !'adoption de ce debit maximal 
admissible en supposant que ce soit le debit per
manent. 

On pourrait choisir comme debit maximal 
admissible un debit intermediaire entre les cas 
l et 2, tel que la contamination moyenne serait 

Xo· La probabilite de depasser dix fois la 
CMAP serait alors comprise entre 0,025 et 
0,25, ce qui peut sembler excessi£ 

En fait le debit permanent de rejet d'une 
centrale est en general faible, et il peut etre 
utile de conserver quelques possibilites de rejet 
pour des cas d'exploitation particuliers. 

Tableau 3. 

cas defavorab1es 
cas moyen 

cas 1 proba. cas 2 proba. cas 3 proba. 

~u(m-•) 2 X 10-6 2 X IQ-6 0,5 2 X 10-6 0,5 6 X 10-6 0,025 

q 
u(mfs) 5 5 0,5 1 0,05 1 0,05 

d 0,2 1 1 1 1 1 1 

q max Ci/s 2,5 X l07 .Xo 0,25 5 X 106·Xo 0,025 1,7 X 106.x0 0,00125 

xmoyen, Cifm 3 2xo 0,4xo 0,14x0 
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On peut ainsi choisir le debit maximal ad

missible du cas 2 pour lequel la probabilite de 
depasser 10 CMAP est inferieure a 2,5%, si ce 
debit est le debit permanent. Cette solution 
donne une certaine latitude de rejet et permet 
d'effectuer des rejets temporaires a des debits 
plus eleves en profitant des circonstances plus 
favorables. Si, en particulier, durant la periode 
de rejet concerte, la direction du vent est du 
secteur nord, la vitesse etant superieure a 5 m/s, 
le debit maximal peut etre 20 fois superieur au 
debit maximal precedent sans que la conta
mination ne depasse 10 CMAP en un endroit 
habite. 

6.2. Rejets accidentels 

Les niveaux d'intervention en cas d'accident 
sont generalement donnes en termes de con
taminations atmospherique ou surfacique inte

grees ( Ci-sfm 3 ou Ci/m 2). Soient A ou S ces 
contaminations. 

La mesure au rejet de !'installation peut 
porter sur le debit d'activite ou sur l'activite 
totale rejetee Q.. Il est toujours possible de se 
ramener ala connaissance de cette grandeur. 

Il nous faut done calculer les rapports Q./A 
et Q.fS. Ce calcul doit etre effectue "a priori'' 
done independamment des conditions meteoro
logiques qui pourraient exister au moment de 
!'accident. Il faut cependant tenir compte des 
conditions meteorologiques par leur probabilite 
d'occurence. On peut accepter, en prevoyant 
les dispositifs de sauvegarde, que ceux-ci soient 
insuffisants dans un pourcentage minime de cas. 

En choisissant les conditions meteorologiques 
du cas 2, du paragraphe precedent, on deter
mine les coefficients suivants: 

Q./A = 5 X 10 5 (m 3/s) 
Q.fS = 5 X 106 (m 2) par temps de pluie, 
Q.fS = 5 X 10 7 (m 2) par temps sec. 

Ces coefficients peuvent etre inferieurs aux 
valeurs precedentes dans 2,5% des cas. 

Ces coefficients peuvent etre multiplies par 
quatre pour !'adaptation des dispositifs de sauve
garde au sud de la centrale, en raison de 
l'eloignement des agglomerations. 

Notons encore que la probabi1ite de precipita
tions est de 15% durant le mois le plus pluvieux, 
la probabilite de conserver une direction de vent 
pendant plus de 60 h etant inferieure a 10%. 

7. CONCLUSION 

Les mesures de diffusion atmospherique et 
les mesures meteorologiques ont permis de 
definir des niveaux maximaux admissibles et 
des niveaux d'intervention. De plus, on a pre
cise la probabilite de voir ces niveaux conduire 
a des contaminations superieures a celles qui 
sont prevues. 

On a pu penser que la dispersion des resultats, 
observee lors des mesures de diffusion, etait 
importante. En fait, en multipliant la con
tamination moyenne par un facteur 3, on est 
assure d'avoir une surestimation de la contami
nation dans 97,5% des cas. Ceci semble un 
resultat d'une precision suffisante pour nos 
besoins. 

Ces mesures ont ete realisees sur un terrain 
particulierement accidente. Nous etudions ac
tuellement les conditions de diffusion sur d'au
tres terrains plus proches de l'etat plan theorique. 
Nous pensons obtenir une connaissance des 
conditions de diffusion assez precise pour ne pas 
devoir repeter cette experimentation sur chacun 
de nos sites. 
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ENVIRONMENTAL MONITORING OF 131I AS A VERIFICATION 

OF METEOROLOGICAL CALCULATIONS OF DISPERSION 

FROM A 100 METER STACK* 

A. P. HULL and M. E. SMITH 

Instrumentation and Health Physics Department, Brookhaven National Laboratory, 
Upton, New York 

Abstract-A number of similar methods for estimating long term ground-level concentrations 
of the effluent from a continuous elevated point source have been developed by meteorologists. 
Although these are generally accepted and applied, relatively few verifications of them have 
been conducted. This can be attributed to the difficulties of securing sufficiently accurate 
continuous measurements of the source, and of mean ground level concentrations to produce 
significant data. 

In 1964 a project was established at Brookhaven National Laboratory to utilize 1311 emitted 
from a 100 m stack as an atmospheric tracer. Stack effluent samples indicate that during 
1965 the routine emission by the Brookhaven Graphite Research Reactor (BGRR)-Hot 
Laboratory complex from this stack was about 10 mCijday. On March I, 1965 an overheated 
sample resulted in the additional release of 100 mCi of mr and about 1.0 Ci of 1ssr over the 
next few days. 

This project is a joint effort of the Laboratory's Meteorology and Health Physics Environ
mental Monitoring Groups. The former employs a nearby tower to obtain continuous 
measurements of both ground-level and stack elevation temperatures and winds. Using 
meteorological parameters determined from these measurements, and the known emission 
from the stack, estimates of mean ground-level concentrations are made. 

The Environmental Monitoring Group has developed techniques for sampling and evaluat
ing the minute concentrations of 1311 encountered, in the order of 0.0001-0.0010 pCi/m 3

• 

During 1965, monitoring stations were added at 0.7 km and 1.3 km in prevailing downwind 
directions, supplementing the existing stations at about 2.5 km from the stack. The measure
ments obtained from these sets of stations provide a unique opportunity for the verification of 
the estimated concentrations for periods from days to years. 

An examination of the data obtained during the March 1 release indicated that the field 
measurements at several downwind sampling distances were generally consistent with regard 
to particulate to charcoal filter and 1331/1311 ratios, but that those at the close-in stations were 
much lower in concentrations then initially estimated. As a result, assumptions about the rise 
of the plume above the stack were revised. The short term data from the March 1 release 
verify the adjusted meteorological estimates to within the error of measurement. 

The long term data show far more variation in comparison with the meteorological esti
mates, as would be expected with field dosages close to the threshold of measurement. The data 
reveal, however, important features of the behavior of the BGRR plume and of dispersion 
patterns at this site. 

*Research carried out at Brookhaven National Laboratory under contract with the U.S. Atomic 
Energy Commission. 
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INTRODUCTION 

Most environmental monitoring programs 
are conducted to document the ambient types 
and levels of radioactivity resulting from effluent 
releases from a facility. At Brookhaven National 
Laboratory we have also sought ways to broaden 
the scope of our program to include obtaining 
useful scientific information by utilizing the 
isotopes present in our effluents as tracers to 
investigate natural phenomena. This paper 
describes one such effort. 

A number of similar methods for estimating 
long term ground level concentrations from an 
elevated point source have been developed by 
meteorologists, but relatively few verifications 
have been conducted owing to the difficulties 
in securing sufficiently accurate continuous mea
surements of the source, of meteorological con
ditions and of mean ground level concentrations. 
The use of the 41Ar in the effluent cooling air 
of the Brookhaven Graphite Research Reactor 
(BGRR) as a tracer to make such a verification 
was one of our first multi-purpose programs. 
It was a joint effort of the Health Physics Divi
sion and the Meteorological Group at the Lab
oratory. The data indicated that the prediction 
system was substantially accurate, although con
servative <1 > in that it tended to overestimate the 
ground level dosages. The monitoring equip
ment detected the 41Ar 1.29 MeV gamma, as 
well as some portion of its beta radiation. The 
former's long mean free path in air made the 
ground level measurements relatively insensi
tive to small variations in the concentration 
pattern aloft and, therefore, made it difficult 
to use this tracer source to verify details of the 
dispersion model. . 

During the early 1960's the BNL Environ
mental Monitoring Group initiated a program 
of the identification and measurement of levels 
of fallout isotopes, especially 13lJ, in various 
environmental samples. <z> As fallout levels 
declined after 1962, interest shifted to the pos
sibility of evaluating the minute ground level 
concentrations of 1311 resulting from the routine 
emission of about 10 mCifday from the 100-m 
stack serving the BGRR-Hot Laboratory com
plex. 

FIG. I. Environmental monitoring stations at 
Brookhaven National Laboratory. 

FIG. 2. Annual percentage frequency of wind 
directions at 100m, 1961-3. 
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SAMPLING AND MEASUREMENT 

TECHNIQUES 

By 1964, routine measurements were being 
made of average 13IJ air concentrations as small 
as 0.001 pCifm 3• The improved techniques for 
sampling and evaluating these minute con~ 

centrations have been reported in detail else~ 

where (3 ) and will, therefore, be reviewed only 
briefly. High volume positive displacement 
pumps capable of continuously drawing over 
500 l.fmin of air through a I 0-cm diameter 
particulate filter and 2.5-cm thick charcoal can
nister in series were utilized. The usual sampling 
periods were two weeks. 

During 1964 these samplers were operated 
at the four perimeter stations shown on Fig. 1. 
An annual distribution of the observed wind 
directions at the stack height elevation is shown 
in Fig. 2. The large southwesterly component 
reflects the summer time prevailing winds and 
the more variable northwesterly component the 
winter situation. To obtain more information 
about the pattern of ground concentrations 
closer to the stack, during 1965 the additional 
on-site stations also shown in Fig. 1 were in
stalled. These are in line with the downwind 
perimeter stations in the two most prevailing 
directions. They were operated on a seasonal 
basis, those at 21 7° from the stack during the 
warmer months and those at 300° during the 
cold half of the year. 

Utilizing two opposed 10 X 5-cm Nai cry
stals and a multi-channel analyzer, a 5 hr gam
ma spectrum of both the particulate filter and 
charcoal cannister was obtained two or three 
days after collection. The charcoal cannisters 
were then recounted after several 131! half-lives 
had elapsed and the residual 214Bi (RaC) inter
ference in the 181J 0.36 MeV photopeak region 
was subtracted from the original spectrum to 
determine the amount of 131J on the filter at the 
end of the collection period. 

At the stack, about 1% of the effluent 131J 
is filterable on a two-day particulate samp~e (4> 
and the balance is collected on an in-line char~ 
coal cartridge. The interference from other 
isotopes in routine field particulate samples 
made it impossible to determine the 131J par
ticulate fraction in these samples, so it was ini~ 
tially assumed that it was comparable to that 
observed in the stack sample. On the average, 

about one-third of the total concentrations of 
1311 observed after recent weapons tests has 
been collected on field particulate filters. By 
comparing particulate filter collections from 
stations downwind from the stack with others 
obtained during the immediate post-weapons 
test sampling periods we have now established 
that the field particulate fraction of the routine 
stack effluent is less than 5%. 

On March 1, 1965 an overheated fuel sample 
containing 1.0 g of 235U resulted in the emission 
of about 100 mCi of 131J and 1.0 Ci of 133! 
(about 50% of these radio-iodines present in 
the sample) during the next few days. The 
release rate of both isotopes began at a fairly 
high level, 34.4 mCifhr of 131J and 365 mCi/hr 
of 133!. The 21-hr 1331 was detectable in the 
field for only a few days, but the 3-day 1311 was 
found in above normally encountered concen
trations for a full two weeks. The stack sample 
data did not indicate an unusually large parti
culate fraction of these radio-iodines. This frac
tion in field samples during the first day after 
the initial release was close to 50%; a day later 
it was 40%; from the second to fifth day samples 
30%; and from the fifth to fifteenth day the par
ticulate fraction was 20% of the total collection. 

METEOROLOGICAL ESTIMATION OF 

GROUND LEVEL CONCENTRATIONS 

After it became apparent that the ambient 
field concentrations of stack effluent 13lf could 
be measured with some degree of accuracy, the 
Meteorology Group and the Health Physics 
Division instituted another joint project that has 
revealed important aspects of the actual beha
vior of the plume. The meteorological contri
bution has been the calculation of ground level 
concentrations. The Health Physicists have sup
plied information about the stack output as 
well as the field concentrations. The calculation 
method itself is not unique to Brookhaven, but 
includes the same series of steps that most such 
estimates entail. 

The first one is the determination of appro
priate dispersion parameters. These have been 
well defined <6 > from studies of oil fog test plumes 
and other tracers at Brookhaven and instruments 
on the 125-m tower erected for these early experi
ments continue to supply meteorological data 
needed for current calculations. 
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The second step is the estimation of the effec-· 
tive stack height of the plume. This is the sum 
of the actual height and additional rise associa
ted with buoyancy and momentum effects of 
the plume itself as well as the wind speed and 
the stability of the atmosphere. The effective 
stack height of the BGRR plume has not been 
accurately determined, since its principal con
stituent, 31Ar, is a rather unsuitable tracer for 
this purpose. It is known that the plume rises 
well above the top of the 100-m stack, since 
115 m 3fsec of air is released at 50° C above 
ambient temperature and with a vertical speed 
of 6 mfsec. Estimation of plume rise is an un
certain aspect of air pollution evaluations and 
this study sheds some light on the problem. 

A Gaussian plume model of the following 
form is used as a representation of the dispersion 
process: 

where X= concentration (units/m 3
) or dosage 

(units-secfm a), 
Q = release rate (units/sec) or total re

lease (units), 
ayaz = crosswind and vertical plume stan

dard deviations (m), 
il =mean wind speed (mfsec), 
h =initial source height (m), 

x,y, z =downwind, crosswind and vertical 
distance (m) 

For short periods (1-24 hr) it is practicable 
to establish for each hour the mean wind direc
tion and values of il, ay, az and h from which 
a ground level concentration pattern is estab
lished as shown in Fig. 3. A given sampling 
point will occupy an x, y position (or series of 
positions) in relation to such patterns. 

For longer periods, such as a week or a 
month, it is more convenient to apply a simpli
fied ·model of the dispersion equation. This 
involves determining a concentration pattern 
that would be present if the wind direction were 
distributed uniformly throughout a given angu
lar sector and if a single dispersion parameter 
persisted unchanged for the entire period. 
Mathematically this consists of integrating equa
tion ( 1) in the y-direction and dividing it by 
the circumference of the circle at the distance 

X 

SOURCE 

Fw. 3. Precise estimate of receptor concentra
tion. 

(radius) of interest. The equation is then of 
the form: 

360 Q 
X= 8 3/2 21/2 - exp - h2/2az2 (2) 

7T GzUX 

where 8 is the angular width of the sector. 
A plot of a typical concentration distribution 

is shown in Fig. 4. In this case, the lateral posi
tion of the sampler within the sector is not 
important and the concentration depends only 
on the dispersion condition, the effective stack 
height, the distance from the source and the 
average wind velocity. In applying this model 
it is assumed that whenever the wind direction 
is such as to include a sampler within a sector 
width (30° in these studies), it will be affected 
by the concentration specified by equation (2). 

Several non-meteorological corrections and 
adjustments are required in this evaluation to 

Table I. Dispersion Parameters Used 

in the Study 

Gustiness class ay az 

(m) (m) 

Bs 0.40 X 0.91 0.41 X 0,91 

Bt 0.36 X 0•86 0.33 X 0 •86 

c 0.32 X 0,78 0.22 X 0,78 

D 0.31 x 0 •71 0.06 X 0,7l 
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X 

SOURCE 

Fw. 4. Sector estimate of receptor concentration. 

account for variations in output rate, sampler 
operation and radioactive decay. 

It is the practice at Brookhaven <5 l to classify 
all hours in terms of four dispersion conditions, 
determined from the wind direction trace at 
the 110-m level on the meteorological tower. 
The associated dispersion parameters are given 
in Table 1. In practice, hours having D gusti
ness (inversions) type are discarded since studies 
of tracer plume <6 l in this area have shown that 
during these conditions there are no ground 
level concentrations within the radius of the 
sampling stations. 

COMPARISONS OF CALCULATED AND 

OBSERVED CONCENTRATIONS 

The 1964 comparisons of calculated and 
observed concentrations of 131! at the Lab peri
meter already reported <3 l were made using sec
tor calculations based on 1958-63 average 
meteorological conditions. There was agree-

ment within the estimated error of measurement, 
except at the north-east station where the ob
served average concentration was almost twice 
that calculated. The 1965 comparisons for 
the same perimeter stations reported in Table 2, 
indicate that all the observed concentrations 
were uniformly greater than those calculated 
from past average conditions. It was therefore 
decided to refine all the 1965 calculations by 
employing the observed meteorological data for 
each sampling period. Since the prevailing 
concentrations are less than 0.01 pCi/m 3

, seve
ral orders of magnitude below established radia
tion protection standards, the calculations were 
simplified by comparing the amount of 131J 
collected by field samplers with the amount 
which should have been collected. 

The first such comparisons using calculations 
based on observed meteorological data were 
made in connection with the unusual release 
during the first half of March 1965. The samples 

Table 2. Calculated and Measured Annual Concentrations of 131/ at the BNL Perimeter 
January-December 1965 

Station 
From stack Calculated Measured 

Distance (km) Direction (x 10-u p.Cijcm3) (X 10-u p.Cifcm8) 

E-2 (NW) 1.8 140° 0.7 1.2 
E-4 (SW) 2.2 65° 0.6 1.0 
E-7 (SE) 2.5 321° 1.9 3.2 
E-9 (NE) 2.75 217° 2.3 3.7 

I.R.P. VOL I-x* 
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were obtained over periods ranging from initial 
ones as short as 1 hr to as long as 10 days 
as the release rate declined. Most of the dis
persion conditions bringing material to the 
samplers were of the B1 (typical daytime) type. 
Both dispersion equations (1) and (2) were 
employed, the selection depending primarily 
on the length of the sampling period. 

It is obvious from Table 3, which summa
rizes only 1

31! data, that the calculated/ob
served ratios tend to be large close to the stack 
and to decrease to values close to the ideal 1.0 
between 2 and 3 km. This tendency must almost 
certainly be associated with an error in the esti
mation of the effective stack height (h), since 
this appears to be the only way of obtaining a 
grossly erroneous estimate close to the source 
and reasonable values at greater distances. This 
is illustrated in Fig. 5, in which the discrepancy 
between the concentration curves can be seen 
to be large in the region from 0.5 to 1.0 km 
and diminishing at larger distances where the 
effect of the initial source height assumption 
becomes small. 

The calculated sample amounts in Table 2 
were based on the Bosanquet equation. <7> Re
cent independent study of hot puff behavior <8 > 

suggests that the buoyancy effect of the warm 
gas emission might be more significant than 

CENTERLINE CONCENTRATIONS WITH 

DIFFERENT EFFECTIVE STACK HEIGHTS 

IO"'r------,------...,..-------, 

DISTANCE ( Kml 

FIG. 5. Centerline concentrations with different 
effective stack heights. 

allowed for by the Bosanquet equation, and the 
entire series of data were recomputed on the 
basis of the Central Electric plume rise equa
tion. <9 > Comparison of the calculated effective 
stack heights for these two equations are shown 
in Fig. 6, from which it can be seen that the C. E. 

Table 3. Comparison of Observed and Calculated Samples, March I 965 Series 
Bosanquet JJh Equation 

131J (pCi) 

Station Distance 

(m) Obs. Calc. C/0 

E-1 I 700 35 250 7.1 
43 260 6.0 
35 65 1.8 
13 22 2.8 
14 46 3.3 

Igloo 1750 100 300 3.0 
E-4 2200 6 6 1.0 
E-7 2550 36 22 0.6 

75 140 1.8 
47 54 I.l 
20 32 1.6 

E-9 2750 iO 5 0.5 
12 5 0.4 
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Fw. 6. Comparison of effective stack heights. 

estimates are higher by more than 50 m at 
typical wind speeds. 

The lefthand 131! portion of Table 4 is iden
tical to Table 3, except that the calculations 
are based on the C.E. estimate for effective 
stack height. There is still a tendency for the 
c;o ratios to be higher close to the stack, but 
they have been greatly reduced without seriously 
affecting the c;o ratios at 3.0 km and beyond. 
The consistency between the 1311 and 1 331 data 

support the reliability of the measured collec
tions. 

With the encouragement of the agreement 
of the revised data shown in Table 4, the entire 
set of routine 131! samples obtained at approxi
mately two-week intervals during 1965 was 
evaluated. The C.E. plume rise estimates were 
employed. Several sampling periods had to be 
eliminated owing to interference during .June 
from the second Chinese weapons test and a 
lower level interference during November of 
13Il from some unreported off-site source. 

The method of calculation was similar to 
that used for the intensive evaluation of the 
March data, except that an overall mean wind 
speed was assumed to be associated with a 
given dispersion condition. Adjustments for 
half-life were also made, but a uniform emission 
rate throughout each sampling period was as
sumed unless marked changes were known to 
have occurred. In all, 1 7 sampling periods were 
examined and these data were combined with 
the March series. 

Many samples contained so little 131J that 
they obviously strained the capability of the 
measurement system, and it is equally true 
that the assumptions of the simplified calcula
tion method may not have been satisfied when a 
sampling station was downwind for only a few 
hours during a two-week period. The first 

Table 4. Comparison of Observed and Calculated Samples, l'vfarch 1965 Series 
Central Electric iJh Equation 

131I (pCi) 133! (pCi) 
Station Distance 

(m) Obs. Calc. c;o Obs. Calc. C/0 

E-ll 700 35 50 1.4 380 520 1.4 
43 52 1.2 380 520 1.4 
35 17 0.5 150 115 0.8 
12 9 0.7 50 32 0.6 
14 8 0.6 - - -

Igloo 1·750 100 220 2.2 700 2440 3.5 
E-4 2200 6 3 0.5 - - -
E-7 2550 36 19 0.5 380 198 0.5 

75 115 1.5 740 1150 1.5 
47 45 1.0 48 78 1.6 
20 26 1.3 - - -

E-9 2750 10 4 0.4 20 14 0.7 
12 4 0.3 - - -
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examination of the data was made with a view 
toward identifying the reliable, meaningful 
cases. From Table 5 it is apparent that the 
scatter of the CfO ratios is large when the ob
served amount is less than 10 pCi and becomes 

Table 5. Distribution of Samples by 
CJO Ratios and Amount Collected 

No. of samples with 
CJO ratio 

0.1 to 10 pCi > 10 pCi 

0.0-0.2 7 23 
0.3-0.5 9 21 
0.6-1.0 5 16 
1.1-2.0 7 3 
2.0-5.0 3 I 
5.0-10.0 2 
> 10 3 

more orderly when it is more than I 0 pCi. 
Based on this and a knowledge of the variability 
of the meteorological factors, it was decided to 
confine the comparison to samples containing 
more than 10 pCi and estimated exposures of at 
least eight hours. 

These data were then classified according to 
distance from the source and Table 6 shows such 
a breakdown. Although there are differences 
in the mean values of the CfO ratios and con
siderable scatter among individual cases, there 
is no obvious distance related trend. It therefore 
appears that the Central Electric equation gave 
an accurate estimate of effective stack height. 

That the geometric mean of all C/0 ratios 
is 0.61 suggests a persistent tendency for the 
calculation methods to underestimate the ob
served values. Two possible reasons for this 
are currently being examined as the 1966 data 
become available. 

Table 6. Calculated/Observed Ratios as a Function of Distance 

Distance from source 

500-999 m 1000-1499 m 1500-2200 m 2500-3000 m 

0.4 0.6 0.1 0.2 
0.6 0.4 0.6 0.4 
1.4 1.0 0.5 0.4 
1.2 0.8 0.9 0.3 
0.5 0.7 0.4 0.7 
0.7 5.5 0.9 
0.6 7.1 0.2 
0.5 0.3 
5.2 0.4 
0.3 0.5 
0.2 5.7 
0.1 0.4 
0.2 0.2 
0.4 0.8 
0.3 0.5 
0.2 1.5 
0.4 1.0 
0.5 1.3 
1.4 1.8 
0.7 1.2 

0.5 All data 

Mean 0.49 0.66 0.90 0.60 0.61 
No. ~ 1.0 4 1 2 6 13 
No. < 1.0 16 4 5 15 40 
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The wind speed, u, appearing in the denomi
nator of both equations (I) and (2) applies 
to a medium having a uniform flow throughout, 
whereas the atmosphere usually showed an in
crease with height. Selection of il is therefore a 
somewhat arbitrary process. The wind speeds 
used in all calculations have been those at 
stack height, this selection being justified from 
the oil fog tracer tests. It may be argued that 
the mean wind speed in the layer between the 
source and the ground is lower than that at 
stack height. Following this line of reasoning, 
one would have to use the wind speed at 50ft 
elevation to achieve a mean C/0 ratio of 1.00. 
Typical daytime (B1 ) conditions prevail in these 
test cases, for which change of wind with height 
is described by a ! power law. 

It is also possible that, at much lower emission 
rates than those prevailing during the March 
release, there is a systematic underestimate in 
the output rate, Q., or overestimate of the 
amounts of 131J collected by the ground level 
samplers. Comparison of the two groups does 
show that the 13 samples of early March had a 
mean C/0 of 0.80 while the 41 useful cases 
obtained during the rest of the year had a mean 
of only 0.56, but the authors can visualize no 
mechanisms which can satisfactorily explain this 
discrepancy. 

The discussion of the long term results has 
indicated obvious and suspected flaws in both 
the methods of calculation and in the evaluation 
system. Nevertheless, the project has revealed 
important features of the BGRR plume and of 
dispersion patterns at this site. The environ
mental monitoring data have verified that the 

method of calculation is a useful means of esti
mating long term dispersion of the reactor 
plume, probably more accurately than engineer
ing estimates (as opposed to measurements) 
of pollutant emission rates, and therefore ade
quate for general use. 
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QUELQUES PROBLEMES DU REJET DES EFFLUENTS 

RADIO-ACTIFS DANS LES FLEUVES INTERNATIONAUX 

P. S. BOJOVIC 

lnstitut des Sciences Nucleaires "Boris Kidric", Vinca, Service de Protection 
contre les Radiations, Yougoslavie 

ResunuS-On expose dans ce rapport certaines difficultes rencontrees Iors du rejet des effluents 
radio-actifs dans Ies fleuves internationaux. Ce probleme est devenu actuel, etant donne qu'un 
assez grand nombre de centres nucleaires dans le monde entier sont situes aupres des fleuves 
internationaux ou de leurs affiuents. 

En posant ce proble:me on considere l'influence des valeurs des CMA (concentration maxi
male admissible) de l'eau, !'influence de l'apport national au debit total d'un fleuve inter
national, ainsi que !'influence de quelques autres facteurs. Afin de contribuer a la solution de 
ce probleme on propose une formule destinee a determiner l'activite de seffiuents radio-actifs qui 
pourraient etre rejetes dans les fleuves internationaux. 

lNTRODUCTION 

Le rejet d'effluents radio-acti£~ liquides dans 
les fleuves date de plusieurs annees dans beau
coup de pays en Europe et hors d"Europe. Une 
dilution significative des effluents dans le fl.euve 
diminue leur teneur en isotopes radio-actifs au 
dessous de la CMA. Cette maniere d'elimina
tion par dilution des effluents radio-actifs est 
pratiquement inevitable a present. 

Quand il s'agit d'un pays ou l'on rejette des 
effluents dans 1des 1fl.euves nationaux, les pro
blemes de CMA, de debit du fl.euve, des condi
tions et de la dynamique du rejet, sont faciles a 
resoudre. Tout cela peut etre reglemente par 
un protocole national. II n'en est pas de meme 
pour les pays rejetant des effluents dans des 
fl.euves internationaux. Beaucoup de difficultes 
y sont rencontrees, comme il est expose dans 
plusieurs communications et rapports. <1-s) 

Nous nous sommes proposes de contribuer 
par ce rapport a la solution des problemes 
cites ci-dessus, utilisant les principes connus 
et les experiences acquises lors du rejet d'efflu
ents radio-actifs dans les fleuves nationaux. 

dent difficiles la solution d'un ensemble de 
problemes aigus. 

Dans un livre recemment publie: "Manage
ment of radioactive wastes", par C. A. Maw
son <3 > l'auteur traite ce probleme de fa<;on 
nette et convaincante: 

"Quand les effluents sont rejetes dans les 
fleuves, lacs ou mers internationaux, ce sont 
les populations ne faisant aucun controle des 
effluents qui peuvent etre exposees a un effet 
nocif. Tel niveau de contamination, admissible 
pour un pays, ne le serait pas du tout pour un 
autre. Un pays situe en amont d'un fleuve 
serait pret a developper une industrie nucleaire, 
meme au prix de tolerer de fortes doses d'irra
diation, tandis qu'un autre pays, situe en aval, 
qui s'interesse surtout a }'agriculture, utilisant 
de l'eau courante uniquement pour !'irrigation 
et comme boisson, ne consentirait a tolerer 
aucune contamination". 

Le passage cite est absolument juste et re
presente la situation actuelle. Cependant, pre
nant comme base un des principes Iegislatifs 
fondamentaux "Sic utere tuo ut alienum non 
laedas", d'apres lequel on n'oserait pas profiter 

MANIERE DE POSER LE PROBLEME d'un droit aux depens des autres, et tenant 

.l:Jn probleme bien pose, dit-on, est un prob- compte d'une experience acquise au cours de 
Ierne presque resolu. Cependant, de nombreuses longues annees, relative au rejet des effluents 
difficultes rencontrees lors du rejet des effluents dans les fl.euves nationaux, il est certainement 
radio-actifs dans les fl.euves internationaux ren- possible de trouver une solution acceptable 
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pour tous les pays rejetant des effiuents dans un 
fteuve international. 

La formule de rejet des effiuents apparait 
comme le premier probleme, d'ailleurs facile a 
resoudre d'apres un principe bien connu. <1

• 
4

• 
6 > 

Le debit des fteuves, la CMA et la dynamique du 
rejet posent des problemes tres importants, mais 
difficiles a resoudre. Le controle de l'activite 
d'un fteuve international, bien qu'il exige l'en~ 
gagement de nombreux experts dans ce do~ 

maine, peut etre resolu de maniere satisfaisante. 
Les problemes d'ordre administratif et legis~ 

latif seront resolus a condition que les autres 
problemes fondamentaux soient poses et definis 
de fac;on a etre acceptables par tous les pays 
interesses rejetant des effiuents dans un fleuve 
international. 

PROPOSITION DE FORMULE DE REJET 

DES EFFLUENTS RADIO~ACTIFS DANS 

LES FLEUVES INTERNATIONAUX ET 

DISCUSSION 

Le rejet dans la Tamise des effiuents du Cen~ 
tre Nucleaire de Harwell (Angleterre) s'effectue 
selon la formule suivante: 

(Ra X 2.500) + (autres emetteurs a X 420) 

+ (Sr X 50) + 
+ ( autres emetteurs (3) ~ 20 Ct 

pour un mois dans laquelle Ra, autres emetteurs 
a, etc. representent l'activite en curies pour un 

mois. 
Le rejet dans le Rhone des effiuents radio

actifs est reglemente suivant le meme principe 
par un protocole conclu entre le CEA. et le 
Ministere de la Sante Publique. La formule de 
rejet est la suivante: 

a (3 Pu Sr 

2.10-7 + 6.10-8 + 3.10-7 + 8.10-s ~ D 

dans laquelle a, (3, Pu et Sr sont les curies rejetes 
par jour, D etant le debit du RhOne par jour 
(m a). Les valeurs des denominateurs repre
sentent les CMA correspondantes. 

'La formule recommandee par l'Agence Inter~ 
nationale de l'Energie Atomique de Vienne, <1 > 

est basee sur le meme principe. 
Tenant compte de ce principe lors du rejet 

des effiuents dans les fleuves internationaux, la 

formule suivante serait acceptable pour calculer 
le niveau de l'activite tolerable: 

ou Dn est !'apport national au debit du fleuve 
international. Si Dd'entree designe le debit du 
fteuve international lors de son entree sur le 
territoire national et Dde sortie le debit du fleuve 
au point ou quitte le territoire national, !'apport 
national au debit du fteuve international est 
defini par !'equation suivante: 

Dn = Dde sortie - Dd'entree 

Les autres symboles de la formule sont: 
A; - activite d'un isotope en curies, 
,\; - constante de desintegration d'un iso~ 

tope, 
- temps passe depuis le rejet des effiu

ents jusqu'au moment ou les effiuents 
quittent le territoire national, 

CMA; - concentration maximale admissible 
des isotopes radio-actifs dans l'eau, 

Fe - facteur commun pour tous les pays tra~ 
verses par des fleuves internationaux. 

Pour que cette formule puisse etre appliquee 
en pratique il faudrait que tous les pays soient 
d'accord au sujet de CMA et Fe. La valeur Dn 
n'est pas en principe discutable, parce qu'il 
s'agit d'une valeur connue qu'il ne faudrait 
que verifier. Le facteur eAt est important pour 
chaque pays particulier. Il tient compte de la 
desintegration des isotopes sur le trajet depuis 
le rejet jusqu'au point ou le fteuve quitte le 
territoire national. D'apres ce facteur meme 
le rejet d'une activite elevee des isotopes a 
courte periode serait admis s'il ne s'opposait 
pas aux reglements nationaux. Ce facteur peut 
avoir de !'influence sur le choix de l'endroit de 
rejet des effiuents et de !'emplacement des cen
tres nucleaires. 

Tout en respectant les recommandations de 
l'ICRP, les pays de !'Europe et hors de !'Europe 
ne sont pas tout a fait d'accord au sujet des 
CMA. En tout cas, les recommendations de 
l'ICRP pourraient etre prises comme base pour 
les CMA dans les _fteuves internationaux. Nous 
estimons que les CMA devraient etre uniformes 
pour tous les pays, car !'irradiation ne fait 
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aucune difference entre les pays, les peuples et 
les races. 

Le facteur Fe represente une valeur qui 
diminue fictivement le debit du fleuve Dn, 
c'est-a-dire une fraction des CMA. Il peut 
etre, par exemple, 10, 100, etc. Dependant 
de Ia fl.ore et de Ia faune, de !'utilisation de 
l'eau, du peuplement des rives et de beaucoup 
d'autres circonstances, ce facteur differe d'un 
pays a l'autre. L'adoption des valeurs de Fe 
est d'autant plus di:fficile que les caracteristiques 
d'un fl.euve international ne sont pas identiques 
pour tous les pays interesses. Pour cette raison 
et pour d'autres la determination des valeurs 
de Fe est un travail delicat et de responsabilite. 
Le facteur Fe devant etre commun a tous les 
pays situes le long d'un meme fleuve inter
national, la solution consisterait a adopter une 
valeur experimentale variant avec le temps en 
fonction des resultats du controle de l'activite 
du fleuve et des environs. 

Necessitant les mesures d'un grand nombre 
d'isotopes de faible activite, ce qui represente 
un inconvenient de ce procede, la formule pro
posee ne serait peut-etre pas convenable pour 
tousles pays. C'est pourquoi il faudrait prendre 
en consideration aussi un autre type de formule, 
par exemple: 

a {3 Dn 
--+--~-
CMAa CMA" "" Fe 

ou ne figurent que l'activite totale a et l'activite 
totale (3. Le debit et Fe ont la meme significa
tion que ceux de Ia premiere formule. La 
formule du deuxieme type est plus simple que 
Ia precedente, mais en raison des toxicites dif
ferentes des isotopes radio-actifs, elle donne des 
resultats moins corrects. 

CONCLUSION 

Pour appliquer les formules proposees, il 
faudrait effectuer des experiences preliminaires, 
determiner la distance minimale entre le point 
de rejet des effluents et l'endroit ou le fleuve 
international quitte le territoire national, il 
faudrait adopter des methodes uniformes de 
controle de l'activite, elaborer des programmes 
de recherche communs afin de puuvoir suivrc 
le sort des isotopes radio-actifs rejetes dans le 
fleuve et assurer l'echange des informations et 
des resultats. C'est l'Agence Internationale de 
l'Energie Atomique de Vienne qui devrait en 
prendre !'initiative. C'est a elle d'encourager 
aussi les travaux concernant Ia verification de 
Dn, !'adoption d'une valeur Fe et la solution 
des problemes d'ordre legislatif et administra
tif. Dans ce but I' Agence se mettrait en contact 
avec les pays traverses par les fleuves inter
nationaux ou avec les organismes charges de 
reglementer ]'utilisation des fleuves en question. 
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AN EVALUATION OF HAZARDS FROM IMMERSION 

OF PLUTONIUM IN THE MARINE ENVIRONMENT 
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Abstract-The potential hazard due to a single immersion and subsequent release of pluto
nium was evaluated on the basis of its possible incorporation in the marine food chains including 
the alga, Porphyra, and the seaweed products agar and alginic acid. The hazards were estimated 
by comparing the recommended permissible body burdens for large populations (1/lOth 
occupational permissible body burden) with the expected body burden calculated on the basis 
of very conservative assumptions. The concentration of plutonium from a single release in the 
sea that would lead to the permissible body burden through the fish food chain was calculated 
on the basis of published concentration factors. The value of the concentration of plutonium 
to give this body burden was found to be 6.4 X I0- 2 J<Ci/ml assuming a single intake of200 gms 
of fish per individual. The expected body burdens from Porphyra, agar, and alginic acid were 
then calculated on the basis of the calculated plutonium concentration and the published con
centration factor for seaweed. Calculations were also made of various diffusion parameters 
using six published diffusion models to obtain areas of contamination with time and the 
duration of a hazardous concentration. 

INTRODUCTION 

The objective of this study was to evaluate 

the potential hazards from the contamination 

of the California inshore ocean environment 

with plutonium following an instantaneous 
release upon immersion. The analysis con

sidered the ocean environment at those distances 

from shore at which the ocean depth was about 

10 m. At depths greater than this, one would 
expect the extent of the hazard to be less than 

that calculated for the 10 m case. 

DESCRIPTION OF SOURCES OF 

HAZARD 

Equally important are the relative amounts of 
contaminant in the several parts of the physico

chemical and biological environments that may 

represent avenues of transport of the radio
activity to man. 

Released plutonium in direct contact with 

water, or with naturally occurring suspended 
particulates of sea water (colloidal particles, 

sediments, and microscopic organisms), or with 

sea-bottom materials may result in a wide variety 

of interactions, most of which are poorly under
stood. Attention here is limited to those inter

. actions that directly or indirectly affect the 

availability of plutonium to man. 
Hazards from the existence of plutonium in In California, principal commercial sources 

the marine environment depend upon the phy- of chemically processed marine algae are the 
sical and chemical properties of its compounds. phycocolloids agar and algin. Agar is a gela-

* The opinions or assertions contained in this tinous substance produced on the Pacific Coast 
article are the private ones of the writer and are not of the United States from the red alga, Gelidium 
to be considered as official or reflecting the views of cartilagineum. It is used by the baking industry, 
the Navy Department or the Naval Service at large. in icings, as a stabilizer in pies, as a moisture 
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regulator in fruit cakes, in cream cheese, in 
jelly desserts and in puddings. Little is known 
about the extent to which chemical compounds 
of plutonium may be adsorbed or absorbed by 
Gelidium. 

Algin is a term referring to the polyuronic 
acid, alginic acid (C6H 80 6 )n and its derivatives. 
Algin occurs in large quantities in many sea
weeds. Sodium alginate solutions may be trans
posed by solutions of salts of a large number of 
metals, including uranium; e.g. U(S04) 2 • 4H20, 
to form insoluble alginates. 

A dozen or more of the larger algae along 
the coast of California and lower California, 
such as the giant kelp, Macrocystis pyrifera, are 
used for the manufacture of algin. Annually, 
thousands of tons are collected south of Point 
Conception. The principal uses of algin are in 
pharmaceuticals, dairy products, soda-fountain 
drinks, cosmetics, drugs, salad dressings, candy, 
jelly, and chocolate milk. Algin is also used 
in stock feed and chicken feed. Although little 
is known of the extent ofuptake ofradionuclides 
by kelp, the potential plutonium body burden 
in man was estimated by using gross assump
tions and available data (see hazard estimates 
below). 

Edible algae, although poor sources of energy 
because of their indigestibility, possess an im
portant vitamin and mineral content. Irish 
moss is harvested on the Atlantic Coast in con
siderable quantities but the amount of com
mercial utilization for food on the Pacific 
Coast of the United States is small. Porphyra 
is the only alga utilized directly for food in any 
quantity in California. In 1929 about 300,000 lb 
were harvested in Central and Southern Cali
fornia by American Chinese for distribution to 
Chinese stores or for exporting to the Orient. 
The potential hazard to the California Chinese 
is estimated in the section on estimate of the 
hazards. 

Local spawning areas of pelagic fishes near 
the coast of California and centers of commercial 
fishing and sportfishing in shallow waters may, 
due to accidental situations, become centers for 
the origination of radioactive contamination that 
reaches man. The release of plutonium in a 
partially enclosed or restricted local area, as 
projected in this report, could result in a small
scale dispersal of the plutonium and in a cor-

respondingly localized contamination of the 
food web of a local area. The scale of the resul
tant hazard from plutonium would depend in 
large part on the solubility of the radionuclide 
in sea water, the rate of diffusion, and the extent 
of uptake and transport of the contaminant 
through the food web to man. The scarcity of 
experimental data necessitates the use of con
servative assumptions to make adequate estimates 
of the likely presence or absence of hazards due 
to plutonium in water. 

ESTIMATE OF THE HAZARDS 

The potential hazard due to immersion in 
seawater and subsequent release of the radio
nuclide is evaluated on the basis of its possible 
incorporation in the marine food chains includ
ing the alga Porphyra and the seaweed products 
agar and alginic acid. 

The hazards from these various sources are 
estimated by comparing the recommended 
permissible body-burden for large populations 
( 1/ lOth the occupational permissible body bur
den) with the expected body burden calculated 
on the basis of conservative assumptions. 

Estimation of the Hazard Due to the Ingestion of 
Plutonium Through the Fish Food Chain 

Desired information for a detailed description 
of the hazard has proved, in most instances, to 
be lacking. However, for present purposes, 
hazards to man from projected releases of 
plutonium can be satisfactorily evaluated by 
utilizing established knowledge of the marine 
environment and by resorting to necessary 
assumptions customarily utilized in analytical 
techniques for the evaluation of hazards. Many 
of the customarily used mathematical models and 
useful dosage concepts regarding levels of ab~ 
sorption and tolerance assume an organ-organ 
system equilibrium andfor an organism-en
vironment equilibrium. Because of the relatively 
rapid dispersion of radioactivity (see the Ap~ 
pendix) throughout ~e environment and the 
consequent decrease with time of the concen
tration levels, the organism-environment equilib
rium referred to above is in fact not likely to be 
reached in the situations , under consideration. 
Thus the cylindrical-dispersion model is very 
conservative. Also, due to the behavior patterns 
of pelagic fish-their schooling habits and mi-
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gratory movements-the probability of their 
remaining in a seriously contaminated area 
long enough to permit an equilibrium state 
is expected to be low. Hence, the likelihood of 
netting a sizeable number of contaminated fish 
is low. Furthermore, the total commercial 
catches per boat are proportionately large and, 
to this extent, the likelihood that a processing 
plant will turn out consecutive batches of this 
hypothetically contaminated product is cor
respondingly remote. Therefore it is reasonable 
to anticipate a single exposure by the consumer 
rather than a continuous exposure. 

The maximum permissible body burden 
(MPBB) for the general population is usually 
assumed to be lflO that of the occupational 
value. In the case of 239Pu the value chosen for 
the general population is, therefore, 0.004 !1-Ci. 

The body burden can be calculated in the 
following manner (neglecting decay and biologi
cal elimination): 

q=jw·jc·f·S (l) 

where q = body burden in microcuries, 
fw =retention factor (fraction of total 

ingested that is retained in the 
body), 

fc = concentration factor (total concen
tration through all fish food chains), 

I = food intake (g), 
S = plutonium concentration in sea-

water (tLCifcm 3
). 

The value ofjw used here <1 > is 2.4 X 10-5• The 
value for fc is 1 according to Dunster< 2 > and 13 
according to Aten. <3 > 

The average daily intake of fish food has 
been estimated to be about 200 g, <4 > assuming 
all protein food is obtained from marine sources. 

If q is set at the maximum per~issible value 
of 0.004 !1-Ci and ]c is assumed to be 13, then 
the value of Swill be 6.4 X I0- 2 ILCifcm 3

• The 
following expression for S results if we assume an 
instantaneous plutonium release (C), in curies, 
with immediate mixing throughout a cylinder 
of water of depth (D), in meters, and a surface 
area given by (A). (Other diffusion models are 
treated in the Appendix.) 

c . 
S =AD (tLCifcm8

) (2) 

where A= area (m 2
). 

Substituting for S the value of the concentration 
that would result in the maximum permissible 
body burden and I 0 for D and transposing, 
equation 3 results: 

A = 10 X 6.~ X 10-2 = 1.56 C (mz). (3) 

For any given total release of plutonium the 
area of the sea containing the concentration 
6.4 X 10-2 !LCifcm3 can be calculated. The 
radius of the equivalent circular area can then 
be determined. Examples of contaminated areas 
for various total amounts of plutonium released 
to a depth of 10 m are shown in Table 1. 

Table I. Radii (r) qf Cross-sectional Areas (A) of Con

taminated Cylindrical Volumes as a Function qf Total 

Plutonium (C) Released to a Depth of 10 meters 

c A r 

(curies) (meters2
) (meters) 

1Q2 1.56 X 102 7 
lQ3 1.56 X 10 3 22 
104 1.56 X 104 70 
lQ5 1.56 X 10 5 220 
1Q6 1.56 X 106 700 

The sample results shown in Table I can 
be used to indicate the volume and the areas of 
offshore water involved under assumptions of 
instantaneous releases ofplutonium in amounts 
of JOz to 106 Ci. The calculations based on a 
concentration factor of 13, indicate that 200 g 
of fish obtained from these areas during a short 
period of time while the plutonium concentra
tion is at the level of 6.4 x 10- 2 !LCifcm3 would 
have to be eaten by each individual of a large 
population to result in the general population 
MPBB of 0. 004 ILCi. This type of estimate of the 
hazard is a conservative one since it implies 
that fish concentrate plutonium to the equilib
rium value during their stay in the body of 
water involved. It also assumes that a large 
population will obtain enough to supply it with 
food for one day's consumption of 200 g per 
individual. 
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Estimation of the Hazard Resulting from the Ingestion 

of Agar 

The value of the plutonium body burden from 
ingestion of agar processed from seaweed is a 
function of the concentration factor for seaweed, 
the yield of agar, and the amount of plutonium 
carried with the agar. 

Agar is prepared from a filtrate obtained from 
a hot-water treatment under pressure and there
fore would probably not contain plutonium. 
Since there are no data available on this point, 
it has been assumed that the plutonium of the 
seaweed will follow the agar in a proportional 
manner. 

According to Tseng, <5 > the 650,000 lb of agar 
used annually in the United States were distri
buted approximately as shown in Table 2. As 
can be seen, only about t of the total is ingested. 
Of this total amount used, only 52,000 lb, or 
8%, is produced in the United States (Southern 

Table 2. Annual Distribution of Agar in the 

United States 

Utilization 

Laxatives 
Microbiological culture 
Bakery 
Confectionery 
Dental impression mold 
Meat packing 
Emulsifier 
Cosmetics 
Miscellaneous 

Amount (lb) 

100,000 
100,000 

100,000 
100,000 

75,000 

50,000 
50,000 

25,000 
50,000 

California) and, therefore, the amount cif the 
Southern California produced agar ingested 
is 26,000 lb per year. 

The total area from which this much agar 
is produced constitutes about 100 mi 2 <8> (2.59 X 

108 m 2
). As shown in Table 1, the area of con

cern relative to a plutonium contamination of 
6.4 X 10- 2 p.Cifcm3 is 1.56 m 2 per curie of 
plutonium released for a cylindrical instan
taneous dispersion model. Therefore, the 
amount of plutonium which could just con
taminate this 100/mi1 area to the above concen
tration is 1.66 X 108 Ci, and thus the amount of 

contaminated agar that would be ingested is 
about 7.1 X I0-2 g/Ci of released plutonium. 

If we assume a population of about 108 then 
the per capita ingestion of the contaminated agar 
would be 7.1 X 10 -lo gJCi released. The con
centration factor for seaweed is assumed to be 
500, which is only a guess given by Dunster, <2 J 

probably based on soluble plutonium com
pounds. 

To calculate the body burden from agar 
ingestion the following expression is used: 

where: 

q = lagSfcfw 

q = body burden (p.Ci), 
lag = intake of agar (g), 

S =plutonium concentration m sea
water (p.Cifcm 3

), 

fc = concentration factor for seaweed, 
]w =body retention factor. 

Substituting 500 for fc, 2.4 X 10 -s for fw, 
6.4 X 10- 2 for Sand 7.1 X 10-10/Ci for lag, 
q = 5.5 X 10 -u p.Ci(Ci of released plutonium. 

Thus, on the basis of the conservative assump
tions used in the calculations, a release of about 
7 X 109 Ci of plutonium would be required to 
result in an average body burden due to agar 
ingestion equal to the MPBB of 0.004 p.Ci. 

Estimation of the Hazard Resultingfrom the Ingestion 
of Algin 

The value of the plutonium body burden from 
ingestion of algin from seaweed is a function of 
the concentration factor for seaweed, the yield 
of algin, the plutonium content of seawater, the 
amount of plutonium carried with the algin, 
and the body retention factor for plutonium. 
According to Tseng, <8 > fresh kelp, Macrocystis 

pyrijera, is digested with soda, which reacts with 
alginic acid in the kelp to form soluble sodium 
alginate. After filtration, the filtrate is acidified, 
precipitating the alginic acid. 

Since alginic acid is prepared by an alkaline 
treatment of kelp, the plutonium would prob
ably be in an insoluble form and, therefore, the 
amount of plutonium contamination in the al
ginic acid should be negligible. However, since 
the amount of contamination actually expected 
is not known, the calculation of the body burden 
is based on the assumption that plutonium 



AN EVALUATION OF HAZARDS FROM IMMERSION OF PLUTONIUM 677 

is not precipitated out in the production and 
purification of alginic . acid. 

According to Tseng, <9> the annual production 
of algin in the United States is estimated at two 
to three million pounds. More than 70% of the 
total algin produced comes from Southern 
California. 

As in the case of agar, the total area from 
which this much algin is produced constitutes 
about 100 mi 2 (2.59 x 108 m 2). The amount 
of contaminated algin that would be ingested 
assuming a 3-million-pound total production 
and an area of concern, shown in Table 1, 
of 1.56 m 2 per curie released, relative to a sea
water plutonium concentration of 6.4 X 10 -a, 

is 1.8 X l 0 -a lb/Ci released (8.2 g/Ci released). 
Based on a population of 108, the per capita inges
tion of contaminated algin would be 8.2 X 10 -s 
g/Ci released. 

The following expression is used to calculate 
the body burden expected from ingestion of 
algin: 

q = Ial · S 'fc · fw 

where 

Ial = intake of algin (g). 

After substituting the values of S,Jc,jw as above 
for the agar calculations and the value of 
8.2 X 10 -s g/Ci released for Ia1, 

q = 6.3 X 10 -n fLCi{Ci of released plutonium. 

Thus, on the basis of the conservative assump
tions used in the calculations, a release of about 
6.3 X 107 Ci of plutonium would be required 
to result in a body burden due to algin ingestion 
equal to the MPBB of 0.004 fLCi. 

Estimation of the Hazard Resultingfrom the Ingestion 
of Porphyra 

About 300,000 lb of Porphyra <8 > are harvested 
annually from an area of about 100 mi 2

• Since 
the contaminated area as shown above would 
be about 1.56 m 2 per curie of plutonium released, 
the amount of Porphyra harvested from the area 
of possible contamination would be 1.8 X 10 -a 

lb{Ci released (0.82 g{Ci released). 
If one assumes that this amount is distributed 

to the 94,000 California Chinese only, then 
the per capita ingestion of contaminated alga 
would be 8. 7 X 10 - 6 g/Ci released. 

The body burden can be calculated from the 
following equation: 

q = lp · S · fc 'fw 

where lp =intake of Porphyra (g). 

By substituting the values S,jc,fw given above 
and the value of 8.7 X I0-6 g/Ci of released 
plutonium for lp, the value for the body burden 
q per curie of plutonium released is 6. 7 X 10-9 

ILCi. 
It is seen then that a release of about 6 X 10 5 

Ci of plutonium would be required to result 

Table 3. Summary of Calculated Body Burdens obtained for Values of Parameters shown 

Concentration factor fish food web 
Concentration in seawater to give 

body burden of 0.004 ~tCi (fish food) 
Area of 10 m depth containing 

6.4 X I0- 2 ~tCifcm 3 

Calculated body burden from 
ingestion of: 

13* 

6.4 X I0- 2 p.Cijcm 3 

1.56 m 2/Ci released 

Agar 5.5 X I0-13 1-'Ci/Ci released 
Algin 6.3 X I0-11 1-'Ci/Ci released 
Porphyrat 6. 7 X I0-9 1-'Ci/Ci released 

*This is a conservative factor since it was obtained with soluble nuclide 
under equilibrium conditions. The actual exposure time of the fish _food web 
is a matter of minutes or, at most, a few hours (see Appendix). 

t The evaluation of the body burden from Porphyra is conservative since 
it is based on the assumption that the Porpyhra harvested is consumed by 
94,000 Californians. 
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in a body burden of0.004 f.I-Ci in 94,000 Chinese where 
due· to the ingestion of Porphyra. 

y = "energy-dissipation parameter" 
(m2/Sfhr) 

SUMMARY 

Table 3 presents a summary of information 
used and values obtained in the analyses pre
sented above. 

APPENDIX 

Calculation of Dispersal and Concentration of Sub
stances Released into the Ocean 

Equations to describe the change with time 
of the concentration of a diffusing substance 
have been described by Okubo. <9> These are 
presented below and may be applied to the 
release of plutonium. 

1. joseph and Sendner Solution: 

as=~~ (Pr 2 as) 
ot r or or 

From this was obtained 

nM 
S(r, t) = 21TD(Pt) 2 e 

where n = 360°/ On 

T 

Pt 

(Al) 

(A2) 

(}, = the angle of the sector to which dif
fusion is restricted ( 180° for uniform 
coastline and 360° for open ocean), 

S =concentration in Ci/m 3
, 

r = distance from origin in meters, 
D = thickness of the contaminated layer 

in meters, 
P = "diffusion velocity"* (m/hr) 

54 m/hr, 
lvl = amount of radioactivity released in 

curies. 
The maximum concentration is at the center 
of the diffusing volume and is given by 

nM 
So(t) = 21TD(Pt) 2 

(A3) 

2. Modified Ozmidov Solution: 

M 
S(r, t) = 6'7T'YataD e (A4) 

* The values for "diffusion velocity" and "energy 
dissipation parameter" used in the various solutions 
were taken from a table of data on diffusion of 
radioactivity reported in ref. 9. 

= 1.17 m 213/hr 

(AS) 

3. Modified Okubo and Pritchard Solution: 

where 

(A6) 

W = "diffusion velocity" (mfhr) 
= 86.4 m/hr 

(A7) 

4. Okubo Solution: 

where 

(AS) 

ii = "energy-dissipation parameter" 
in m 213fhr 

= 1.67 m 213fhr 

(A9) 

5. Obukhov Solution: 

where 

r2 
M --

S(r, t) = 1Tf3staD e {3ata (AlO) 

f3 = "energy-dissipation parameter" 
(m2/Bjhr) 

= 2m 213/hr 

So(t) 
M (All) 

6. Schonfeld Solution: 

S(r t) - Mwt 
' -2 ::::-7T D~(-w-=2-:-:t2~+:-r-::2~) 3~/2 (A12) 
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where w =the "diffusion velocity" (m/hr) 
= 68.4mfhr 

3. Modified Okubo and Pritchard Solution: 

tm = K 3 e - 1/ 2 (A 18) 

(Al3) where 

Expressions for the time, tm, required to reach 
the maximum distance, rm, for a given concen
tra,tion, S, were obtained by differentiation with 
respect. to t and setting drfdt equal to zero in 
each of the diffusion equations. The resulting 
expressions are given below. 

1. Joseph and Sendner Solution (n=l): 

(Al4) 

where 

( 
M )112 

Tm = 2 Ptm = y2 TTDS e-i (Al5) 

2. Modified Ozmidov Solution: 

(Al6) 

where 

Tm = (3ytm) 3/ 2 = . F - e -S/2 
3( M )112 

v 2 TTDS 

(A17) 

( 
M )112 

Tm = Wtm = TTDS e-
1

/
2 (Al9) 

4. Okubo Solution: 

(A20) 

where 

(A21) 

5. Obukhov Solution: 

lm = Ks e-1/S (A22) 

where ( 
M )1;3 

Ks = 7Tf33DS 

( 
M )112 

= TTDS e-1/2 (A23) 

Table AI. Values, as a Function of Diffusion Model, of the time, tm, required for the concentration to reach a value of 

6.4 X IQ-2 p.Cifcm 3 at a maximum distance, rm, and the time, t0 , required for the center of contamination (release point) to 

reach 6.4 X 10-2 p.Cifcm 3 

M = 104 Ci M = 108 Ci 
Model 

rm tm to Tm tm to 
(meters) (hr) (hr) (meters) (hr) (hr) 

1 oseph & Sendner 36 0.34 0.92 3600 33.8 92 
(n = 1) 

Ozmidov 33 2.9 8 3300 63 172 
Okubo & Pritchard · 43 0.49 0.8 4300 49 81 
Okubo 38 5.6 9.2 3800 121 199 
Obukhov 43 6.1 8.5 4300 131 183 
Schonfeld 31 0.32 0.72 3100 28.6 72.4 
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6. Schonfeld Solution: 

( ) 

3/4 

lm =K6 1/3 (A24) 

where x6 = (z7T~w 2 r'
2 

Ym = y2wtm 

= (1/3 r/4 (7T~sr2 (A25) 

Values of the maximum distance at which 
the concentration of 6.4 X 10-2 fLCijcm3 will 
be found can be calculated from the summary 
equations presented above. The time required 
for this maximum distance to be reached can 

. also be calculated. The time, to, required for the 
center of the contaminated area (release point) 
to reach the concentration of 6.4 X 10 -a fLCi/ 

em 3 can also be calculated from the equations 
for So. These values are shown in Table AI 
for two values of the amount of plutonium 
released (M). 
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Abstract-For the purpose of estimating the release of radioactivities from ion exchange 
resins disposed into sea water, we have conducted a series of experiments in a water bath con
taining natural sea water, using such radioactive nuclides as 61Cr, HFe, soco, 89Sr and fission 

products by changing the weight ratio of ion exchange resin to the sea water and the amount 
of nuclide initially adsorbed on the ion exchange resin under static and turbulent conditions. 
The results are summarized as follows: 

1. The radioactivities were rapidly released from the ion exchange resin particles (Dowex 50 
and Dowex 1, 50-100 mesh) on contact with the sea water. However, some differences were 
observed in the degree of release depending on the different nuclides. Such nuclides as 6°Co 
and 89Sr were easily released, while 51Cr and 55Fe not so easily. 

2. The released activity was observed to increase with the decreasing weight ratio of the ion 
exchange resin to the sea water, but with the weight ratio below J0-4 of the ion exchange resin 
to the sea water no remarkable difference was observed. 

3. The results of fractionation of suspended matter in sea water containing 55Fe, 6°Co and 
8"Sr will be discussed also. 

1. INTRODUCTION 

It is considered t9 be an important problem 
to investigate the behaviour and distribution 
of radioactivities in the eco-system in the ocean, 
when radioactive contamination and its effects 
due to radioactive waste disposal into sea water 
are studied. <1

-
6

) If by any chance high-level 
activities of spent ion exchange resins were dis
posed into the sea, the possible effect on man 
who might consume the marine products con
taminated with radioactivity should be ade
quately assessed. To consider the effects, it is 
necessary as a first step to investigate the per
centage of the release of radioactivities adsorbed 
on the ion exchange resin and to investigate 
the behaviour and distribution of released radio-
activities in the sea water. In order to estimate 

conducted a series of experiments in a water 
bath containing natural sea water, using several 
radioactive nuclides. 

Further, the behaviour and distribution of 
radioactive nuclides in suspended matter in 
sea water were also studied experimentally by 
fractional filtration. 

2. MATERIALS AND APPARATUSES 

2.1. Sea Water 

Natural surface sea water was sampled at 
about 50 m distance from the Misaki beach of 
Osaka-Bay. The total sodium content was 
estimated at 9500 ppm, the chlorinity I 7. 7 • /.., 
and pH 8.0-8.2. 

the release of radioactivities from the ion ex- 2.2. Ion exchange resins 

change resins disposed into sea water and to H-types of cation exchange resin, Dowex 
estimate the behaviour and distribution of 50-X8 (50-100 mesh), were used. Their ex
radioactivities released into sea water, we have change capacity was estimated to be 4.44 meq 
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for Na+ per 1 g of dry resin, 3.37 meq for Sr++ 
and 3.49 meq for Co++. 01-types of anion ex
change resin, Dowex 1-X8 (50-100 mesh), were 
also used. Their exchange capacity was esti
mated to be 1.91 meq for Cl- per 1 g of dry 
resin. 

2. 3. Radioactivities 

61Cr (CrCl 3 , HOI solution), specific activity 
13.3 mCifmg, 2.8 mCifml. 
(Commissariat a l'Energie Atomique) 

5 5, 59Fe (FeCl 3, HCl solution) carrier free, 

26.8 mCi/ml. 
(Nuclear Science and Engineering Co.) 

6°Co (CoC1 2, HCl solution) Co 0.44 mgfml, 
specific activity 55 mCi/mg, 24.2 mCi/ml. 
(Oak Ridge N'ational Laboratory) 

89Sr (SrC1 2, HCl solution) carrier free 1. 7 mCi/ 
ml. 
(The Radiochemical Centre) 
Each radioactive chemical was diluted, and 

about 10 or 100 ftCi was adsorbed on ion ex
change resin for one experiment. 

2.4. For measuring ,8-radioactivities of sam
ples a G-M counting system and a low-back
ground gas-flow type counting system were 
used. A scintillation counter was used for 
counting y-radioactivities. 

2.5. A spectro-photometer was used to deter
mine the quantities of cobalt and strontium 
carriers. Sodium content of sea water was mea
sured with a flame-photometer, pH of sea water 
was measured with a pH-meter with glass elec
trodes. 

2.6. Water baths used for experiments were 
made of acryl-plastics. The size was 1000 mm 
(length) X 500 mm (width) X 1000 mm 
(height). Cylindrical water baths made ofglass 
and those of polyethylene were also used, the 
sizes of which were 113 mmc{l X 145 mm 
(height) and 300 mmc{l X 430 mm (height), 
respectively. 

2. 7. Sea water in the acryl plastic water 
bath was stirred with compressed air which was 
led into the center of the water bath through a 
vinyl chloride pipe (inner diameter 13 mm) 
connected to a blower-pump with a flow-rate 
of 11./sec (Fig. 1). A glass water bath and a 
stirrer with a stainless steel propeller (about 
200 r.p.m.) were also used. 

2.8. Suspended matter in the sea water was 

Fm. 1. Experimental water bath. 

filtered successively with Toyo-filter paper No. 
5A (mean pore size 18ft), milli-pore filter OS 
type (mean pore size 10ft), SM type (mean 
pore size 5 ft), RA type (mean pore size 1 ft), 
and HA type (mean pore size 0.5 ft). 

3. EXPERIMENTAL PROCEDURES 

3.1. Weight ratios of ion exchange resins to sea 
water 

Keeping the volume of sea water in the water 
bath constant, the weight of ion exchange resins 
mixed with the sea water was changed for the 
range of weight ratio from 10-a to l 0 - 7 • 

3.2. Initial carrier quantities in ion exchange resins 

The quantities of stable carriers adsorbed on 
the cation exchange resins were changed, keep
ing the radioactivity previously adsorbed on the 
resins constant. 

3.3. Released radioactivity from ion exchange 
reszns 

In performing these experiments, ion ex
change resins on which radioactive nuclides 
were adsorbed were placed in the sea water 
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contained in the water bath. Aq aliquot of 
the water ( 1 ml) was sampled with definite time 
interval at each of the 5-9 points indicated in 
Fig. 2 in order to determine the spacial distri
bution of the radioactivity in the sea water. 
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Fro. 2. Experimental water bath and sampling 
position. 

After equilibrium, the percentage of released 
radioactivity was estimated from the residual 
radioactivity in the resins. 

3.4. Measurement of suspended matter in the sea 

water 

3.4. 1. Fractionation of suspended matter. At 
definite times an aliquot of sea water (1.5 1.) 
was sampled and filtered successively through 
five different types of filters, as listed in Table I, 
in the order of pore sizes, to fractionate sus
pended matter in the sea water by suction with 
rotary vacuum pump. Each fraction was rinsed 
with distilled water. The chloride in the filtrate 
was tested with silver nitrate and the ammonium 
with Nessler's reagent. 

3.4. 2. Measurement of dry weight of suspended 

matter in sea water. Fractionated suspended mat
ter was dried in a desiccator until the weight 
became constant, and weighed. 

3.4. 3. Measurement of organic suspended matter. 

Total nitrogen of dry samples was determined 
by the microkjeldahl method. The quantities 
of nitrogen were used as index of organic sus
pended matter. The amount of total organic 
matter was estimated by multiplying the nitro
gen quantities by 17 according to D. L. Fox 
eta!. <7 > 

3.5. Concentration factor and accumulation fraction 

of radioactive nuclides in suspended matter in sea water 

Concentration factor is defined as the ratio 

of radioactivity ( cpm/g) of each fraction of 

Table I. Properties of Filters 

Filter Material Color 

TR-No. SA Cotton White 
MF-OS Cellulose plastic White 
MF-SM Cellulose plastic White 
MF-RA Cellulose plastic White 
MF-HA Cellulose plastic White 

TR: Toyo Roshi (Toyo Filter Paper), Japan. 
MF: Millipore filter, U.S.A. 

I 

*Flow rate of water at 25°C with a pressure 70 em Hg. 

Thickness Flow rate* Mean pore size 
microns mlfmin. cm 2 microns 

200 - 18 
280 500 10 
170 560 5 
150 300 I 
150 65 0.5 
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suspended matter in the sea water per dry weight 
to the radioactivity concentration ( cpm/ml) 
of final filtered sea water (sea water filtered 
with HA type filter). 

Concentration factor 

Radioactivity of each fraction per dry 
weight ( cpm/g) 

Radioactivity concentration of final 
filtered sea water ( cpmfml) 

At equilibrium state, the accumulation fractions 
of radioactive nuclides in each fraction were 
calculated by the following formula. 

Accumulation fraction 

Accumulated radioactivity in each 
fraction of suspended matter per liter 
of sea water containing suspended 

matter ( cpm/1.) 

Total radioactivity per liter of sea 
water containing suspended matter 

(cpm/1.) 

This final filtered sea water was again filtered 
through five other new filters of the same types 
used above. In each case residual activities 
on these filters were subtracted from the above 
values as backgrounds. 

3.6. Autoradiography of accumulation of radio
nuclides in suspended matter 

The autoradiograms of each fraction of sus
pended matter in the sea water were taken by 
the contact method. Fuji medical X-ray films 
(PX type) were used. 

3. 7. Temperature 

All experiments were conducted at room tem
perature. 

4. EXPERIMENTAL RESULTS 

4.1. Release of Radioactivities from the Ion Exchange 
Resins into the Sea Water 

4.1. 1. Effects of weight ratios of ion exchange 
resin to sea water on release of radioactivities. The 
percentages of activities of 6°Co, 89Sr and fission 
products released from the cation exchange 
resins into the sea water were measured under 
static and turbulent conditions for different 
weight ratios (about 10-4, 10-5, 10-6 , 10-7) of 
ion exchange resin to sea water. The final per
centages of released activities after the equilib
rium state was reached are shown in Table 2. 

As can be seen in this table, the 6°Co and 
89Sr were observed to be released nearly 100% 
and no marked differences in the release per
centages were observed for the weight ratio 
10 -s to 10-7• A similar tendency was observed 
with the fission product mixture. However, 
since the relative percentages of the different 

Table 2. Effects of the Weight Ratio of Cation Exchange Resin to Sea Water 

on the Release of the Radioactivities, under the Static and Turbulent Conditions 

Release of activity (%) 
Weight ratio Condition 

resin: sea water 
eo co 

Fission 
sssr 

of release 
products 

IO-' 99.25 89.85* 98.80 Turbulent 
10-' - - 98.50 Static 
I0-8 99.92 96.26* 99.95 Turbulent 
I0-8 - - 99.94 Static 
IQ-8 99.97 98.30* 99.99 Turbulent 
IQ-8 - - 99.96 Static 
IQ-7 - - 99.97 Static 

* The gross beta activity. 
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Fra. 3. Gamma-ray spectra of fission products before and after the release. (The weight ratio 
of resin: sea water= lQ-3). 

Radioactive 
nuclides 

susr 
51Cr 
55 Fe 
aoco 

F.P. 
F.P. 

Table 3. Final Percentages of the Released Activities of Various Nuclides, after 
the Equilibrium State or about 50 hours elapsed, under the Static and Turbulent 

Conditions (the weight ratio of resin: sea water = 10-6) 

Ion exchange resin Release of activity (%) 

Static Turbulent 
condition condition 

Cation exchange resin 99.96 99.99 
Cation exchange resin 44.0 47.0 
Cation exchange resin 19.0 36.6 
Cation exchange resin 99.79 99.97 
Cation exchange resin 75.0* 98.3* 
Anion exchange resin 80.0* 97.4* 

* The gross beta activity. 

685 
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nuclides included in the fission product mixture 
may change according to age, the percentage 
of release as measured with the gross activity 
may also change. 

4 .1. 2. The percentages of the release of activities 
of different nuclides. The percentages of the release 
of activities of different nuclides were measured 
under static and turbulent conditions for the 
fixed weight ratio 10 -s of the ion exchange resin 
to the sea water. The results are shown in 
Table 3. 

As can be seen in this table, such nuclides as 
6°Co and 89Sr were easily released, while 51Cr 
and 55Fe not so easily. 

In the case of the fission product mixture, the 
release experiment was conducted not only with 
the cation exchange resins but also with the 
anion exchange resins. The gamma ray spec
trum of the fission product mixture on the ion 
exchange resins was measured before and after 
the release. 

The results are shown in Fig. 3. 
The photo-peaks corresponding to 103Ru, 

IO&Ru (1°6Rh) and 95Zr, 95Nb were observed. 
Because of the marked lowering of the corres
ponding peaks after the release, it may be 
estimated that the corresponding nuclides might 
have been released. 

4.1. 3. The effects of the amounts of nuclide 
initially adsorbed on the ion exchange resins on the 
release of activities. Prior to the release experi
ment, different amounts of non-radioactive car
riers of Co and Sr (varying from nearly zero to 
about maximum exchange capacity of the resins) 
were adsorbed on the ion exchange resins to
gether with fixed activities of 6°Co and 89Sr. 

The release experiment was conducted for 
the fixed weight ratio 10 -s of the ion exchange 
resins to the sea water. 

The residual activity and the residual amount 
of carrier nuclide in the resins at equilibrium 
state are shown in Fig. 4. 

The percentages of released activities are 
given in Table 4. 

The specific activities in the ion exchange 
resins before and after the release of the activi
ties are shown in Fig. 5. 

According to the results of the experiments, 
the residual percentages of activities in the ion 

exchange resins were observed to remain the 
same in spite of the large differences in the 
initial amount of carriers. In other words, the 
residual percentages of the carriers in the ion 
exchange resins were observed to increase 

6 
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FIG. 4. Effects of the amount of carrier initially 
adsorbed on the release of activity. 

Table 4. Effects of the Initial Amount of Carrier in the 

Resin on the Released Activity, under the Turbulent Condi

tion (the weight ratio of resin: sea water = 1 Q-4) 

Amount of carrier in 
the resin before the 

release* 

% 

20 
50 

100 

Release of activity 

ooco 

% 

98.55 
98.50 
98.52 

95.75 
94.82 
94.48 

* 100% =The maximum exchange capacity of 
the resin. 
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FIG. 5. Specific activity in the cation exchange 

resins before and after the release. 

linearly with the increase of the initial amount 
of the carriers expressed as percentage of the 
saturation capacity of the ion exchange resins. 
From these results it was confirmed that the 
mass action law holds in the exchange reactions 
under the condition of the experiments. 

The specific activities in the ion exchange 
resins before and after the release remained un
chat).ged in each experiment within the limit 
of error in these experiments. The behaviour of 
the non-radioactive carrier nuclides was the 
same as that of the radioactive and therefore 
the use of the carrier w.as justified in this case. 

4.1. 4. The distribution of concentration of the 

released activities. Vertical and horizontal .dis
tributions of the activities released from the i,on 
exchange resins into the sea water have been 
measured under static and turbulent conditions 
in the experimental bath. The results are shown 
in Figs. 6-16 as a function of time. 

I.R.P, VOL, 1-Y 

In the case of 89Sr (Fig. 6)' the distribution 
was observed to be almost uniform after a few 
hours. However, in the case of 61Cr (Fig. 11) the 
distribution was observed to be quite irregular 
with respect to time as well as with respect to 
location. Such a difference in the distribution 
pattern might be ascribed to the difference in 
the physico-chemical state of the nuclide in 
the sea water. 

4.2. Fractionation of suspended matter in sea water 

and accumulation of radioactive nuclides in each 

fraction 

In Table 5 the analytical data of each fraction 
of suspended matter in sea water and the con
centration factors ofradionuclides per dry weight 
of suspended matter are given. It can be seen 
that the quantity of organic matter was relatively 
less than that of inorganic matter and that the 
greatest concentration factors and accumulation 
fractions of radionuclides were obtained in the 
fraction of large particle sizes recovered by 
Toyo Filter Paper Type No. SA (mean pore 
size 18 fJ-), rather than in the fractions of rela
tively small particle sizes. 

The concentration factors of radionuclides 
in each fraction of suspended matter as a func
tion of elapsed time are shown in Fig. 17. 

The accumulation of radioactive nuclides in 
suspended matter was observed to reach an 
equilibrium in about 7-10 days. The accumu
lation fraction of radioactivity in each fraction 
of suspended matter is shown in Fig. 18. It 
can be seen that the majority of radioactivity 
was not retained on any of the filters used in 
this experiment. 

4.3. The distribution of radioactive nuclides 

in each fraction of suspended matter 

The distribution ofradionuclides in each frac
tion indicated the tendency for a higher activity 
of 6°Co to be present in the fraction containing 
the larger particles, while the activity of 55Fe 
was greater in the fraction containing the 
smaller particles (Table 5, Fig. 18). 

The ratio of the specific activity per dry 
weight of suspended matter in each fraction 
to the average activity per dry weight of the 
total suspended matter is shown in Fig. 19. 
A higher activity for 55Fe was also observed 
in the fraction containing the smaller particles. 
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FIG. 10. Distributions of concentrations of the released activity of 55Fe adsorbed on 
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change resin, under the turbulent condition. 

" a. 
c: .E 

...... 
"' t 
::> 
0 
(J 

., 
.s:; 
+-

0 20 

5 
:;:: 
:2 
t 
~ 
c: 

8 

X Upper 
o Center 

X 
A Lower 

Left 
Right 

Elapsed time, hr 

FIG. 13. Distributions of concentrations of the 
released activity of 61Cr adsorbed on cation ex

change resin, under the turbulent condition. 

I. 

• 

x Upper 

0 Center 

e t. Lower 

• Left 
A Right 

~ 
a. 

c: 

E 
...... 
"' +-c: 
::> 
0 
(J 

~ 
·;; 
+= {a) 
u 
0 

-o ., 
"' 0 ., 
"§ 
., 
.c 
+-

~ 
c: 
.'2 
+-
0 

+= c: ., 
5 

(J 

c: 
0 
u (b) 

0 50 

Elapsed time, hr 

FIG. 14. Distributions of concentrations of the 
released activity of 65Fe adsorbed on cation ex

change resin, under the turbulent condition. 
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Fw. 16. Distributions of concentrations of the released activity of fission products adsorbed 
on cation exchange resin, under the turbulent condition. 
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Table 5. Fractionation of the Suspended Matter and Accumulation of Radioactive Nuclides (initial radioactive co11Centration 
in the sea water was about 10-4 !LCifm1) 

Size range Dry Organic Organic Inorganic Concentration factor Accumulation fraction 
N matter* per dry weight of weight matter 

suspended by 
matter difference s•Fe so co S9Sr 66Fe 6°Co S9Sr 

micron mgfml mgfml mgfml mgfml - - - - - -

18 4.19 0.06 1.02 3.17 23.0 X to• 93.0 x to• 52.0 X 10 2 5.2 X to-• 56.1 X IO-• 2.0 X 10-4 

10-18 0.94 0.02 0.34 0.60 0.6 X to• 4.2 X 10 2 2.6 X to• 0.8 X t0- 2 7.8 X I0-2 0.4 X t0-4 

5-10 2.74 0.01 0.17 2.6t 8.0 X to• 24.0 X 10 2 14.0 X IO• 2.9 X IQ-2 t0.2 X IO-• 0.8 X I0-4 

1-5 4.05 0.03 0.5t 3.54 0.6 X 10 2 0.27 X 102 0.4 X 10 2 0.7 X IO-• 1.3 X I0- 2 0.5 X I0-4 

0.5-1 3.90 0.04 0.68 3.22 0.6 X IO• O.tl X 102 0.4 X IO• 0.5 X IO-• 0.7 X IQ-• 0.4 X I0-4 

*Organic matter (mgfml) =Organic nitrogen (mgfml) X 17. 

Concentration factor 
Activity of fraction (cpm/g) 

Activity of filtered sea water ( cpm/ml) 

Activity offraction per liter of sea water ( cpmfml) 
Accumulation fraction 

Activity of sea water containing suspended matter (cpm/1) 
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FIG. 19. Ratio of the specific activity in each 
fraction to the average specific activity of the 

total suspended matter (per dry weight). 

4.4. Autoradiography of radioactive nuclides in the 
suspended matter 

The autoradiograms of 59Fe, 6°Co and 89Sr 
in the fraction ( > 18 p.) recovered by Toyo 
Filter Paper Type No. SA are shown in Fig. 20. 
It can be seen that the radioactivity was accum
ulated in relatively large particulates. On the 
other hand, the autoradiograms ofradionuclides 
in the fractions (5-10 p.) recovered by Millipore 
Filter Type SM, do not show any large exposed 
spots as shown in Fig. 20. 

5. DISCUSSION 

The exchange reactions of ion exchange resins 
have been investigated by many authors not 
only from the basic viewpoint but also from 
the viewpoint of applications. 

In the present report, the percentage of 
released radioactivities was determined by add
ing the ion exchange resins containing adsorbed 
radioactive nuclides to the sea water. This 
system may be considered a heterogeneous one 
consisting of salt solution and particles. The 
processes by which these adsorbed radionuclides 
would be released from the resin into the sea 
water and how they would distribute in the 
medium have been discussed. 

From these experiments, it was observed that 
the adsorbed radioactive nuclides were released 
as soon as the resin particles came in contact 
with the sea water, and that the released nu
clides formed a water mass with locally con
centrated radioactivities by the diffusion process 
and then diffused gradually through the sea 
water finally to reach a macroscopically homo
geneous equilibrium. In such release experi
ments, it was found that some nuclides such as 
8°Co and 89Sr were easily released, while others 
as 61Cr and 55Fe not so easily. The percentage 
of the release of activities increases with the 
decrease of weight ratios of ion exchange 
resins to the sea water, and no marked differences 
in the release were observed for the weight 
ratio between 10-6 to 10-7• The distribution 
patterns of radioactivity concentration in the 
sea water after the release seem to depend on 
the physical-chemical state of the nuclides in 
the sea water. In the experiments with a fixed 
weight ratio of ion exchange resins to sea water, 
it was observed as a tendency that the more the 
initial amounts of adsorbed activities on the 
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resins, the less, although not so remarkably, 
the activities released from resins into sea 
water. 

From the abovementioned results the mech
anisms of releasing adsorbed activities from 
resins into sea water were considered to depend 
exclusively on the ion exchange reaction, al
though some other reactions might also occur. 

Studies of suspended matter in sea water 
have been conducted in the past by many other 

method of fractional filtration was employed. 
It was observed that the accumulation of each 
radionuclide reached equilibrium in 7-10 days 
and that the maximum concentration factor, 
expressed as a ratio of the activity in the sus
pended matter per dry weight to that in the 
sea water per milli-liter, of each radionuclide 
was found in the fraction of larger particles 
recovered by Toyo Filter Paper Type No. 5A 
(mean pore size 18 ~J-). 

FIG. 20. · The autoradiograms of nuclides in the fraction of suspended matter. 

Plate Nuclide Range of particle sizes (p.) Exposure (hr) 

a 59 Fe 

b 6oc0 

c 89Sr 

d 59Fe 

e 6oc0 

f 89Sr 

authors <6- 15> from the viewpoint of oceanography 
and fishery. However, in order to estimate the 
behaviour and distribution of radioactiv.e .n.uc
lides in suspended matter in sea wat~r, 'th,e. 

I.R.P. VOL. t -Y* 

> 18 43 
> 18 60 
> 18 40 
5-10 43 
5-10 60 
5-10 60 

It might be expected as a general rule that 
the smaller the particles, i.e. the larger the 
surface area per unit weight, the larger the 
amount of radioactivity which could be 
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accumulated per unit weight. In these experi
ments, on the contrary, the accumulation of radio
activity in the fraction with larger particles 
was greater. Judging from these results, it 
may be inferred that not all particulate frac
tions obtained by fractional filtration from 
natural sea water have the same composition, 
and that the organic and inorganic matter of 
particulates accumulating nuclides in each frac
tion would be different in quality and quantity. 
The distribution of radioactive nuclides in each 
fraction indicated the tendency for a higher 
activity of 6°Co to be present in the fraction 
containing the larger particles, while the activity 
of 65Fe was greater in the fraction containing the 
small particle sizes. In order to interpret such a 
tendency more adequately, further studies might 
be necessary. 

In assessing the possible effects due to the 
disposal of radioactive nuclides in the environ
mental hydrosphere, the so-called concentration 
factor as defined in the beginning of this paper 
has been used. Oftentimes, the expected aver
age concentration of activity in a water medium 
is estimated by simply dividing the total activity 
of the waste present by the estimated total 
volume of the environmental water medium, 
and then the concentration of activity in the 
biological sample is estimated by just multi
plying the expected average concentration of 
activity in the water medium by the so-called 
concentration factor. If the concentration fac
tor is really the factor by which the biological 
sample may concentrate the activity from the 
environmental water medium, or if the so-called 
concentration factor is the one obtained under 
the equilibrium condition which could simulate 
the actual situation of the waste disposal, and 
if the sample fraction or the concentration of 
sample in the medium is sufficiently small, 
the estimation of the final concentration of 
activity in the biological sample by the above 
procedure may be approximately justifiable. 

However, if a highly contaminated fish at 
the highly contaminated part of the sea water 
medium swims out into the surrounding low 
contaminated water, and if the so-called con
centration factor is estimated as the ratio of the 
concentration of activity of the highly contami
nated fish sample to that of the low contaminated 
water medium where the fish was caught, an 

unusually high concentration factor may re
sult. In this case, the concentration factor is 
merely a ratio of the concentration of the sample 
to that of the medium at the place where the 
sample was caught, but it does not represent 
the factor by which the sample may concen
trate the activity from the environmental water 
medium. If such a high concentration factor 
were used evaluating the possible hazard to 
man at the time of the radioactive waste dis
posal into the environmental hydrosphere, a 
much too conservative result may be indicated 
for the permissible level of waste disposal, giving 
the people an erroneous impression. Therefore, 
in Jhe case of the hazard analysis of the waste 
disposal into hydrosphere, the use of the sample 
accumulation fraction (AFs) or the sample con
centration factor (CFs), as defined below, seems 
to be more reasonable. In the following, some 
of the relationships and interrelationships be
tween some of the parameters which may be 
useful in the analysis of problems of contamina
tion are introduced. 

Notation: 

(Medium+ Sample) = MS, Medium= M, 
Sample= S 

A<M> = activity of medium 
A(s) = activity of sample 

A(MS) = A(M) + A(S) 

Afkg = concentration of activity per 
kg of material concerned 

A<s>fkg(s) = concentration of activity per 
kg of sample 

A<M>/kg(M) = concentration of activity per 
kgofmedium 

A<s>fkg(MS) = activity of the sample in
cluded in kg of medium plus 
sample 

A<M>/kg(MS) = activity of the medium in
cluded in kg of medium plus 
sample 

In the following relations, the activity per 
unit mass is used instead of the activity per 
unit volume because strictly speaking the vol
ume may be dependent on the temperature. 
However, even if we replace the activity per 
unit mass with the activity per unit volume, it is 
obvious that similar relations should hold. 
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( 1) Sample to Medium Concentration Ratio: 

CR(S-M) 

CR A<sJ!kg<s> 
(S-M) = A(M)/kg(M) 

This is the so-called concentration factor 
which is the ratio of the concentration of the 
activity of the sample to that of the medium. 

(2) Medium to Sample Concentration Ratio: 

CRuw-s> 

CR(M-S) = A<M>fkg(M) = 1 
A<s>fkg<S> CR<S-M) 

This relation may be important when the 
medium is more useful than the sample itself, 
for instance, when decontaminating a water 
medium by the biological sample in it. 

(3) Sample Accumulation Fraction: AFs 

AFs = A<s>/kg<MS) = A<s> :-::; 1 
A(MS)jkg(MS) A(MS) -

( 4) Medium Accumulation Fraction: AF M 

AF M = A(M)/kg(MS) = A(M) :-::; 

A<Ms>/kg<MS) A<MS> -

( 5) Sample Concentration Factor: CFs 

CFs = A<s>fkg<S> 
A(Ms>fkg<MS> 

(6) 1.i1edium Concentration Factor: CF M 

CF M = A(M)/kg(M) 
A(MS)/kg(MS) 

(7) Sample to Medium Ratio: R<S-·M> 

kg(S) 
R(S-M) = _· --

kg(MS) 

(8) Medium to Sample Ratio: R<M -S> 

. kg(M) 
R(M-S) =-

kg(S) 

(9) Sample Fraction: Fs 

Fs = kg<s> 
kg(MS) 

R(S-M) 

Fraction of the sample per kg<MS>· 

(10) Medium Fraction: FM 

FM = kg(M) 
kg(MS) 

Fraction of the medium per kg(MS>· 

( 11) Some of the Important Interrelationships. 

(CFs)(Fs) = (AFs) ~ 1 

(CFM)(FM) = (AFM) ~ 1 

From these relationships and interrelation
ships, it is clear, for instance, that if the sample 
concentration factor (CFs) is 10 5

, the sample 
fraction (Fs) or the concentration of sample 
in the aqueous medium must be smaller than 
10 -•. In the case of hazard analysis of waste 
disposal ·into the hydrosphere, the expected 
average initial concentration of activity (C) per 
unit volume or mass of the water medium is 
usually estimated by dividing the total activity 
of the waste present by the estimated total vol
ume or mass of the environmental water medium 
which may include the sample in question, 
regardless of the sample fraction in the medium. 
In this case, the final concentration of the 
activity in the biological sample (A<s>fkg<s>) may 
be estimated by using the sample concentration 
factor (CFs) defined in (5) above from the fol
lowing relation: 

A<s>fkg<s> = (C)(CFs) 

where C is the average concentration of the 
activity per kg<Ms> and may be considered to be 
equivalent to the overall average concentration 
A(Ms)/kg(MS) in the above notation. 

Similarly, the final total activity transferred 
to and accumulated in the sample per kg of 
medium plus sample (A<s>fkg(MS>) may be esti
mated by using the sample accumulation frac
tion (AFs) defined in (3) above from the follow
ing relation: 

A<s>fkg<MS> = (C)(AFs) 

If the concentration of the sample in the 
medium, the sample fraction (Fs) or the medium 
fraction (FM) is known, the factors involved 
in the above estimation could be checked, 
whether they are grossly in error or not, by 
using the interrelation indicated in ( 11) above. 
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From these points of view, the effective 
volume or mass of the medium associated with 
the sample or the average volume or mass of 
the medium that could be effectively utilized 
by a biological sample in question seems to be 
an important factor also. 

6.SUMMARY 

The release of radioactivities from ion ex~ 

change resins into sea water was studied in a 
water bath containing natural surface sea water 
sampled at Osaka Bay, using several radionu~ 
elides for the different weight ratios of ion 
exchange resins to sea water and the amount of 
nuclide initially adsorbed on the ion exchange 
resins under the static and turbulent conditions. 
The behaviour and distribution of radionu
clides in suspended matter in sea water was also 
studied experimentally by fractional filtration 
using several types of filters with different pore 
sizes. The results are summarized as follows: 

1. The radioactivities were rapidly released 
from the ion exchange resin particles on con~ 
tact with the sea water. However, some dif
ferences were observed in the degree of release 
depending on the different nuclides. Such 
nuclides as 6°Co and 89Sr were easily released, 
while 51Cr and 56Fe not so easily. 

2. The released activity was observed to in~ 
crease with the decreasing weight ratio of ion 
exchange resins to sea water, but with the weight 
ratio below 10 _, of ion exchange resin to sea 
water no remarkable difference was observed. 

3. With the weight ratio below 10 -a of the 
ion exchange resin to the sea water, the initial 
adsorbed amount on the ion exchange resin 
gave no remarkable effects on the release of 
radioactivities. 

4. The accumulation of the radioactive nuc
lides in suspended matter was observed to reach 
an equilibrium in about 7-10 days. 

5. The greatest accumulation and concen~ 
tration of radioactivity per dry weight of sus
pended matter in the sea water were observed 
in the fraction containing the larger particles 
recovered by Toyo Filter Paper Type No. SA 
(mean pore size 18 p.), rather than in the frac~ 
tions containing relatively smaller particles. 

6. The distribution of radionudides in each 
fraction indicated a tendency for a higher acti
vity of 8°Co to be present in the fraction con~ 

taining the larger particles, while the activity 
of 66Fe was greater in the fraction containing 
the smaller particles. 

7. Finally, after discussing the so~called con~ 

centration factor, it is pointed out that the 
ratio of the concentration of activity of the 
sample to that of the medium may not neces
sarily represent the real factor by which the bio
logical sample may concentrate the activity 
from the environmental water medium. The 
use of the sample concentration factor, which 
is the ratio of the concentration of activity of 
the sample to the average concentration of 
medium plus sample, is proposed for the estima
tion of the final concentration of the biological 
sample for the purpose of hazard analysis due 
to radioactive waste disposal into the environ
mental hydrosphere. 
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DISPOSAL OF RADIOACTIVE WASTES IN GEOLOGIC 

FORMATIONS* 

W. J. BOEGLY, Jr., F. L. PARKER and E. G. STRUXNESS 

Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Abstract-The ultimate disposal of radioactive wastes into geologic formations has received 
increasing attention during the past 10 years. Due to the varying heat-generation rates of the 
different categories of wastes and the allowable costs, no single formation is capable of handling 
the entire spectrum of wastes produced. Therefore, three different methods of disposal have 
been investigated to handle the high-, intermediate-, and low-level wastes generated. High
level, small-volume wastes would be converted to solids and stored in a dry impermeable 
underground formation such as salt; intermediate-level, intermediate-volume wastes would 
be slurried with cement and additives and injected into slightly permeable formations using 
the hydrofracturing technique; and low-level, large-volume wastes would be injected into deep 
porous formations. The engineering-scale demonstration of the hydrofracturing concept has 
been completed, and a demonstration of the disposal of radioactive solids in a salt mine is 
underway. 

A total of seven injections at depths from 800 to 1000 ft have been made at the Oak Ridge 
National Laboratory using the hydrofracturing technique. These injections have shown that 
horizontal conformable fractures are possible and have contributed valuable operating experi
ence. In addition, a number of mixes have been developed and tested and are capable of satis
factorily retaining fission product waste. 

Project SALT VAULT is a demonstration of the disposal of solidified high-level wastes in an 
out-of-service mine in Lyons, Kansas. In November 1965, fourteen Engineering Test Reactor 
fuel assemblies, containing 1,000,000 Ci of fission products, were placed in the mine floor. 
During the course of the 2-year test, four sets of fuel assemblies will be used to achieve a peak 
dose to the salt of about 8 X 108 rad and to obtain experience with the waste-handling equip
ment. The operation has proceeded smoothly, and most of the experimental objectives have 
been already achieved. 

Laboratory studies on the flow path of radionuclides through a sandstone block have been 
carried out. However, it appears that a field scale demonstration of the deep well technique is 
some years away. 

INTRODUCTION 

In September 1955, the Atomic Energy 
Commission requested the Earth Sciences Divi
sion of the National Academy of Sciences, 
National Research Council to organize a meet
ing of geologists and engineers to discuss the 
possibilities of permanent disposal of radioactive 
wastes in geologic formations. At this meeting, <1> 

the disposal of high~level wastes in salt was 
recommended as having the greatest present 

*Research sponsored by the U.S. Atomic Energy 
Commission under contract·with the Union Carbide 
Corporation. 

potential. Disposal of diluted high-level wastes 
into deep porous formations was suggested as a 
possible method for the future. In subsequent 
discussions with representatives of the petroleum 
industry, it was agreed that it might be possible 
to dispose of radioactive wastes by pumping 
them into formations using hydraulic fracturing 
techniques. Research and development, leading 
up to demonstration experiments using radio
active materials, have been carried out on the 
disposal of high-level radioactive solids in salt 
formations and the disposal of intermediate
level liquid wastes by hydraulic fracturing. To 
date, no field demonstration has been performed 
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on injection of low-level liquid wastes into deep 
permeable formations. 

DISPOSAL IN SALT FORMATIONS 

Salt was suggested as a possible medium for 
high-level waste disposal because of its avail
ability, geographic distribution, thermal con
ductivity, plasticity, impermeability, and low 
cost of mining. <2 -

5 > Initially, studies on the 
direct disposal of liquid radioactive wastes in 
salt were performed, but in 1961 the liquid 
waste studies were terminated and solid waste 
studies were initiated. The solid waste to be 
stored in salt are those produced by the solidi
fication or calcination of first-cycle wastes from 
reactor fuel reprocessing. In the United States 
a Waste Solidification Pilot Plant is currently 
under construction to demonstrate the potential 
methods for achieving the desired solidification. 
The solids produced are highly radioactive and 
generate significant amounts of heat. 

There are two ways in which the waste con
tainers can be stored in the mine; above the 
mine floor in racks, or below the floor in drilled 
holes. For storage above the mine floor, cooling 
can be obtained by convection but all handling 
operations would have to be performed remote
ly. Storage in the mine floor allows access to the 
rooms for transfer operations, but requires 
drilling of individual holes for each waste con
tainer. After detailed study, storage in the mine 
floor with heat dissipation by conduction through 
the salt adjacent to the containers was deemed 
most suitable. A computer program was written 
to determine the optimum spacing of waste 
containers to dissipate the heat in the salt and 
prevent overheating of the waste cans or the 
salt. <6 > The computer results were checked by 
field experiments using electrical heaters and 
the calculated results agreed favorably with the 
experimental observations. 

Allowable salt temperature rises are limited 
by the shattering of the salt due to increased 
vapor pressure in small bubbles containing 
brine ("negative crystals") located within the 
salt, and by an increased rate of plastic flow 
of the salt. Laboratory and field studies have 
shown that the problems of salt shattering and 
plastic flow can be minimized if the salt tempera
ture is not allowed to exceed 200°0. 

As a result of the theoretical calculations and 
experimental studies it appeared that it would 
be possible to dispose of high-level solid wastes 
in a salt mine. In order to determine the equip
ment and handling operations necessary in an 
actual disposal operation and the most econo
mical design of the disposal facility, a full-scale 
field demonstration was needed. This demon
stration, called Project Salt Vault, is currently 
in operation in a salt mine in Lyons, Kansas. <7 > 

The engineering and scientific objectives of 
Project Salt Vault are: (1) demonstration of 
waste-handling equipment and operating tech
niques; (2) determination of the possible pro
duction and release of radiolytically produced 
chlorine; (3) determination ofthe possible gross 
effects of radiation (up to 109 rad) on the uplift 
and salt-shattering temperatures in an area 
where salt temperatures are in the range of 
100-200°0; and ( 4) collection of information 
on creep and plastic flow of salt at elevated 
temperatures which can be used later in the 
design of actual disposal facilities. 

The Lyons mine was operated for a number 
of years before it was placed in an inactive 
status in 1948. In the existing mine space the 
marketable salt has been mined leaving the 
more impure salt in the floor and ceiling. Since 
the impure salt remaining in the mined out 
areas contains significant moisture bearing 
shale impurities, it was necessary to mine a new 
experimental area above the existing mine floor 
such that the fuel assemply canisters would 
be located in pure salt. Excavation of the new 
experimental area involved the mining of 
19,000 tons of salt. The new mine level, which 
is about 14 ft above the old mine floor, is con
nected by a ramp having a 10% grade. 

A schematic cross section of Project Salt 
Vault is shown in Fig. I. The waste solids, 
after canning in Idaho, are loaded into a carrier 
and shipped on a specially designed truck 
trailer to Lyons, Kansas. At Lyons the carrier 
is removed from the trailer and placed vertically 
over a steel-cased charging shaft which extends 
from the surface to the mine level, approximately 
1000 ft below. The waste canisters are lowered, 
one at a time down the shaft into a shielded 
container mounted on a mobile vehicle. This 
vehicle (Fig. 2) moves from the fuel assembly 
charging shaft to the experimental area where 
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FUEL ASSEMDLY SHIPPING CAS~ 

FIG. 1. Schematic cross-section of Project Salt Vault. 

the canisters are to be lowered into the storage 
holes. <8 > 

Since high-level packaged solids were not in 
production at the time the demonstration was 
proposed, irradiated fuel assemblies from the 
Engineering Test Reactor (ETR) were used as 
the heat and radiation sources. In order to 
achieve a peak dose to the salt of about 109 rad, 
it is necessary to replace the fuel assemblies 
every six months with freshly irradiated assem
blies. Each shipment from the Idaho Chemical 

Processing Plant (ICPP) consists of 14 ETR fuel 
assemblies contained in seven stainless steel 
canisters. The canisters supply the secondary 
containment system and are about 5 in. in 
diameter by 7l ft long. A depleted uranium 
shield plug is located at the upper end of the 
canister and thermocouples are installed to 
monitor fuel assembly temperatures during the 
experiment. When Project Salt Vault has been 
completed all canisters will be returned to Idaho 
for recovery of the fuel assemblies. 

FIG. 2. Underground transporter used to transfer canisters at mine level. 
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Project Salt Vault is composed of four experi
ments: ( 1) an array of seven fuel assembly cani
sters located in pure salt in the newly mined 
area; (2) a non-radioactive control array using 
electrical heaters to study the effects of radiation 
on plastic flow and chlorine release; (3) a heated 
pillar experiment for plastic flow and mine 
stability studies; and (4) an array of seven 
canisters in the old mine floor to determine 
operational problems related to the use of 
abandoned mines for radioactive waste dis
posal. Their location in the mine is shown in 

Fig. 3. 

FIG. 3. Plan of experimental area. 

The first transfer of fuel assemblies to Project 
Salt Vault occurred on November 17-19, 1965. 
Seven canisters were lowered into the mine and 
placed in the main radioactive array. The fuel 
assemblies were about 105 days out of reactor 
and contained approximately one million 
curies. The maximum radiation dosage re
ceived by the operating personnel during the 
transfer operation was 200 mr. <9 > ' 

Transfer of the seven canisters from the main 

radioactive array to the array in the existing 
mine floor, followed by the insertion of seven 
new canisters in the main array, took place on 
June 13-15, 1966. The seven new canisters 
contained assemblies that were 105 days out 
of the reactor. The second set of assemblies 
received higher irradiation in the ETR and 
their heat generation rate was 800 W initially 
and they contained about 1 t million curies. As 
in the case of the initial loading operation, no 
handling problems were encountered, and radia~ 
tion exposures of operating personnel were 
minimal. 

Temperatures in both the electrical and radio
active arrays are reasonably close to those pre
dicted by the theoretical calculations. Figure 4 
shows the temperature rises in the salt 1 t ft 
from the center line of the center holes in the 
arrays along with the calculated temperature 
rises. It can be seen that most of the tempera
tures are somewhat lower than the calculated 
values. This is due in part to heat loss from the 
salt to the mine room. The peak fuel element 
temperatures reached about 300°C soon after 
placement in the mine. 

In Fig. 5(a) is shown the uplift profiles for 
room l (radioactive array), along the north
south and east-west axes of the room. It is 
apparent that thermal expansion of the material 
in the floor extends to 40 or 50 ft from the center 
of the array. The north-south uplift profile 
shows the restraining effect produced by the 
presence of the adjacent pillars. 

Vertical thermal expansion of the floor in the 
center of the arrays had reached nearly an inch 
by the end of December 1965. The floor uplift 
(measured in feet) as a function of time for each 
array at the center and l 0 ft from the -center is 
shown in Fig. 5(b). It may be observed that the 
rate of rise in and near the array is slowing 
down. This is due to the fact that the rate of 
rise of the salt temperature is also slowing down. 
The total vertical expansion had reached about 
1!in. in May 1966. 

Project Salt Vault will continue, with fuel 
assembly changeouts every six months, until 
about November 1967. Following completion 
of the demonstration essentially all basic data 
necessary for the design of an actual disposal 
facility will have been obtained. 
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Hydraulic fracturing has been used for many 
years in the petroleum industry to increase 
production from oil wells. Normally, a mixture 
of sand and water or sand and oil is forced 
out into a hydraulically produced crack in the 
formation where the sand is deposited, allowing 
the oil to drain into the sand layer and then 
out into the well. In the case of radioactive 
waste disposal, however, the problem is not 
one of increased oil production but rather one 
of pumping the material requiring disposal into 

the fracture. 
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The disposal well is possibly the most critical 
part of the disposal facility. The well must be 
drilled into the formation selected for disposal 
operation, cased, and cemented to prevent 
ground water from· entering the well. When 
an injection is to be performed, this casing is 
slotted and water is pumped into the well 
until the pressure builds up producing a fracture 
or crack in the formation (see Fig. 6). The waste
cement mixture is then injected into this frac
ture. In the case of radioactive waste disposal, 
solid ingredients (such as cement, clay, and a 
retarder are mixed with the waste to produce a 

§ 
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Fm. 5. Floor uplifts-Project Salt Vault. 
(a) Floor profiles in Room 1 as of December 30, 

1965. (b) Floor uplift in array rooms. 
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WIISTE CEMENT MIXTURE 
IN UNDER PRESSURE 

CIISING CEMENTED INTO ROCK 

OlD f'RIICTURES f'llt.EO 
WITH SOLID --
WIISTE-CEMENr-==:= 

FIG. 6. Schematic cross-section of hydraulic fracturing operations for 
radioactive waste disposal. 

slurry which will harden in the fracture and 
retain the fission products. 

An essential prerequisite in the use of hydrau
lic fracturing for radioactive waste disposal is the 
need for producing horizontal fractures in the 
formation. Considerable controversy exists in 
the petroleum industry over the conditions 
necessary to produce horizontal rather than 
vertical fractures. Since experience in the pet
roleum industry is mainly with permeable _for
mations and not the relatively impermeable 
formations proposed for radioactive waste in-

SOUTH 
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850 

jections it was decided to perform a series of 
test injections in the shale at 0ak Ridge. The 
first experimental injection was made at a depth 
of290 ft and consisted of27,000 gal of a mixture 
of water, cement, and diatomaceous earth tagged 
with 35 Ci of 137Cs. Subsequent coring and 
gamma-ray logging verified that the grout 
sheet had followed the bedding planes and that 
the fracture was essentially horizontal (see 
Fig. 7). The second experiment included two 
injections at greater depths. The final injection 
was made at a depth of 934 ft and consisted of 
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FIG. 7. Location of grout sheet-First experiment. 
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Fm. 8. Location of grout sheet-Second experiment. 

91,500 gal of water, cement, and bentonite, 
tagged with 25 Ci of mcs. Several days later 
a second injection was made in the same well at 
a depth of 700 ft. Core drilling and logging 
again verified that the grout sheets followed the 
bedding planes in the formation (see Fig. 8). 
During the course of these experimental injec
tions, measurements were made on surface 
uplift and wellhead and observation well pres
sures in order to develop an understanding of 
the mechanics of fracture formation. <10• 11) 

Desirable characteristics of a waste-cement 
slurry for the disposal of radioactive waste by 
hydraulic fracturing are: (1) .low viscosity for 
the period of time the waste is injected; (2) 
sorption and retention of the radioactive liquid 
after the slurry sets; and (3) a mixture that is 
relatively cheap. Studies of the waste-cement 
slurries for use with ORNL intermediate-level 

waste have shown that it is possible to develop 
mixtures with these properties. For long pump
ing times a "retarder" such as calcium ligna
sulfonate (CLS) must be added; if the cement 
content is reduced a "suspender" such as atta
pulgite is required. For improved retention of 
radiocesium a clay material such as illite must 
be added. From the studies completed to date 
it is apparent that mixes can be designed having 
any range of physical properties and cost for 
any composition of radioactive waste. <12> 

Based on. the results obtained in the experi
mental injections, an experimental plant has 
been built at ORNL to dispose of intermediate
level wastes and evaporator concentrates. A 
view of the Fracturing Plant is shown in Fig. 9. 
The four large bins contain the mixture of 
solids used in the slurry. The solids are trans
ferred pneumatically to the mixing cell in the 
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FIG. 9. View of facilities at fracturing plant. 

concrete block structure where they are mixed 
with the liquid waste and the resulting slurry 
is pumped into the well by the high pressure 
pump shown in the foreground. In order to 
provide radiation protection, it is necessary to 
enclose the waste pump, mixer, wellhead, and 
injection pump in concrete cells. <13) 

Geologic conditions at the site are shown in 
Fig. 10. Shale formations exist at several 
depths that are believed to be suitable for waste 
disposal injections. Economic considerations 
suggested the use of the shale located at a 
depth of 720 to 950 ft. All the formations are 
well below the deepest known water bearing 
formation (about 200ft). 

Experimental operation of the plant during 
the past two years has resulted in the safe 
disposal of approximately 430,000 gal of waste 
containing 11,500 Ci. A total of seven experi
mental injections ranging in size from 40,000 
to 148,000 gal have been made. During these 
injections it has been shown that it is possible 
to halt the injection, clear the well and equip
ment, make repairs, and resume operation 
without undue hazard to the operating person
nel. Core drilling has shown that the grout 
sheets from the first five experimental injections 
conformed to the bedding planes of the shale. 

Cost estimates have shown that the cost of 
injecting 400,000 gal per year of radioactive 
waste would be $0.13 per gallon including solid 
ingredients, depreciation, and operating costs. <14

) 

The estimated costs are based on one injection 
of 100,000 gal per slot and a well life of 10 years. 

The major unknown in hydraulic fracturing 
is that of well life. As successive injections 
are performed and layers of the waste are built 
up in the formation, the earth's surface is slowly 
pushed up and stresses build up in the overlying 
formations. Exactly how many injections can 
be made until the stresses in the rock will pro
duce failure in the system (vertical fractures) 
is currently under study. 

At the present time the plant used at ORNL 
for experimental hydraulic fracturing is being 
upgraded to an operating facility for injecting 
intermediate-level wastes and evaporator con
centrates on a routine basis. Routine operation 
of this facility is scheduled to begin this fall. 

INjECTION INTO POROUS FORMATIONS 

For a number of years the petroleum industry 
has used deep well injection as a means of 
disposal of waste brines. In the East Texas 
field alone, 7 X 109 gal of brine were injected 
in 1958, and the total volume of brine injected 
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FIG. 10. Geology of shale fracturing site. 

since operations were initiated in 1935 was 
1 x 1011 gal. <15 > At the present time, a number 
of companies are also using deep well disposal 
methods for their industrial wastes. <16

• 
17 > 

Before using deep well injection for radio
active wastes there must be an adequate dis
posal site and the waste must be compatible 
with the formation and its fluid. <18 > An ideal 
site would be one in which a brine saturated 
permeable formation is bounded above and 
below by impermeable strata. The original 
concept was to store the wastes in the interstices 
of the formation, but the current philosophy 
allows injection into flowing formations since 
the normal flow is usually very slow; sufficient 
decay time should be available to reduce the 
radionuclide concentrations to safe levels. Radio
nuclides have been found to move much slower 
in the formation than the liquid due to ion
exchange and adsorption. However, nonhomo
geneities in the formation could produce higher 
velocities in given areas and this may prove to be 
limiting. 

In 1959 the American Association of Petro
leum Geologists (AAPG) was requested to make 
a survey of potential sites where deep well in
jection could be performed. Their report <19> 

describes six basins which apparently would 
supply the necessary permeable formations. 
Three of the basins selected also contain shale 

reservoirs and salt deposits which might be 
used for intermediate- and high-level waste 
disposal. 

The movement of the liquid and radionuclides 

CONTOURS OF MEAN 85Sr MOVEMENT IN 
SANDSTONE BLOCK AS A FUNCTION OF TIME 

•; o = EXPERIMENTAL POINTS 

- = THEORETICAL CURVES 

FIG. 11. Contours of mean 8 6Sr movement in 
sandstone block as a function of time. 
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in homogeneous isotropic formations can be 
calculated. (zo) Laboratory studies using a Berea 
sandstone block have verified the calcula
tions. <21 > Figure 11 shows the rate of movement 
of 85Sr from a single injection well. It can be 
seen that the measured distribution agrees quite 
well with the predicted behavior. 

Experience in the deep well injection of brines 
and other wastes has shown that unless the 
waste is compatible with the formation and its 
fluid the well will eventually plug. Plugging 
can also be caused by suspended solids or by 
bacterial growth. If the well were to plug by 
these mechanisms it might be possible to remove 
the plugged area by acid treatment, but the 
resulting waste containing radionuclides washed 
from the formation would present an additional 
disposal problem. It would appear simpler to 
pretreat the waste and filter prior to injection. 
The type and degree of pretreatment would be 
dependent on the characteristics of the waste 
and the injection formation and would have to 
be determined for each specific site. 

At the present time there are no firm plans for a 
field scale demonstration of deep well injection. 
This is due, in part, to the large volumes of 
waste required to carry out a meaningful field 
study. It would also require a considerable 
period of time to complete a field study of any 
significant size. The results of a single field 
study could not necessarily be extrapolated to 
other sites due to local geologic peculiarities 
because the imperfections or non-homogeneities 
of the formation would probably control the 
degree ofleakage. 

CONCLUSION 

Field scale demonstrations have shown that 
it is possible to safely and economically store 
high-level solidified wastes in salt formations 
and intermediate-level wastes in the slightly 
permeable shales at Oak Ridge. Disposal of 
low-level liquid wastes in permeable formation 
has not yet been demonstrated in field scale 
plants but the concept has been proven on 
laboratory scale models. 

ACKNOWLEDGEMENTS 

The authors would like to acknowledge the 
contributions by the following individuals to 
the work described in this paper: R. L. Brad-

shaw, W. de Laguna, F. M. Empson, D. G. 
Jacobs, H. Kubota, W. C. McClain, W. F. 
Schaffer, Jr., R. C. Sexton, T. Tamura, and 
H. 0. Weeren. 

REFERENCES 

1. Committee on Waste Disposal, Division of Earth 
Sciences, Disposal of Radioactive Waste on Land, 

National Academy of Sciences, National Research 
Council Publication 519, April 1957, p. 6. 

2. Mineral Resources of the United States, p. 180. 
Public Affairs Press (1958). 

3. F. BIRCH and H. CLARK. The thermal conduc
tivity of rocks and its dependence on temperature 
and composition, Amer. ]. Sciences, 238, 529-558, 
613-635 (1940). 

4. R. L. BRADSHAW, F. M. EMPSON, w. ]. BOEGLY, 
]R., H. KuBOTA, F. L. PARKER and E. G. STRUX
NESS. Properties of salt important in radioactive 
waste disposal, Proc. International Conference on 

Saline Deposits, Houston, Texas, November 12-17, 
1962 (1967). 

5. A. E. INMAN. Salt, an Industrial Potential for Kansas, 

p. 22. University of Kansas Research Foundation 
( 1951). 

6. W. ]. BoEGLY, jR. et al. Disposal in salt forma
tions, Health Physics Division Annual Progress Report 

for Period Ending July 31, 1962, pp. 10-20. 
7. W. J. BoEGLY, ]R. et al. Project salt vault: a 

demonstration disposal of high-level radioactive 
solids in Lyons, Kansas, Salt Mine, Health Physics 

12, 417-424 (1966). 
8. W. F. ScHAFFER, jR. et al. Project salt vault: 

design and demonstration of equipment, Proc. Inter

national Symposium on the Solidification and Long-term 

Storage qf Highly Radioactive Wastes, Richland, 
Washington, February 14-18, 1966 (in press). 

9. Health Physics Division Annual Progress Report for 

Period Ending july 31, 1966 (in Press). 
10. W. DE LAGUNA. Disposal of radioactive wastes by 

hydraulic fracturing. Part I. General concept and 
first field experiments, Nucl. Eng. Design 3, 338 
(1966). 

11. W. DE LAGUNA. Disposal of radioactive wastes by 
hydraulic fracturing. Part II. Mechanics of frac
ture formation and design of observation and 
monitoring wells, Nucl. Eng. Design 3, 432 (I 966). 

12. T. TAMURA. Disposal of radioactive wastes by 
hydraulic fracturing. Part IV. Chemical develop
ment of waste cement mixes, Nucl. Eng. Design 3 

(1966). . 
13. H. 0. WEEREN and J. 0. BLOMEKE. Disposal of 

radioactive wastes by hydraulic fracturing, Nucl. 

Eng. andDesign4, 108-117 (1966). 



DISPOSAL OF RADIOACTIVE WASTES IN GEOLOGIC FORMATIONS 7Il 

14. H. 0. WEEREN. Cost estimates for hydrofracture 
facilities. Letter to E. G. Struxness datedjune 21, 
1963. 

15. W. S. MORRIS. Sub-surface disposal of salt water 
from oil wells,]. Water Pollution Control Federation, 
32, 41-51 (1960). 

16. R. F. SELM and B. T. HuLSE. Deep well disposal 
of industrial wastes, Chern. Engrg. Progr. 56, No. 5, 
138-144 (1960). 

17. R. S. STEWART. Proposed underground disposal 
of industrial wastes in the Northeast U.S., Proc. 

12th Industrial Waste Conf, Purdue Univ. Engrg. 
Extn. Ser. No. 94, 1957, pp. 494-501. 

18. T. V. MooRE et at. Problems in the disposal of 
radioactive wastes in deep wells. Report of Sub
committee on Disposal of Radioactive Waste, 

Central Committee on Drilling and Production 
Practice, Division of Production, American 
Petroleum Institute, Dallas, Tex. (1958). 

19. American Association of Petroleum Geologists, 
Inc. Radioactive Waste-Disposal Potentials in Selected 

Geologic Basins, SAN-413-2 (1964). 
20. D. G. jACOBS. Ion exchange in the deep-well 

disposal of radioactive wastes, International Collo
quium on Retention and Migration of Radioactive Ions 

in Soils, October 16-18, 1962, Center d'Etudes 
Nucleaires de Saclay, France (1963). 

21. D. G. jACOBs and M. U. SHAIKH. Liquid injec
tion into deep permeable formations, Health 
Division Annual Report for Period Ending july 31, 
1964. ORNL-3697, pp. 3-10 (1964). 



STOCKAGE DE DECHETS RADIO-ACTIFS SUR LE 

SITE DE BAUZOT 

J. PRADEL, F. BILLARD et A. GRANIER 

Service d'Etudes Techniques de Protection, CEA, Centre d'Etudes Nucleaires, 

Fontenay-aux-Roses (France) 

Resunu~-Des dechets radio-actifs en provenance de differentes usines sont stockes depuis 

1958 sur le carreau d'une ancienne exploitation d'uranium a Bauzot (Saone-et-Loire). 
Ces residus sont loges dans des futs metalliques de 100-200 1. deposes par couches hori

zontales et reconverts par 50-70 em de steriles de la mine. 
Une etude hydrogeologique a montre que les eaux qui traversent la zone de stockage 

s'infiltrent vers une nappe qui alimente un puits situe en contrebas. Des controles de la radio

activite des eaux de ce puits permettent de suivre !'evolution de Ia contamination eventuelle 

de Ia nappe phreatique. 
Apres sept annees d'exploitation le site de Bauzot donne toutes garanties de securite pour les 

populations avoisinantes. 
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DISCUSSION 

A. LAFONTAINE (Belgium): 

Lors d'essais tels qu'ils ont ete decrits, il se produit 
des retombees tres locales aux abords meme de la 
cheminee. Il est utile de connaitre l'ampleur de tels 

phenomenes. 

J . .J. MARTIN: 

La pollution locale du lieu d'emission est due a la 
capture du traceur par les membrures du pylone et a 
un refoulement de la solution a la fin de !'emission. 
On peut estimer la perte de solution a moins de 

quelques %. les elements du pylone presentant un 
faible obstacle au panache. 

X. DE MAERE (Belgium) : 

M. Martin pourrait-il fournir des informations con
cernant les differences eventuelles observees entre les 
gradients de temperature mesures suivant une verti
cale dans la vallee et le long des pentes de celle-ci? 

j. ]. MARTIN: 

Nous n'avons pas fait de comparaison statistique 
entre les gradients observes par differents moyens. 
En etudiant successivement les diverses emissions, on 
constate une bonne concordance, mis a part le 
gradient observe au voisinage immediat de la Meuse, 
entre le gradient le long de la pente et le gradient 
mesure dans la vallee a la meme altitude. 

D. BLANC (France): 

La mesure a diverses altitudes des concentrations 
en radon et en thoron de l'air atmospherique permet 
de mesurer le coefficient vertical de diffusion turbu
lente. J e voudrais sa voir si M. Martin a effectue des 
mesures de ce genre. 

J. J. MARTIN: 

Nous n'avons pas fait de mesure de diffusion 
verticale a partir du thoron emis par Ie sol, mais seule
ment des mesures de gradient vertical de temperature. 

E. w. jACKSON (U.K.) : 

Can Mr. Martin tell me whether the results in this 
most interesting paper can be used to predict the 
downwind concentrations when the flow is over a 
simple obstruction, such as a low hill, assuming that 
the meteorological conditions at the time are low 
wind speed and strong inversion? On the basis of 
your experimental results would it be permissible for 
example to take the flow pattern for. a plane, which 
can be determined theoretically, and "bend" it 
appropriately? 

J. J. MARTIN: 

Notre experimentation a porte sur un site de relief 
tres marque. Nous n'avons pas depouille complete
ment les experimentations faites sur un autre site 
plan. It est possible que nous y obtenions une dis
persion de resultats plus faible que sur le site des 
Ardennes. 

La methode est applicable sur n'importe quel site. 
Sur le site des Ardennes, la difference de niveau entre 
le point de mesure et le point d'emission n'a pas 
d'influence significative sur la contamination. Tout 
se passe comme si tousles points d'observation etaient 
ramenes a un meme niveau. 

HuB. WIJKER (Netherlands): 

It is not my purpose to put a question to the speaker 
but more to make a communication in connection 

with Mr. Jackson's question. 
We performed a number of wind tunnel experi

ments and found no influence of ditches on stream 
lines of smoke from the model stack, especially not at 

low wind speeds. 

A. FRANCESCHINI (Italy): 

Furono eseguite misure della velocita di deposizione 
dello P 31 ? 

A. P. HULL: 

If I understand the question correctly, you are 
asking if we have looked for ground deposition of the 
P 31 in our stack effluent. Unfortunately, for our 
purposes, our reactor is too well behaved a machine. 
We would need about two orders of magnitude 
greater emission to have measurable deposition. 

B. w. EMMERSON (U.K.) 

With reference to the earlier studies made at 
Brookhaven, what was the A 41 emission rate from the 
stack, and at what distance from the site did the lower 
limits of plume detection occur? 

A. P. HuLL: 

The A 41 studies were made at Brookhaven prior to 
my employment there and at a time when the emis
sion rate was 7000 Cifday. It is presently 20,000 Ci/ 
day in a concentration of 2 X 10-s 11-Cijcm8

• The 
original studies were conducted from as close in as the 
plume could be determined to be at ground level, 
which is somewhat difficult with equipment which is 
gamma sensitive, to a distance of about 60 mi. The 
latter was by airplane flight during inversion condi
tions when the plume is rather well confined at great 
distances. 
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c. A. ADAMS (U.K.): 

Is allowance made in the calculation of effective 
stack height for the entrainment effects which can be 
caused by neighbouring buildings if they are of com
parable height? 

A. P. HuLL: 

The stack is at least five times higher than any sur
rounding structures, so we have no perturbations of 
this sort to contend with. 

A. LAFONTAINE (Belgium): 

La formule proposee par notre collegue yougoslave 
est certainement interessante et constitue une ap
proche pour attirer !'attention sur le probleme des 
fleuves internationaux. Elle ne serait pourtant 
acceptable que pour les produits solubles, car pour 
les isotopes insolubles, une serie d'autres parametres 
doivent etre pris en consideration (ecologie, evolution 
des sediments, etc.). 

P. S. BoJOVIc: 

Si j'ai bien compris la question, vous avez !'im
pression que la formule proposee n'est pas entiere
ment correcte. C'est peut-etre la verite car, cette 
formule n'a pas la pretention d'etre definitive. En 
tous cas le rejet des effluents radio-actifs dans un fieuve 
international existe comme un probleme actuel, et Ia 
communication que j'ai exposee ici est un apport a la 
solution de ce probleme. 

En ce qui concerne une precipitation favorisee, 
dont M. Lafontaine a parle avec juste raison, c'est le 
facteur communFr. qui tient compte de ce phenomene. 

R. FUKAI (IAEA): 

I. What was the chemical form of chromium-51 
used in the experiments? 

2. Was the suspended matter which the speaker 
referred to in his experiments the natural suspended 
matter or that which is produced in the experiments? 

In connection with the first question, I wanted to 
stress the importance of the chemical forms of radio
nuclides in discussing the problem .. For example, in 
the case of chromium, the behaviour of chromium in 
sea water is completely different between trivalent and 
hexavalent forms, and accordingly, the concentration 
factors of chromium by marine organisms are 
different. 

Y. NISHIWAKI: 

I. Cr51 used for this experiment is originally in the 
form of CrC13 in HCl solution with specific activity 
13.3 mCifmg and 2.8 mCifml. This solution was 
diluted to 100 1-'Ci/400 1. in natural sea water. It may 
change into the chromate in natural sea water. 

2. The suspended matter studied in the experiment 
is the natural one contained in the natural sea water 
sample at Osaka bay in japan. 

I quite agree with your remarks. Thank you very 
much for your kind attention. 

P. GIULIANI (Italy): 

1. Is there any indication of the behaviour of salt 
formations when subjected to seismic disturbances? 

2. What is the maximum concentration of radio
activity which can be tolerated in liquid wastes to be 

injected in deep wells? 

W. J. BoEGLY: 

I. There is no evidence of any reported damage to 
salt mines by earthquakes. Because very old mines 
still exist the probability of damage must be low. 

2. There has been considerable controversy on the 
activity level of wastes used for deep well injection. 
Originally it was proposed that high-level wastes be 
injected but currently only low-level wastes are under 
consideration. Probably the main limiting factor 
would be the chemical composition of the waste. 



INGESTED RADON AS A SOURCE OF HUMAN 

RADIATION EXPOSURE 
BO LINDELL 

National Institute of Radiation Protection, Stockholm 60, Sweden 

Abstract-222Rn is usually mentioned as a source of radiation exposure of man in con
nection with inhalation rather than ingestion. However, since radon is a natural contaminant 
of ground water, it is of interest to study also the doses caused by intake with water. For inges
tion of water containing radon, the stomach is the critical organ. The radon retention in the 
body is mainly determined by the transport from stomach to blood, since radon is rapidly 
eliminated from blood. After 4 hr only a few per cent of the ingested amount remains in the 
body, but is then likely to be eliminated at a lower rate, probably because of the high solubility 
in adipose tissues. The dose equivalent per I ,_.Ci radon ingested is estimated at 200 mrem, 
corresponding w (MPC)w = IO-' ,_.Cifml (100 nCijl.). Concentrations of up to 5000 nCi/1. 
have been reported in the literature. A frequent value for tap water from ground water 
supplies is 1 nCi/1. in many countries, while waters from deep bored wells frequently show con
centrations of the order of 10 nCi/1. It is interesting to note that radon concentrations of up to 
1 nCi/1. have been observed in some dairy milk. 

INTRODUCTION With the present attitude towards radiation 

Although there are numerous reports on the protection, however, even radon in water has 
content of 22 2Rn in drinking waters (distributed become of some interest from the radiation pro
in time from 1904, when one paper was pub- tection point of view, Protection efforts are 
lished by Mme Curie <1 > up to the present no not only directed towards the radiation worker; 
value for the maximum permissible concentration ICRP has given "dose limits" also for the general 
of this nuclide has been proposed until recently public, "intended to provide standards for the 
(Bernard, <2

> Andersson and Nilsson, <3 l von design and operation of radiation sources so that 
Dobeln and Lindell, <4> and Hursh et al. <5 >), with it is unlikely that individuals in the public will 
the exception of a value given in 1953 by the receive more than a specified dose". 
United States National Committee on Radiation These dose limits have not been designed to 
Protection in NBS Handbook 52 <6> but not re- apply to naturally occurring radiation sources 
peated in later NCRP reports. The Interna- or, in fact, to any occurring situation. For such 
tional Commission on Radiological Protection situations it is countermeasures rather than 
does not recommend any value for (MPC)w. planning that are required. However, the 

There are several obvious reasons for this, (MPC)w-values are based also upon the doses 
one being that radon in water rarely constitutes per unit intake of activity, and the results of such 
an occupational risk since it is usually naturally calculations are also needed in the assessment 
occurring. Another reason is that· the radon of the possible risk from a given source. There
does not remain in the water very long, and fore, the doses due to intake of radon with 
that it stays an even shorter time in the body once drinking water justify some investigation. The 
ingested. Already in the 1910's the apparent doses may not always be entirely insignificant: 
mean residence time was found to be less than it has been shown that there exist in nature 
one hour, and in the 1930's detailed studies of drinking waters that may give local tissue doses 
the radon retention was published, e;g. by as high as 1 rem/day at a water consumption of 
Stefen Meyer <7 > and by Fernau and Smereker. <8 > 1 l.fday, i.e. 1 rem per liter consumed. 

719 
l.ll.P. VOL.l-Z 



720 BOLINDELL 

LEVELS OF 222RniN WATER 

A number of relatively recent reviews (Fede
rov and Baranov, <9> Hursh et al., <5 > Muth et 
al., <10> Kiefer and Maushart, <11 > Turner et al., <12 > 

Smith et al., <13> von Dobeln and Lindell <4 >) and 
old reports (Sahlbom, <14 > Stephan,<15 > Engel
mann, <16> Ludewig, <17

•
18> Genser<19.'

20>); mostly 
on spa waters, relatively portray the frequency 
of various 222Rn levels in ground water. 

Sahlbom found already in 1915 that typical 
Swedish values for the radon concentration in 
ground water in sedimentary rocks ranged 
between 0. 7 and 1.1 nCi/1., while wells in ig
neous rocks usually covered the range 2-20 
nCijl. Kiefer and Maushart found levels be
tween 0.1 and 2.5 nCi/l. in tap waters from a 
number of German towns which use ground 
water or springs. Surface waters usually show 
less than 0.05 nCi/1. Turner et al. found an 
average of 1.1 nCi/1. in Cornish waters, while 
they assumed that the average for the whole of 
Britain is only 0.002 nCifl. Smith et al. found 
average concentrations of 16 and 30 nCi/1. in 
wells in Maine and New Hampshire, respec
tively, with maximum values as high as 200 
nCi/1. The highest levels found in Sweden are 
near the same level (Armands <21>). 

Spa waters in Oberschlema in Germany 
have been reported by Kuroda <22 > and by Gen
ser<20> to hold activities ranging from 100 to 

5000 nCi/1. 
The radon content of the drinking water 

has been suggested by Allen-Price< 23> as a 
possible cause of an alleged higher than normal 
cancer frequency in certain parts ofW est Devon, 
but these levels as reported by Abbatt et al. <24>, 
were not found to be higher than 13 nCi/1. 

THE FATE OF THE INGESTED RADON 

In 1933, Fernau and Smereker <8 > gave an 
exponential expression for the radon expiration 
rate after ingestion with water. Their expression 
contained two exponential terms and represen
ted a rapid increase, with a time constant kA = 
0.149 min - 1, followed by a more slow decrease, 

corresponding to a time constant k8 = 0.023 
min - 1• Fernau and Smereker correlated the 
time constants to the elimination from the gas
trointestinal tract and the blood, i.e. from two 
compartments. A more general multi-compart
ment analysis will be needed to illustrate the 
phenomenon over a longer time period. The 
general circuit graph of a five compartment 
system would be as follows 

The amount of radon transferred from com
partment (m) to compartment (n) per unit time 
can be written as 

Rmn = kmnqm - knmqn 

where the q's denote the quantity of radon in 
the various compartments. 

The radon transport will be governed by 
five differential equations, namely 

dq1 

dt 

dq2 

dt 
+ k12ql - (k21 + k23 + k24 + k25 

+ e2)q2 + ka2qa + k42q, + ks2qs; 

etc. 

where the e's denote elimination constants. A 
detailed analysis of this system has been re
ported by von Dobeln and Lindell. <4> A rough 
approximation of the circuit graph can be: 
made as follows: 

k23q2 BJ k3,q3 m k,sq .. [1] - (ISF) - (ICF) - (fat) 

- qa - q4 ...,.;..._ qs 
ka2qa kuq, k64q5 
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The analysis yields curves of the type shown in 
Fig. 1. In addition to the total retention curve, 
the retention is also shown in the following five 
compartments: blood (B), stomach (S), extracel
lular fluids (ECF), intracellular fluids (ICF) 
and fat (F). The broken curve represents the 
retention in fat calculated on the basis of experi
mental data presented by Hursh et al. <5 > and 
Harley et al. <25 > The long-term retention IS 

entirely governed by the fat content. 

0,01 0.1 1.0 

FIG. 1. 

10 100 hours 

The mathematical model, used here only 
for illustrational purposes, reflects facts that 
were reported and well understood already by 
Meyer in 1937. <7 > The radon is transferred 
from the stomach to the blood at a rate which 
varies depending upon whether the water was 
ingested on a full or,on an empty stomach. Fat 
in the stomach will decrease the rate of transfer 
because radon is more soluble in the fat which 
is also more slowly absorbed than the water. 
An equilibrium between the radon in the fat 
and in the intestinal fluids will probably not 
be attained until the fat is in emulsion after the 
influence of bile and other intestinal fluids. 

Once the radon has reached the blood, it is 
eliminated very rapidly through the lungs, with 
an effective half-time of only about one minute. 
While in the blood, the radon is retained pos
sibly by adsorption and absorption processes. 

After four hours, only a few per cent of the 
ingested amount remains in the body. There
maining radon is mainly located in the adipose 
tissues, because of the .higher solubility in fat. 

This has been demonstrated on the rat by 
Nussbaum and Hursh,< 26 l in a study of the 
distribution between different organs under 
equilibrium conditions. 

Figure 2 shows some examples of retention 
curves for 222Rn after a single ingestion, as 
suggested by various authors. Curve 1 repre
sents a single exponential function assumed by 
Andersson and Nilsson. <3 > Curve 2 illustrates 
the double exponential expression suggested by 
Fernau and Smereker. <8 > Curves 3 and 4 cor
respond to data obtained by Hursh et al. <5 > for 
an empty and a full stomach respectively. Curve 
5 can be obtained from the compartment analy
sis discussed above, on the basis of experimental 
data presented by Harley et a/.< 25 > 

Retention measurements by von Dobeln and 
Lindell <4 > on subjects who had ingested radon 
with water on an empty stomach yielded the 
data shown in Fig. 3. The technique did not 
permit measurements for more than about five 
hours. The diagram actually shows the body 
content of the daughter product 214Bi (RaC) 
as measured by whole-body counting. The full 
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curve represents the body content of 214Bi cal
culated on the assumption of a single expo
nential retention of 222Rn ingested in initial 
equilibrium with 214Bi, while the broken curve 
is based upon the assumption that 25% of 
the radon gas is lost initially. The experimental 
points have been normalized to make the 
average retention between 3 and 4 hr fall upon 
the calculated curve. 

The long-term retention is only vaguely indi
cated by these data, but experiments aimed 
at measuring the retention at more than five 
hours after ingestion will be carried out. 

MAXIMUM PERMISSIBLE CONCENTRATIONS 

On the basis of the information referred to 
above, the radiation doses to various organs 
and hence also values for (MPC)w can be cal
culated. The results derived by von Dobeln 
and Lindell are shown in Table 1 : 

Table 1. Suggested (MPC)w Values for Rn 222 

Dose equivalent 
Organ per 1 p.Ci radon (MPC)w 

of reference ingested (rnrem) (p.Ci/rnl) 

Critical organ 
GIT (stomach) 200 10-4 

Other organs 
Liver 7 3.10-S 

Fat 6 3.10- 3 

Whole body 2 3.10-S 

Lung 2 10-2 

Kidney 1 2.10- 2 

The stomach is the critical organ with a 
dose equivalent to the stomach wall of 200 
mrem per p.Ci radon ingested and (MPC)w = 
10 - 4fLCijml. This value of (MPC)w is 50 times 
as high as the value once suggested in NBS 
Handbook 52, but it is in accordance with the 
estimate by Hursh et al. <5 > It is 1/5 of the value 
proposed by Bernard <2 > who, however, sug
gested fat as critical organ, and 1}9 of the value 
proposed by Andersson and Nilsson. <3> Both 
the latter values seem to have been derived on 
the unrealistic assumption that all energy de
livered within the body is dissipated in living 
tissues. In fact, 50-75% of the energy is deli
vered in the stomach content and in the mucus, 
even if the energy from the a-emitting daughters 
which fail to penetrate the mucus is completely 
neglected. 

Rn(RaC) retention, arbitrary units 
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Table 2. Bunsen and Ostwald Solubility Coefficients for Inert Gases in Water and 
Olive Oil at 37°C (Ref. Lawrence et al., 1946; last entry: Nussbaum, 1957.)< 29> 

Molecular 
Gas weight Water Olive oil Oil/Water ratio 

Bunsen absorption coefficients (a) 
Helium 4 0.0085 0.015 1.7 

Neon 20.2 0.0097 - -

Nitrogen 28 0.013 0.067 5.2 

Argon 39.9 0.026 0.14 5.3 

Krypton 83.7 0.045 0.43 9.6 

Xenon 131.3 0.085 1.7 20.0 
Radon 222 I 0.15 19.0 125.0 

Ostwald absorption coefficients ( ai) 
Radon (from above): 0.17 

I 
21 125 

Radon (Nussbaum): 0.165 6.25 ~40 

FINLAND 

NORWAY 

f1N - t OL-:-'__._100__.__2..L.OO_.._...J300'- km 

FIG. 5. 
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On the basis of (MPC)w = 10-4 p.Cijml, or 
100 nCi/1., some natural waters exceed the 
maximum permissible occupational levels. In 
risk assessments, however, it must be borne in 
mind that the ICRP method of calculating 
(MPC) w is based on the assumption that the 
total water intake is ingested as drinking water 
and, furthermore, that radon is likely to dis
appear from the water unless it is ingested 
immediately after tapping. 

RADON IN MILK 

If water containing radon is kept in an open 
container of normal shape, the radon is elimi
nated with an apparent half-time of about 20 hr 
(c£ Fig. 4(a)). If the water is stirred the loss is 
greater, and if the water is poured from one 
container to another, about 10-15% of the 
radon is lost each time (the broken curve in 
Fig.4(a)). Ifsomecream is added to the water, 
the retention time will increase (Fig. 4(b)) and 
approach the physical life of 222Rn (91.8 hr 
half-life). Again, the explanation is the higher 
solubility in fat, which is also illustrated by the 
Ostwald solubility coefficients for inert gases in 
water and oil as shown in Table 2. 

Because of its higher solubility in fat, radon is 
also retained in milk. This has been shown 
to have some interesting consequences. It has 
been demonstrated by von Dobeln and Lindell <4 ) 

that 222Rn can be found in cow's milk if the 
animals have had access to radon-rich water. 
The ratio of the concentrations (nCi/1.) found 
in milk and in water at the same farm was less 
than 0.04, with 0.025 as a representative value. 
This means that if milk is found to contain 
222Rn, the water supply is likely to hold the 
40-fold concentration. This opens a possibility 
to trace high radon concentrations in ground 
water through milk. 

Magi and Lindell <27
) have recently reported 

on a survey (for 1370s) covering milk from all 
Swedish dairies (about 300), which revealed 
the presence of radon in samples from 13 dairies 
located in a relatively limited part of Sweden, 
mostly in Smaland. The location of the dairies 
is indicated in Fig. 5, where the dairies with 
radon are represented by circles. 

The highest concentration was 0.6 nCi/1. 
which would suggest that the average concen
tration for about 400 farms delivering milk to 

this dairy would be at least 25 nCi/1., or that a 
. few farms have water supplies with much higher 

concentrations. This is being further investi
gated. 

10,000 counts/40min per channel 

1,000 
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0 

Rn (Ra C) In milk 
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Cs ····, '.-'f \ ---- cP7 
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I 
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FIG. 6. y-spectra illustrating some of the most 
active milk samples found in the Swedish samp
ling programme of 1962; cf. discussion in the 

text. 

Even though the concentrations of 222Rn in 
milk are much lower than in water, they are 
sometimes sufficiently high to dominate the 
y-spectrum completely, even at relatively high 
levels of artificial contamination, as can be 
seen from Fig. 6. Not even the highest 1 81J 
concentration measured in Swedish milk (in 
1962) did give such a high counting rate as. 
the highest 222Rn concentration found in milk. 
The naturally occurring contamination can, in
deed, be as intriguing as the far more investi
gated contamination caused by nuclear debris. 
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THE METABOLIC AND DOSIMETRIC SIGNIFICANCE OF 
210Pb TO 226Ra RATIOS IN THE BONE OF RADIUM 

DIAL P AINTERS*t 

HENRY G. PETROW 

New York University, Institute for Environmental Medicine, New York, New York 

Abstract-The concentration of 210Pb and 226Ra was measured at 89 different sites in the 
skeletons of two deceased radium dial painters. Using an exponential model for both 21 ~Pb 

and 226Ra clearance from the skeleton, the data indicate: 
I. 210Pb and 226Ra have equal biological half-lives. 
2. Variation in the ratios of 210Pb to 226Ra in individual long bones follows a distinct and 

reproducible pattern. The value of the ratio is lowest in the end pieces of long bones, and 
highest in the shaft. The ratio is high in rib and low in vertebra. These variations have been 
interpreted as arising from differences in the 222Rn retention factors at the sites analyzed. 
These retention factors have been calculated, and vary from 0.20 to 0.57 compared to the 
skeletal average of0.33. It is felt that the variations in the 222Rn retention factors reflect funda
mental differences in bone structure, namely crystal size, mineral density, and amorphous 
mineral content. 

3. For a 226Ra burden carried 50 years, it is estimated that 5-6% of the average alpha dose 
delivered to the skeleton results from 210Pb decay. 

4. The vertebra would appear to be the bone of choice to be used in estimating total body 
burden of 226Ra. 

5. In a given dial painter, 226Ra concentrations with respect to ash content, varied by a factor 
of 15 between the highest and lowest values. 

THE longest lived daughter of 226Ra is 21.4 
year 210Pb. An important intermediate daugh
ter product is the noble gas, 3.83 day 222Rn. 
In an individual, such as a radium dial painter, 
who has carried an elevated skeletal burden of 
226Ra for many years, the average skeletal ratio 
of 210Pb to 226Ra is a function of several variables. 
These include the 222Rn retention factor, the 
biological half-lives of 210Pb and 226Ra, the 
physical half-life of 210Pb, and the time elapsed 

* This study is part of the thesis submitted in 
partial fulfillment of the requirements for the degree 
of Doctor of Philosophy, New York University, 1966. 

t This investigation was supported by a project 
grant from the U.S. Atomic Energy Commission, 
Division of Biology and Medicine, Contract AT(30-1) 
3086, and is part of a core program supported by the 
U.S. Public Health Service, Bureau of State Services 
grant ES 00014 and the National Cancer Institute 
grant CA 06989. 

since exposure. These factors which control 
the average skeletal ratio of 210Pb to 226Ra, 
likewise control the ratio at specific skeletal 
sites. However, it does not necessarily follow 
that specific sites in the skeleton will have the 
same values for biological parameters that are 
found for the total skeleton. 

In the evaluation of the data to be presented, 
long time clearance of radium from the skeleton 
is assumed to be exponential. The bases for 
this assumption are recent studies which indicate 
that long term clearance of radium from the 
skeleton can be described by a single exponen
tial function, and that the average biological 
half-life of radium is 15-20 years. <1 • 

2 > Schroe
der and Balassa have made a compilation of 
existing data concerning the distribution of 
stable lead in human tissue, including bone. (s) 
Analysis of the data for bone, wherein the con
centration of lead 'was measured as a function 
of age for 79 different individuals, indicates that 
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the concentration of lead in bone increases 
exponentially with age, the half period being 
approximately 20 years. Therefore, it is also 
assumed that skeletal elimination of lead can 
be approximated by an exponential function. 

As regards the retention of 222Rn by the skele
ton, it has been shown by many workers that the 
average skeletal retention factor for 222Rn is 
0.33, <4 > the remainder being expired via the 
lungs. The rate at which specific skeletal sites 
lose radon is not known, however, and since the 
structure of bone is not uniform, it is possible 
that the 222Rn retention factor is not constant 
and equal to 0.33 at all skeletal sites, but is 
dependent upon the locus of 226Ra deposition. 
If the retention of radon is dependent upon the 
locus of formation, there are two important 
consequences. First, the dose delivered by a 
given amount of deposited 226Ra is a function 
of the fraction of 222Rn retained. Secondly, 
it has been postulated by Rowland et al. <5 > and 
Mays et al. <6 > that the fraction of 222Rn re
tained by bone is controlled by the size of the 
bone crystals and the mineral density in the 
region of the 226Ra deposit. Hence, variability 
of the 222Rn retention factor from site to site 
within the skeleton, if such is the case, would 
reflect variability in the fundamental structure 
of bone. 

It was, then, the purpose of the study to be 
described to measure the ratio of 210Pb to 226Ra 
at as many skeletal sites as possible in individuals 
having old, elevated burdens of 226Ra with the 
expectation that the data would yield informa
tion concerning variability within the skeleton 
of 222Rn retention factors and the relative bio
logical half-lives of 210Pb and 226Ra. This infor
mation, in turn, would permit more refined 
dose calculations to be made, and hopefully 
lead to qualitative estimates of the variations 
in the fundamental structure of bone. 

BRIEF CASE HISTORIES OF THE 

INDIVIDUALS STUDIED 

The ratio of 210Pb to 226Ra has been measured 
at 89 different sites in the skeleton of two 
deceased female radium dial painters. The first 
case, New Jersey Department of Health No. 
5281, was born in 1898. She was continuously 
exposed as a dial painter from 1914 to 1917. <7 > 

In 1956, her right leg was amputated as a 

result of an osteogenic sarcoma of the femur. 
Her body burden of 226Ra, as measured by 
whole body counting in 1962, was estimated 
to be 0.54 JLCi. <8> She died in 1964 of an acute 
coronary occlusion. At autopsy, bone speci
mens were obtained, and thirty-two bone sites 
taken from eleven different bones, representing 
about II% of the total skeleton, were analyzed 
for 210Pb and 226Ra. 

The second case, New Jersey Department of 
Health No. 5278, was born in 1893. She was 
con tin uousl y exposed as a dial painter in 191 7. <7 > 

Her burden of 2 26Ra was estimated in 1961, 
by whole body counting, to be 0.046 JLCi. <8 > 

She died in 1965 of diffuse metastatic carcinoma. 
A total of fifty-seven different bone specimens, 
taken at autopsy from fifteen different bones, 
were analyzed for 210Pb and 226Ra. Approxi
mately 20% of the skeleton was analyzed. 

ANALYTICAL METHODS 

All bone samples analyzed were kept frozen 
and sealed in polyethylene bags prior to analy
sis. 

Each bone section was weighed, ashed for 
16 hr at 600°C, and the resulting ash weighed. 
From these data, the percent ash of each sample 
was computed. Temperatures in excess of 
600°C were avoided less lead be lost by vola
tilization. 

The weighed ash was dissolved in hydrobro
mic acid, lead carrier added, and 210Pb deter
mined according to the procedure of Petrow 
and Cover. <9 > Mter the separation of lead, 
the ash solution was treated with nitric acid 
to remove bromide ion, the bulk of the free nitric 
acid removed by evaporation, and radium co
precipitated with lead sulfate after the addition 
of lead and sulfuric acid. The 226Ra content 
of the sample was then determined according 
to the procedure of Petrow et al. (to, 11) 

ASSUMPTIONS TO BE CONSIDERED 

In the introduction, it was pointed out that 
the 822Rn retention factor and the biological 
half-lives of 210Pb and 226Ra can affect the 
value of the 210Pb and 226Ra ratio at any given 
skeletal site, and in the total skeleton. There 
are also other factors, including time of bone 
storage after death and the 222Rn loss rate 
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during storage, and the 210Pb content of ingested 
dial paints. 

For the first case, 5281, the samples were 
stored, frozen and sealed in polyethylene for 
one year between autopsy and analysis. The 
loss of 222Rn during this year of storage must 
be considered. Compared to the approximately 
67% average 222Rn loss assumed during life, 
there can be two extremes for the storage period, 
100% loss, or zero loss. It has been assumed, 
for purposes of this study, that 222Rn loss during 
storage was zero, or very nearly so. This is not 
a purely arbitrary choice, since the samples 
were stored, frozen and sealed, and Mays has 
shown that 222Rn loss from frozen bones is very 
low. <12> Since the samples were stored for only 
one year, any error that would arise in the 
calculations due to a 10% to 20% 222Rn loss 
during storage would be small. Therefore, for 
Case 5281, all calculations are based upon a 
radium burden carried for 49 years to death, 
during which an average 222Rn loss rate of 
67% is assumed. Finally, a zero 222Rn loss 
rate during the year of storage is assumed. 

For Case 5278, the storage period was only 
3 months, and hence, any storage error is even 
less than for Case 5281. The exposure is as
sumed to have occurred in mid-1917, so 48 
years elapsed between exposure and death. All 
calculations are based on a burden carried for 
48 years during which the average 222Rn 
loss rate was 67%, and 3 months of storage at 
zero 222Rn loss. 

A second factor to be considered is the 210Pb 
content of the ingested dial paints, for if there 
were substantial amounts of 210Pb in the paints, 
then there would be a source of skeletal 210Pb 
other than ingrowth from 226Ra deposited in 
the skeleton. The fraction of ingested 210Pb 
that would be deposited in the skeleton is not 
known. As will be shown, the data for both 
cases analyzed indicate that 226Ra and nopb 
formed from 2 26Ra decay are cleared from the 
skeleton at equal rates, and this is confirmed 
by excreta analysis of 210Pb and 226Ra for Case 
5281. <13> These data will also be considered 
later. Therefore, the assumption will be made, 
in the absence of actual data on the fate of 
ingested 210Pb, that equal fractions of ingested 
uopb and 226Ra are fixed in the skeleton. The 
question, then, is what is the likely 210Pb content 

of a 2 26Ra preparation used in the period 1914-
17, and what effect would this amount of 210Pb 
have on the results. 

The source of 210Pb in the earth is from the 
decay of 238U. The half-life of 238U is 4.5 X 109 

years. The age of the earth is estimated to be 
about 3.5 X 109 years. That is, about 40% of 
the uranium present at creation has decayed 
to 206Pb. Were all the lead formed still present 
in the mineral, from an original one gram of 
uranium, there would be remaining 0.6 g of 
uranium and 0.35 g of lead. Associated with 
this 0.6 g of uranium would be 0.18 p.Ci of 
226Ra. Hence, in the mineral, one would expect 
a lead-to-radium mass ratio of 2 X 106

• In 
the analysis of many uranium minerals for lead 
and uranium, the author has found that the 
stable lead-to-uranium ratio can vary from 
about 0.15 to as high as 10. This is the result 
of many factors, including leaching, recrystal
lization, and the incorporation of stable lead in 
the mineral of origin other than uranium decay. 
However, it is safe to say that the ratio of stable 
lead to radium is always greater than 105

• 

Therefore, in order to prepare 226Ra of high 
specific activity, as is needed for dial paint 
formulation, well over 99% of any lead present 
would have to be separated from the radium. 
Hence, freshly prepared 226Ra would be very 
nearly free of 210Pb, since chemical separation 
processes do not make isotopic distinctions. 

The second consideration is how long the 
radium was stored between purification and 
use. The period of exposure for the two cases 
analyzed was 1914-17 and 1917. Radium was 
discovered in 1898. The maximum age, then, 
was 16-19 years for the radium used in the 
paints. In fact, however, during World War I, 
demand for radium was so great that the mater
ial was used almost immediately after prepara
tion, <14> and hence, there was very little time 
for 210Pb ingrowth. Since 210Pb ingrowth in 
one year is only 3% of the 226Ra content, and 
probably less due to 222Rn leakage, it is safe 
to assume that the nopb content of the paints 
was less than 3% of the 226Ra content, which is 
negligible. 

BASIS FOR THE CALCULATIONS 

If one accepts the qualifYing assumptions 
made above concerning sample storage and the 
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2 10Pb content of ingested radium paints, there 
remam two possible causes which can signifi
cantly affect the value of the 210Pb to 226Ra 
ratio at any given skeletal site: the biological 
half-lives of 226Ra and 210Pb, and the 222Rn 
retention factor. 

The effect of the biological half-lives of 210Pb 
and 226Ra on the value of the 210Pb to 226Ra 
ratio at any given skeletal site can be massive. 
If the relative difference between the biological 
half-lives of the two radionuclides is large, this 
alone can influence the value of their ratio to an 
extent that dwarfs all other factors. If the 
biological half-life of 210Pb is very long relative 
to that of 226Ra at a given site, the ratio will be 
large. If, on the other hand, 210Pb is cleared 
much more rapidly than 226Ra, the ratio will 
be small. Therefore, the effect of the 210Pb 
and 226Ra biological half-lives on the value of 
the ratio should be considered for three different 
situations: where the 210Pb biological half-life 
is greater than, less than, or equal to that of 226Ra. 

The Bateman expression for the ratio of 
awpb to 226Ra activity in bone at some time t 
after the deposition of 226Ra can be expressed 
as follows: 

A0 = initial 22.6Ra concentration, 
Ra 

t = years elapsed since exposure, 
R = 222Rn retention factor, 

~~~b = physical decay constant for 210Pb, 

years -I, 

~~~ = physical decay constant for 228Ra, 

years - 1, 

~t!b = biological decay constant for 210Pb, 

years - 1, 

~t!a = biological decay constant for 226Ra, 

years - 1 • 

Since there is no way of knowing the values 

of ~t!a and ~t!b at a given skeletal site, the equa

tion, as written cannot be solved. However for 

the special case where A!b = A!a, the equation 

simplifies to 

aasRa 

Therefore, when 210Pb and 226Ra have equal 
biological half-lives, the value of the ratio is 
independent of their magnitude, regardless of 
their value. Since the value of R for the total 
skeleton is known, and is equal to 0.33, one can 
calculate the value of the ratio when t is known, 

and when A!b = ~t!a. Furthermore, if the 

average skeletal ratio is greater than that cal
culated for the special case of equality of 210Pb 
and 226Ra biological half-lives, it can be said 
that 210Pb has a longer biological half-life than 
228Ra, and conversely, if the average skeletal 
ratio is less than that calculated for the special 
case of equality, 210Pb has a shorter biological 
half-life than 226Ra. Despite the handicaps of a 
surplus of unknowns, the value of the skeletal 
ratio permits one to say whether 210Pb is elimi
nated faster, slower, or at the same rate as 
2

2
6Ra, to the limits of certainty permissible in 

our knowledge of R and t. 

THE SIGNmCANCE OF THE MEASURED 

AVERAGE SKELETAL RATIOS 

For Case 5281, with an assumed 222Rn reten~ 
tion factor of 0.33, a 49-year post-exposure 
history, and one year of bone storage at a zero 
222Rn loss rate, the ratio of 210Pb to 226Ra can 
be calculated for the special case of equal lead 
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and radium biological half-lives, using the 
following expression: 

0.33 X 0.0324 

0.0324-0.0004 

+ 1 _ e - o.oa24 x 1 = 0.286 

which is simply the Bateman expression for the 
ratio already presented corrected for 210Pb in
growth and decay during one year of sample 
storage. 

From this it follows that for an average 
222Rn retention factor of 0.33, a ratio greater 
than 0.286 is the result of lead being cleared 
more slowly than radium, and a ratio less than 
0.286 is the result of lead being cleared more 
rapidly than radium. 

In Table I are presented the data, for the 
analysis of 32 bone sites taken at autopsy, from 
11 different bones, for Case 5281. The total 
weight of ash analyzed was 259 g. If we con-. 
sider her post-amputation ash content to have 
been 2300 g, it can be seen that 11% of the total 
skeleton was analyzed. Considering the quan
tity of ash analyzed and the number of bones 
and bone sites involved, the total sample is very 
likely representative, and the average 210Pb and 
226Ra concentrations determined are equal, or 
very nearly equal, to her skeletal concentration 
of these two radionuclides. This is confirmed 
by the average 226Ra concentration in the 259 g 
analyzed, 259 pCifg ash. Her post-amputation 
body burden was 0.54 p.Ci. For an estimated 
skeletal ash weight of 2300 g remaining after 
amputation, an average 226Ra concentration of 
235 pCi/g ash would be expected. Allowing 
for the uncertainty in the estimate of her skeletal 
ash content, the agreement is good and the 
sample, therefore, is very likely representative. 

. The average skeletal 210Pb to 226Ra ratio, as 
determined radiochemically, is 0.266. This is 
very nearly equal to the value of 0.286 to be 
expected when the 222Rn retention factor is 
0.33 and 210Pb and 228Ra have equal biological 
half-lives. The data suggest that on the average, 
lead and radium are cleared from the skeleton 
at equal or very nearly equal rates. The fact 
that 210Pb and aa8Ra are cleared at equal rates 
is confirmed. by excreta analyses performed at 

the Argonne National Laboratory on a one
week feces and urine collection obtained from 
Case 528I before her death. <13

) · The ratio of 
210Pb to 226Ra found in the excreta was 0.255. 
The ratio in the skeleton found in this study, 
corrected for the ratio change during one year 
storage, is 0.243, nearly perfect agreement with 
the Argonne excreta data. 

The data for the second case, 5278, are given 
in Table 2. Based upon a single whole body 
count, this individual had a 226Ra burden of 
0.046 JLCi. A total of 57 different bone sites, 
taken at autopsy from IS different bones, were 
analyzed. The total ash weight analyzed was 
607 g, or 22% of an assumed total skeletal ash 
content of 2800 g. For a body burden of 0.046 
p.Ci, an average 226Ra concentration of 16.4 
pCi/g ash would be expected. The average 
226Ra concentration found was 15.4 pCi/g ash, 
indicating that the sample was representative. 

For a 222Rn retention factor of0.33, .the 210Pb 
to 226Ra biological half-lives can be calculated, 
as before, 

210Pb 0.33 X 0.0324 
-- = 

0.0324 - 0.0004 

[I -· .e-o.oa2o x 4B X e -o.oa24 xo.2s] 

+ 1 _ e -o.os24 x o.2s = 0.266 

The average skeletal ratio, as determined 
from the analysis of bone, is 0.284, once again 
very close to that predicted for equal 210Pb and 
226Ra biological half-lives. 

It would appear, then, that the average 
skeletal ratio of 210pb to Z26Ra, as determined 
radiochemically, is consistent with equal bio
logical half-lives for 210Pb and 226Ra, provided 
one assumes that the clearance of both nuclides 
is exponential, and the 222Rn retention factor 
is 0.33. Equal clearance rates of 210Pb and 
226Ra from the skeleton for Case 5281 are con
firmed by the very close agreement between 
the 210Pb to 2 26Ra ratios in the skeleton and 
in the excreta. Furthermore, Holtzman <15 l has 
calculated a biological half-life of stable lead in 
the skeleton of 17.4 years, and the data in 
re£ 3 indicate a half-life of 20 years, both in 
close agreement with the average biological 
half-life of radium determined in refs. 1, 2, about 
15-20 years. 
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Table 1. Analysis of Case 5281 Bone for 210Pb and 226Ra 

210Pb I 226Ra 

Sample Bone gash %ash pCi/g ash 210Pbf226Ra 

2786 L. Tibia 12.15 30.0 29.4 ± 1.47 118 ± 5.90 0.249 ± 0.017 

2787 
" 

6.61 38.5 23.3 ± 1.16 88.0 ± 4.40 0.266 ± 0.019 

2794 
" 

10.20 24.2 148 ± 7.40 691 ± 34.6 0.214 ± 0.015 

2795 
" 

4.27 14.6 93.4 ± 4.67 415 ± 20.8 0.225 ± 0.016 

*Weighted 
Average 33.23 72.6 ± 2.42 326 ± 10.9 0.222 ± 0.010 

2847 L. Ribs, 6 & 7 2.61 14.8 92.1 ± 4.60 279 ± 14.0 0.330 ± 0.023 

2849 
" 

3.20 16.5 82.4 ± 4.12 236 ± 11.8 0.349 ± 0.024 

2850 
" 

2.60 18.9 68.4 ± 3.42 196 ± 9.8 0.349 ± 0.024 

2851 
" 

2.48 13.6 116 ± 5.80 331 ± 16.6 0.349 ± 0.024 

2852 
" 

2.48 10.8 102 ± 5.10 309 ± 15.5 0.330 ± 0.023 

Weighted 
Average 15.37 92.9 ± 1.82 268 ± 5.25 0.346 ± 0.010 

2716 L. Humerus 3.96 25.9 58.8 ± 2.94 210 ± 10.5 0.280 ± 0.020 

2720 
" 

3.95 26.3 126 ± 6.30 424 ± 21.2 0.295 ± 0.021 

2725 
" 

12.50 33.9 26.1 ± 1.30 86.7 ± 4.34 0.301 ± 0.021 

2730 
" 

8.14 42.4 21.0 ± 1.05 69.9 ± 3.49 0.301 ± 0.021 

Weighted 
Average 28.55 43.4 ± 1.16 146 ± 3.90 0.297 ± 0.011 

2697 L. Radius 3.21 33.8 26.1 ± 1.30 84.0 ± 4.20 0.310 ± 0.022 

2700 
" 

1.20 15.4 148 ± 7.40 628 ± 31.4 0.235 ± 0.016 

2704 
" 

4.20 21.0 233 ± 11.7 1030 ± 51.5 0.227 ± 0.016 

Weighted 
Average 8.61 144 ± 4.66 621 ± 20.1 0.232 ± O.Q11 

2811 Sternum 8.87 8.70 70.7 ± 3.53 186 ± 9.40 0.380 ± 0.027 

2813 
" 

3.88 7.09 69.6 ± 3.48 220 ± 11.0 0.316 ± 0.022 

Weighted 
Average 12.75 70.4 ± 2.68 196 ± 7.47 0.359 ± 0.019 

2752 Mandible 3.77 13.6 139 ± 6.95 467 ± 23.4 0.298 ± 0.021 

2764 
" 

2.11 13.5 151 ± 7.55 521 ± 26.1 0.291 ± 0.020 

Weighted 
Average 5.88 143 ± 5.20 486 ± 18.1 0.294 ± 0.015 

2766 Vertebra, Thor. 14.9 14.4 64.5 ± 3.22 291 ± 14.6 0.222 ± 0.016 

2863 Vertebra, Cerv. 25.0 15.4 74.4 ± 3.72 296 ± 14.8 0.252 ± O.Q18 

Weighted 
Average 39.9 71.0 ± 2.62 295 ± 10.9 0.240 ± 0.012 

2842 L. Fibula 3.99 17.1 110 ± 5.50 476 ± 23.8 0.231 ± 0.016 

2844 
" 

3.51 16.1 19.8 ± 0.99 67.0 ± 3.35 0.294 ± 0.021 

Weighted 
Average 7.50 68.0 ± 2.96 284 ± 12.4 0.240 ± O.Ql5 

2816 L. Ulna 8.23 28.6 92.1 ± 4.60 358 ± 18.0 0.256 ± 0.018 

2822 
" 

1.96 14.4 88.8 ± 4.44 411 ± 20.6 0.215 ± O.Q15 

Weighted 
Average 10.19 91.0 ± 3.81 368 ± 15.4 0.247 ± O.Ql5 
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Table 1. Anarysis ofCase 5281 Bone for 210Pb and 226Ra-Cont. 

21opb I ••eRa 

Sample Bone gash %ash pCi/g ash nopbf••aRa 

3088 Calvaria 34.85 50.0 26.1 ± 1.30 108 ± 5.40 0.242 ± 0.017 
2871 L. Femur 20.96 31.8 23.5 ± 1.18 66.6 ± 3.33 0.354 ± 0.025 
2877 

" 
11.35 44.2 55.5 ± 2.78 197 ± 9.85 0.283 ± 0.020 

2884 
" 

9.16 28.6 77.6 ± 3.88 264 ± 13.2 0.294 ± 0.021 
2891 

" 
8.21 30.9 152 ± 7.60 542 ± 27.1 0.280 ± 0.020 

2896 
" 

12.52 16.7 82.6 ± 4.13 322 ± 16.1 0.256 ± O.D18 
Weighted 

Average 62.20 66.1 ± 1.56 234 ± 5.52 0.282 ± 0.009 
Total 

Skeletal 259 68.6 ± 0.75 259 ± 2.82 0.266 ± 0.004 
Average 

* W . h d :2:: sample weight X nuclide concentration 
etg te average = "' . h . 

..:.. sample wetg t 

The assumption concerning the 222Rn reten
tion factor as being 0.33 can be questioned, in 
that various laboratories use values ranging 
from 0.3 to 0.4. <16 > However, Vennart et al., <4 > 

in a survey of the published work of many 
laboratories making in-vivo 226Ra measurements, 
concludes that the 222Rn retention factor is 
equal. to 0.33. At any rate, were the retention 
factor either 0.3 or 0.4, the conclusion concern
ing the equal biological half-lives of 226Ra and 
210Pb would not be greatly changed. Consider
ing the data for Case 5281, if the 222Rn retention 
factor was taken as 0.4 and the biological half
life of 226Ra as 16 years, the calculated biological 
half-life for 210Pb is 13.3 years. On the other 
hand, were the retention factor 0.3, the biolo
gical half-life of 210Pb calculates to be 17.7 years. 
The range of the biological half-life of 21°Pb 
is 13.3 to 17.7 years relative to 226Ra taken as 

. 16 years. This is not an enormous range. How
ever, there are other factors, both chemical 
and physical, that suggest that equality of bio
logical half-lives for 226Ra and 210Pb formed from 
226Ra decay is not only reasonable, but likely. 
When 210Pb is formed, it is formed very close 
to the parent 226Ra deposit, probably in the 
same crystal or an adjacent crystal. Both ions 
are bivalent. Both ions have similar ionic radii. 
The chemistry of lead and radium is similar 
in a large inimber of reactions. Therefore, 

while the biological half-life of 210Pb could be 
somewhat smaller or larger than that of 226Ra, 
it is the author's belief that they are equal based 
upon the arguments presented. 

It should be pointed out that the pn;>posed 
equality is only for 210Pb formed from 226Ra 
decay since in this case a constraint is imposed 
upon the system in that the birth place of 
210Pb is controlled by the locus of radium depo
sition. It by no means proves that if lead and 
radium were deposited independently in the 
skeleton, the equality would hold. However, 
data already cited concerning the biological 
half-life of stable lead <3 ,1 5> indicate that inde
pendently deposited lead has a half-life similar 
to that of 210Pb formed from 226Ra decay. 

The conclusion that 210Pb and 226Ra have 
equal biological half-lives is in disagreement 
with that of Holtzman. <15 > Analyzing about 
10 pieces of bone taken from five different indi
viduals, he concluded that 210Pb is cleared more 
slowly than 226Ra. However, this work suffers 
from several weaknesses. First, the samples 
were stored for as much as I 0 years before being 
analyzed, thereby magnifying possible errors 
arising from the unknown 222Rn retention factor 
during storage. Only a few pieces of bone were 
analyzed for each case. Finally, it was assumed 
that the 222Rn retention factor is invariant at 
every site in the skeleton, an assu~ption which, 
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Table 2. Anarysis of Case 5278 Bone for ~ 10 Pb and 2
26Ra 

nopb I 22oRa 

Sample Bone gash % ash pCi/g ash 2IOPbf226Ra 

3719 L. Tibia 19.74 17.9 12.6 ± 0.63 5!.4 ± 2.57 0.246 ± 0.017 

3721 
" 

9.68 23.2 6.55 ± 0.33 23.0 ± 1.15 0.284 ± 0.020 

3723 
" 

9.65 32.6 4.24 ± 0.21 14.0 ± 0.70 0.302 ± 0.021 

3737 
" 

18.79 48.1 1.81 ± 0.09 5.40 ± 0.27 0.335 ± 0.023 

3731 
" 

25.03 29.6 6.31 ± 0.32 21.7 ± 1.08 0.294 ± 0.020 

Weighted 
Average 82.89 6.60 ± 0.18 24.3 ± 0.68 0.272 ± 0.011 

3760 L. Rib, 7 3.36 13.9 3.60 ± 0.18 9.91 ± 0.50 0.362 ± 0.025 

3762 
" 

2.16 11.7 3.87 ± 0.19 9.70 ± 0.48 0.400 ± 0.028 

Weighted 
Average 5.52 3.71 ± 0.13 9.84 ± 0.35 0.378 ± 0.019 

3588 L. Femur 14.54 43.5 2.93 ± 0.15 8.40 ± 0.42 0.350 ± 0.025 

3592 
" 

16.34 47.2 2.46 ± 0.12 6.45 ± 0.32 0.380 ± 0.027 

3598 
" 

11.22 43.0 2.80 ± 0.14 8.56 ± 0.43 0.327 ± 0.023 

3604 
" 

6.83 33.4 5.50 ± 0.28 21.2 ± 1.06 0.260 ± 0.018 

3605 
" 

19.77 22.1 9.42 ± 0.47 37.1 ± 1.85 0.255 ± O.Ql8 

3611 
" 

13.73 34.7 2.11 ± 0.10 5.42 ± 0.27 0.389 ± 0.027 

3612 
" 

13.43 26.4 4.73 ± 0.24 17.6 ± 0.88 0.267 ± 0.019 

3614 
" 

19.95 21.0 4.64 ± 0.23 I 7.3 ± 0.86 0.267 ± 0.019 

Weighted 
Average 115.81 4.52 ± 0.10 16.1 ± 0.36 0.282 ± 0.009 

3750 L. Metatarsal 2.48 19.6 4.90 ± 0.24 16.3 ± 0.81 0.301 ± 0.021 

3752 
" 

3.21 24.8 10.3 ± 0.51 37.1 ± 1.85 0.278 ± 0.020 

Weighted 
Average 5.69 7.95 ± 0.31 28.1 ± 1.09 0.284 ± 0.016 

3636 L. Clavicle 4.02 19.1 3.30 ± 0.16 9.34 ± 0.46 0.352 ± 0.025 

3641 
" 

3.75 20.8 2.37 ± 0.11 6.56 ± 0.32 0.362 ± 0.025 

Weighted 
Average 7.77 2.84 ± 0.10 8.00 ± 0.29 0.356 ± O.Dl8 

3772 L. Rib 1.31 11.2 3.76 ± 0.18 7.70 ± 0.38 0.480 ± 0.034 

3774 
" 

4.63 14.7 3.49 ± 0.17 9.00 ± 0.45 0.386 ± 0.027 

Weighted 
Average 5.94 3.54 ± 0.14 8.72 ± 0.35 0.406 ± 0.023 

3732 L. Fibula 4.93 22.8 8.71 ± 0.43 46.7 ± 2.33 0.186 ± 0.013 

3736 
" 

7.23 37.4 2.72 ± 0.13 8.88 ± 0.44 0.306 ± 0.021 

3738 
" 

6.80 . 19.8 7.52 ± 0.35 43.2 ± 2.16 0.174 ± 0.012 

Weighted 
Average 18.96 5.98 ± 0.29 31.1 ± 1.52 0.192 ± 0.013 

3713 Vertebra 23.06 11.9 2.99 ± 0.15 14.7 ± 0.74 0.206 ± 0.014 

3708 Calvaria 53.79 53.2 2.75 ± 0.13 11.7 ± 0.58 0.235 ± 0.016 

3712 
" 

64.59 52.6 2.02 ± 0.10 6.57 ± 0.33 0.308 ± 0.022 

Weighted 
Average 118.38 2.36 ± 0.08 9.00 ± 0.32 0.262 ± 0.013 
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Table 2. Ana!Jsis of Case 5278 Bone for 210Pb and 226Ra-Cont. 

21opb I 22aRa 

Sample Bone g ash %ash pCi/g ash 2IOPbj226Ra 

3753 R. Rib, 6 1.00 5.8 4.66 ± 0.23 12.7 ± 0.64 0.367 ± 0.026 
3757 

" 
1.69 14.8 4.60 ± 0.23 12.1 ± 0.60 0.381 ± 0.027 

3759 
" 

2.07 22.0 2.34 ± 0.11 5.41 ± 0.27 0.430 ± 0.030 
Weighted 
Average 4.76 3.63 ± 0.11 9.32 ± 0.28 0.389 ± 0.016 

3627 L. Ulna 10.80 25.5 4.86 ± 0.24 13.9 ± 0.70 0.350 ± 0.025 
3633 

" 
4.60 44.7 3.69 ± 0.18 11.5 ± 0.58 0.321 ± 0.023 

3635 
" 

4.35 25.6 4.92 ± 0.24 14.1 ± 0.70 0.350 ± 0.025 
Weighted 

Average 19.75 4.60 ± 0.15 13.4 ± 0.44 0.344 ± 0.016 
3671 L. Humerus 3.47 32.9 2.41 ± 0.12 6.04 ± 0.30 0.399 ± 0.028 
3673 

" 
4.33 36.6 2.94 ± 0.14 8.00 ± 0.40 0.368 ± 0.026 

3675 
" 

5.18 46.3 2.74 ± 0.13 7.70 ± 0.38 0.355 ± 0.025 
3677 

" 
6.70 44.4 2.56 ± 0.12 7.16 ± 0.36 0.359 ± O.Q25 

3681 
" 

2.77 37.9 2.74 ± 0.13 7.70 ± 0.38 0.355 ± 0.025 
3684 

" 
3.16 25.7 2.78 ± 0.13 7.80 ± 0.39 0.356 ± 0.025 

3687 
" 

4.52 22.4 9.05 ± 0.45 3!.2 ± 1.56 0.290 ± 0.020 
3690 

" 
3.68 32.2 4.58 ± 0.27 18.0 ± 0.90 0.310 ± 0.022 

3694 
" 

4.90 12.0 4.91 ± 0.24 14.7 ± 0.74 0.336 ± 0.024 
Weighted 
Average 44.79 3.74 ± O.Q7 11.2 ± 0.20 0.333 ± 0.008 

3765 R. Rib, 7 1. 71 7.6 3.58 ± 0.17 10.9 ± 0.54 0.327 ± 0.023 
3769 

" 
2.83 20.2 2.37 ± 0.11 7.65 ± 0.38 0.310 ± 0.022 

Weighted 
Average 4.54 2.84 ± 0.10 8.86 ± 0.31 0.320 ± 0.016 

3615 L. Radius 2.83 24.0 6.89 ± 0.34 29.4 ± 1.47 0.234 ± 0.016 
3618 

" 
6.52 43.3 2.24 ± 0.11 6.90 ± 0.34 0.325 ± 0.023 

3621 
" 

4.29 47.5 2.50 ± 0.12 7.02 ± 0.35 0.357 ± 0.025 
3626 

" 
3.53 28.9 6.41 ± 0.32 23.6 ± 1.18 0.271 ± 0.019 

Weighted 
Average 17.17 3.93 ± 0.10 14.1 ± 0.36 0.278 ± 0.010 

3643 R. Femur 15.87 45.2 3.04 ± 0.15 8.31 ± 0.42 0.366 ± 0.026 
3645 , 10.94 47.7 2.75 ± 0.14 7.56 ± 0.38 0.364 ± 0.026 
3649 

" 
12.62 48.5 2.96 ± 0.15 7.44 ± 0.37 0.399 ± 0.028 

3654 
" 

10.55 43.0 3.90 ± 0.20 12.0 ± 0.60 0.323 ± 0.023 
3658 

" 
7.75 36.5 4.92 ± 0.25 14.7 ± 0.74 0.335 ± 0.023 

3659 
" 

18.19 24.6 9.40 ± 0.47 35.9 ± 1.80 0.262 ± O.DIB 
3661 

" 
28.76 23.9 7.95 ± 0.40 26.8 ± 1.34 0.296 ± 0.021 

3665 
" 

24.24 26.5 3.00 ± 0.15 7.74 ± 0.39 0.387 ± 0.027 
3669 

" 
8.00 23.8 7.37 ± 0.37 24.2 ± 1.21 0.304 ± 0.021 

Weighted 
Average 140.92 5.16 ± 0.11 16.6 ± 0.36 0.311 ± 0.010 

Total Skeletal 
Average 606.95 4.38 ± 0.46 15.4 ± 0.16 0.284 ± 0.004 
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as will be shown later, is highly questionable. 
There is, therefore, very little reason to doubt 

that 210Pb and 226Ra are eliminated from the 
skeleton at very nearly equal rates, and that 
the two rates, if not exactly equal, are suffi
ciently similar to justify the use of the simplified 
Bateman expression that results when the two 
rates are equal. This has several important 
consequences. First, since long-term measure
ments of 226Ra elimination rates can be made 
by whole body counting, the 226Ra data can be 
used to estimate stable lead elimination rates 
as well, provided radiogenic and indigenous 
lead are eliminated similarly. Secondly, for 
individuals whose radium exposure occurred at 
some unknown time, excreta analyses for 210Pb 
and 226Ra can be used to establish the ratio of 
nopb to 226Ra in the skeleton, and hence, the 
date of exposure can be calculated, assuming a 
222Rn retention factor of0.33. Third, the whole 
body skeletal dose due to 210Pb, 210Bi, and 210Po 
can be more accurately calculated. 

CONSIDERATION OF THE VARIABILITY IN 

INDIVIDUAL RATIOS 

Far more difficult to interpret than the value 
of the average skeletal ratio of 210Pb to 226Ra are 
the variations in the ratio values found for the 
different skeletal sites. For Case 5281, the ratios 
varied from 0.214 to 0.380, and for Case 5278, 
from 0.174 to 0.480. The variability in the 
ratios is not random in nature. As will be noted 
from the data in Tables 1 and 2, there is a 
distinct pattern in long bone, with regard to 
ratio and radium concentration. In general, 
for a given long bone, the greater the 226Ra con
centration, the lower the ratio. The striking 
correlation between the 226Ra concentration in 
a bone and the ratio value can be seen in 
Table 3. Equally striking is the fact that each 
bone is an independent entity with respect to 
this correlation. For neither case does the 
correlation exist for all the long bones taken 
as a single group. However, as can be seen from 
Case 5278, where both femurs were analyzed, 
they are very similar. In general, however, 
ratio values for tibia, fibula and radius tend to 
be. considerably lower than for humerus and 
femur. There is also a striking correlation be
tween the ratio value and the locus of radium 
deposition. For a given long bone, high radium 

concentration and low ratios are found in the 
end pieces of the bone, with the shaft having 
high ratios and low radium concentrations. 
This is particularly true, for both cases, in the 
fibula, tibia, and radius, where the end pieces 
have ratios lower than the skeletal average, 
while the shaft values are equal to or higher 
than the skeletal average. Humerus and femur, 
on the other hand, while showing the same 
pattern as regards ratio, radium concentration, 
and locus of deposition, have, for both cases, 
nearly every ratio higher than the average 
skeletal ratio. 

All ratios found in rib, again for both cases, 
are higher than the average skeletal ratio, where
as vertebra have ratios much lower than the 
average. Therefore, bone characteristics are, 
without question, exerting an influence on the 
value of the ratio. 

There are two mechanisms which could result 
in the observed ratio variations, each quite 
different: 

1. While the average skeletal elimination 
of 210Pb and 226Ra occurs with equal 
biological half-lives, non-equality of these 
rates at discrete skeletal sites might account 
for the observed differences in ratio values. 

2. Variation in the 222Rn retention factors 
from site to site in the skeleton is a possible 
cause. 

It is difficult to believe that differences in the 
clearance rates of lead and radium at discrete 
skeletal sites is the decisive factor controlling 
ratio variation. If one assumes the 226Ra bio
logical half-life to be constant throughout the 
skeleton and equal to 16 years, and that the 
222Rn retention factor is constant and equal to 
0.33, then to account for the ratio variations 
noted, the biological half-life of 210Pb would have 
to vary from 5 years to 50 years, . depending 
upon the site analyzed. This wide range of 
210Pb biological half-lives, from one-third to 
three times that of 226Ra, is difficult to accept, 
especially when one considers the added· con
straint that despite the wide range of possible 
differences, the average biological half-lives 
of both radionuclides are equal. For this reason, 
differences in metabolic clearance rates are not 
considered to be a likely cause of the observed 
differences in ratio. 
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Table 3. A Comparison of 210Pb to 226Ra Ratios and 

••
6Ra Concentrations in Long Bone 

H&Ra 

Bone and Case pCi/g ash 210Pb/ 226Ra 

L. Tibia, 5278 51.4 0.246 

" 
23.0 0.284 

" 
21.7 0.294 

" 
14.0 0.302 

" 
5.40 0.335 

L. Tibia, 5281 691 0.214 

" 
415 0.225 

" 
118 0.249 

" 
88.0 0.266 

L. Radius, 5281 1030 0.227 

" 
628 0.235 

" 
84 0.310 

L. Radius, 5278 29.4 0.234 

" 
23.6 0.271 

" 
7.02 0.357 

" 
6.90 0.325 

L. Fibula, 5281 476 0.231 

" 
67.0 0.294 

L. Fibula, 5278 46.7 0.186 

" 
43.7 0.174 

" 
8.88 0.306 

L. Humerus, 5281 424 0.295 

" 
210 0.280 

" 
86.7 0.301 

" 
69.9 0.301 

L. Humerus, 5278 31.2 0.290 

" 
18.0 0.310 

" 
14.7 0.336 

" 
8.00 0.368 

" 
7.80 0.356 

" 
7.70 0.355 

" 
7.70 0.355 

" 
7.16 0.359 

" 
6.04 0.399 

L. Ulna, 528 l 411 0.215 

" 
358 0.256 

L. Ulna, 5278 14.1 0.350 

" 
13.9 0.350 

" 
11.5 0.321 

L. Femur, 5281 542 0.280 

" 
322 0.256 

" 
264 0.294 

" 
197 0.283 

" 
66.6 0.354 

L. Femur, 5278 37.1 0.255 

" 
21.2 0.260 

" 
17.6 0.267 

Table 3. A Comparison of 210Pb to 226Ra Ratios and 
2

•
6Ra Concentrations in Long Bone-Cont. 

226Ra 

Bone and Case pCijg ash 210PbJ22BRa 

L. Femur, 5278-cont. 17.3 0.267 

" 
8.56 0.327 

" 
8.40 0.350 

" 
6.45 0.380 

" 
5.42 0.389 

R. Femur, 5278 35.9 0.262 

" 
26.8 0.296 

" 
24.2 0.304 

" 
14.7 0.335 

" 
12.0 0.323 

" 
8.31 0.366 

" 
7.74 0.387 

" 
7.56 0.364 

" 
7.44 0.399 

Next, we come to the question of whether 
variation in 222Rn retention factors can be 
regarded as the cause of ratio variations. Of 
all the possible causes of ratio variation, differ
ences in 222Rn retention factors have, by far, 
the greatest dosimetric significance, and it is 
important to establish whether 222Rn retention 
is variable. First, however, it would be helpful 
to consider the presently accepted theory of 
222Rn loss from the skeleton. 

Rowland et al. <6 > have postulated a 222Rn 
recoil hypothesis to explain the loss of this radio
nuclide from the skeleton. Mays et al. <6 > have 
proposed a similar mechanism. The essence of 
their postulate is that if a recoiling 222Rn atom, 
which at birth has 86 keV of kinetic energy, 
and a mean range in bone ofabout200-300A; <5

> 

comes to rest within a bone crystal, it will very 
likely decay within that crystal, since diffusion 
rates of gases in a crystal are slow, relative to 
the half-life of 222Rn, 3.83 days. If the recoiling 
atom comes to rest within the organic bone 
matrix, where there is a constant flow of fluids, 
then 222Rn will escape due to the ease of gaseous 
diffusion in liquids as compared to crystalline 
solids. The escape path is diffusion into the 
circulation, fol~gwed by exhalation. 
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Whether the recoiling 222Rn atom comes to 
rest within a crystal or the organic matrix is 
controlled by several variables. The size of 
the crystal is, of course, very important. The 
larger the crystal, the higher the probability 
that the 222Rn atom will lose its kinetic energy 
before escaping from the crystal. It is currently 
believed that bone crystals are tablet shaped, 
being 200-300 A long and 50 A thick. <17 > How
ever, it is believed that in long bones, crystals 
are larger in the shaft than in the ends. <17> 

Mineral density in the region of a recoiling 
222Rn atom can affect the 222Rn retention fac
tor. Mineral density can be defined as the frac
tion of the total density in the recoil volume that 
is mineral. The greater the mineral density, 
the greater should be the 222Rn retention factor, 
since mineral density simply reflects the prob
ability of a recoiling 222Rn atom coming to 
rest in the crystalline mineral portion of bone. 
Ash content of a bone is an index, although 
not an exact measure of mineral density. The 
greater the ash content, the greater the mineral 
density. In long bones, the shafts have a con
siderably higher ash content than the end pieces, 
and hence, one would expect a higher mineral 
density in the shafts and a greater retention 
factor. 

A third factor, and one very difficult to 
evaluate, is the recent discovery (ls > that a por
tion of the mineral content of bone is amor
phous. Gaseous diffusion rates in an amorphous 
solid are much greater than in a crystal. Many 
early workers noted that if radium is co-precipi
tated with barium sulfate, 222Rn retention is nearly 
quantitative, while, on the other hand, amor
phous solids such as ferric hydroxide or silica 
gel lose radon almost quantitatively. Com
mercial sources of 220Rn (thoron), which consist 
of 228Th co-precipitated with ferric hydroxide, are 
available. These release a large portion of220Rn, 
despite the fact that the half-life of220Rn is only 
55 sec. Therefore, the greater the fraction of 
mineral bone that is amorphous, the greater 
should be the 222Rn loss rate. The work cited <18> 

indicates that for long bone, the amorphous 
mineral fraction is lower in the shaft than in 
the ends. 

In long bones, crystal· size is greatest in the 
shaft, the ash content, and hence, the mineral 
density is highest in the shaft, and the shaft 

contains relatively less amorphous mineral than 
the end pieces. All three factors would favor 
higher 222Rn retention in the shaft relative to 
the bone ends, and, therefore, higher 210Pb to 
226Ra ratios in the shafts. This is precisely the 
effect noted for long bones, higher ratios in the 
shaft relative to the ends. Therefore, what we 
know ahout crystal size, mineral density, and 
amorphous mineral content of long bones sup
ports the hypothesis that variable 222Rn reten
tion factors are the cause of the observed dif
ferences in the ratio of 210Pb to 22BRa. 

As was mentioned earlier, ratios in rib are 
high, and ratios in vertebra are low. Both 
vertebra and rib have a low ash content. There
fore, if 222Rn retention controls ratio values, 
ash content is not the dominant factor. Crystal 
size and/or the amorphous mineral content must 
override mineral density. It is for such reasons 
that it is so important to establish the true cause 
of ratio variations. If ratio variations are due 
to differences in 222Rn retention factors, then 
we have a potential tool for studying bone 
structure. 

As a result of the fact that 210Pb and 226Ra 
have equal biological half-lives, it is a simple 
matter to calculate what the 222Rn retention 
factor was at a site where the 210Pb to 226Ra 
ratio is known. For both Case 5281 and 5278, 
were there no 222Rn loss, the 210Pb to 226Ra 
ratio would be 0.850, as calculated from the 
Bateman expression already presented. There
fore, the retention factor at any given site is the 
quotient of the determined ratio and 0.850. For 
the range of ratios found for the two cases, 
0.1 70 to 0.480, the retention factors must vary 
from 20% to 57%. The dosimetric significance 
of this will be considered later. 

It can be argued that translocation of 210Pb 
and 226Ra could produce the variations in the 
ratio observed. As lead and radium are cleared 
from bone and enter the blood stream, a portion 
of both radionuclides is resorbed by the skeleton. 
This process of elimination followed by resorp
tion can, of course, alter the value of the ratio 
at any given skeletal site. However, in order 
for this mechanism of translocation to account 
for the observed ratio variation, the process 
would have to occur with the same pattern as 
has been observed for the ratios themselves. 
That is, 210Pb would have to be preferentially 
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resorbed at certain skeletal sites, namely the 
shafts of long bones and in rib, at the expense of 
resorption in vertebra and the ends oflong bones, 
where low ratios have been observed. In order 
to determine whether such a preferential depo
sition of lead occurs within the skeleton, the 
distribution of stable lead in the skeleton has 
been studied. The rationale behind this ap
proach is that resorbed 210Pb should deposit 
in the skeleton in an identical manner to stable 
lead entering the blood stream via the gut or 
the lungs. 

Bone samples from an individual who died at 
the age of 62 were analyzed for stable lead. The 
data are presented in Table 4. 

The pattern of stable lead deposition is not 
consistent with an hypothesis of preferential 
deposition of 210Pb via resorption. In fact, 
if anything, the opposite pattern is indicated. 

Table 4. Anarysis of Human Bone 

for Stahle Lead 

Sample 

Radius, Shaft 
Tibia, Shaft Piece 1 
Tibia, Shaft Piece 2 
Femur, Shaft 
Femur, End Piece I 

Femur, End Piece 2 
Femur, End Piece 3 
Vertebra 
Rib 
Calvarium 

p.g/g ash 

87 
97 
92 
77 

106 
131 
154 
132 
120 
88 

For the femur, the lead concentration is lowest 
in the shaft, and highest in the end pieces, pre
cisely opposite to the pattern noted for the ratios 
in the femur of the two dial painters. The verte
bra has a high lead concentration, whereas the 
ratio in vertebra was found to be low for both 
dial painters. For the dial painters, the highest 
ratios were found in rib. This is not the case 
as regards the concentration of stable lead. 
From these data, it is inferred that translocation 
is not the cause of the observed variations in 
ratio. In the writer's opinion, differences in 
uzRn retention factors are the dominant cause 
of the variations in ratio. 

ESTIMATION OF BODY BURDEN FROM 

THE ANALYSIS OF A SINGLE BONE 

As the data in Tables I and 2 indicate, there 
is a wide range of 226Ra concentrations in the 
skeleton of an exposed individual. For Case 
5281, the range of 2 26Ra concentrations found 
was 67-1030 pCifg of ash, with the average 
being 259 pCifg of ash. If one attempted to 
measure the body burden of an individual by 
analysis of a single piece of bone, it would be 
difficult to do so with any degree of accuracy 
whatsoever, but for one exception, the vertebra. 
For Case 5281, the two pieces of vertebra ana
lyzed had 226Ra concentrations of 291 and 296 
pCijg of ash, as compared to the average value 
of 259 pCi/g of ash. For Case 5278, the single 
piece of vertebra analyzed gave a result of 
14.7 pCifg of ash as compared to the average 
of 15.4 pCi/g of ash found as the average. Based 
upon a sampling far too small to be conclusive, 
it would appear that vertebra would be the 
most reliable index of body burden. 

DOSIMETRIC CONSIDERATIONS 

Using an exponential model for 210Pb and 
226Ra clearance from the skeleton, with both 
radionuclides having equal bilogical half-lives 
and an average skeletal 222Rn retention factor 
of0.33, it has been possible to predict the actual 
average 210Pb to 226Ra ratio in the skeleton 
of two radium dial painters. This suggests that 
the model is valid and, therefore, applicable to 
the calculation of the average skeletal alpha 
dose. Only the alpha dose will be considered 
since there is little reason to doubt that bone is 
the critical organ, and the bulk of the dose to 
bone is from alpha radiation. 

For Case 5281, the terminal burden of 226Ra 
is known, 0.54 J.LCi. Were it not for the amputa
tion of her right leg, her terminal burden of 
226Ra would have been approximately 0.66 J.LCi. 
In calculating dose, it is this value that will be 
used, since she carried her leg most of her life. 
Four whole body measurements, taken over a 
period of 3 years, indicate that her radium bio
logical half-life was 20 years. <1 > The author, 
however, through measurement of 228Th to 228Ra 
ratios in her skeleton, calculated her radium 
biological half-life to be 10.4 years. <19> Both 
values will be used in calculating the average 
skeletal alpha dose. It is assumed that the 
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skeletal mass was 10,000 grams, and the average 
222Rn retention factor equal to 0.33. It is also 
assumed that all 210Po formed in vivo decayed in 
vivo. The time elapsed since exposure was 49 
years. 

Taking 10.4 years as the biological half-life 
of 226Ra (and of 210Po), her initial burden of 
aasRa was 17.1 p.Ci. Up to the time of death, 
approximately 16.4 p.Ci of 226Ra were removed 
from the skeleton. Of this total, 0.105 p.Ci of 
a2sRa actually decayed in her skeleton. The 
dose delivered by the decay of this much 226Ra 
and one-third that amount of 222Rn, 218Po, 
and mpo is 5160 rad. The dose due to 210Po 
was calculated as being derived from the total 
number of 210Pb atoms that decayed in vivo. This 
calculated to be 2.93 X 1013 atoms, and the 
associated dose, 258 rad. Hence, the total dose 
was 5418 rad, of which 4.8% results from 210Po. 

Assuming a biological half-life of 20 years for 
radium, the initial burden of 226Ra was 3.97 p.Ci. 
A total of 3.31 p.Ci was removed from the skele
ton, of which 0.039 p.Ci 226Ra disappeared via 
decay. The resulting dose from 226Ra, 222Rn, 
21spo, and 214Po was 1920 rad. The 210Po dose 
was 120 rad, and 5.9% of the total dose re
sulted from 210Po decay. 

It can be seen that the fraction of the total 
dose derived from 210Po decay is rather insensi
tive with regard to the magnitude of the biolo
gical half-lives of 226Ra and 210Pb, and it is 
safe to say that for long periods of exposure, 
the nopo dose is approximately 5-6% of the 

total alpha dose. 
Calculations based upon data presented else

where, (19> indicate that the total dose arising 
from the 228Ra decay chain was approximately 
5200 rad, assuming a 10.4 year biological half
life for radium. Therefore, it would appear 
that her total radium dose was 10,000 rad, or less, 
depending upon the biological half-life of radium 
used in the calculation. Since it is unlikely 
that the radium biological half-life is less than 
10.4 years, the figure of 10,000 rad is the upper 
dose limit. It might seem inconsistent, at first, 
that smaller doses are associated with longer 
biological half-lives of radium. This arises from 
the fact that the initial radium burden is cal
culated from a known terminal burden, and 
becomes smaller as the radium biological half

life increases. 

Considering the individual sections of the 
skeleton, the average 222Rn factors calculated 
for these sections, the 226Ra concentration in 
each section, and a biological half-life of radium 
of 10.4 years, the highest dose calculated due 
to the 226Ra decay chain is 13,000 rad, and 
the lowest dose, 840 rad, as compared to the 
skeletal average of 5418 rad. 

For Case 5278, whole body counting indi
cated her biological half-life for radium to be 
about 10 years. Using this figure, her average 
skeletal dose from 226Ra was calculated to be 
390 rad, with a range of 110 rad to 840 rad 
for the individual bone sections. 
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INFLUENCE OF THE PHYSICO-CHEMICAL BOUND OF 
226RA IN THE FOOD, ON BODY BURDEN AND 

DISTRIBUTION IN GUINEA-PIGS (CAVIAE) 

0. VAN DER BORGHT 

Departement de Radiobiologie, Centre d'Etude de l'Energie Nucleaire, Mol 

L. BUGYAK.I 

Institut d'Hygiene et d'Epidemiologie, Ministere de la Sante Publique, Bruxelles 

R. K.IRCHMANN, S. VAN PUYMBROEK 

Departement de Radiobiologie, Centre d'Etude de l'Energie Nucleaire, Mol 
(Belgium). 

Abstract-Analysing the extractability of 226Ra from in vivo contaminated roots and leaves of 
pea plants showed that the 226Ra in leaves was about twice as soluble in water as the 226Ra 
present in the roots. No significant difference was found between the quantity of 226Ra extracted 
by NaN03, CH3COOH or HCl from food pellets made with powdered carrots and in vivo 

contaminated pea leaves, compared with similar pellets contaminated in vitro by addition of 
a RaC1 2-solution. 

The enhanced quantity of the water-extractable 226Ra in food pellets prepared from con
taminated leaves or from in vitro contaminated pellets, as compared with pellets prepared from 
contaminated roots, had no significant influence on the body burden in guinea-pigs. This could 
be explained by the anyhow low percentage of water soluble 226Ra (about 5-12% of the total 
Ra-content) in the food. 

When fasting animals were given an aqueous RaC1 2-solution, the body burden reached a 
level twice as high as when the Ra was given together with food pellets (resp. 5% and 2% of 
administered dose). 

Contamination by intubation of a RaC1 2-solution or together with food on which 226Ra could 
partly be adsorbed in the gastro-intestinal tract, did not result in a different distribution of 
radioactivity between the organs. When the radioactivity/g fresh muscle is taken as unity, a 
level of6 X 102 is obtained in the femur, of4 X 10 2 in the eye and of2 X 101 in kidneys and 
intestinal walls. The very high Ra-content of the eye is particularly interesting, as it is known 
that also Ca and Ba, but not Sr, are concentrated to a considerable extent in this organ. 
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In Vivo MEASUREMENT OF LUNG BURDENS OF NUCLIDES 

EMITTING SOFT, PENETRATING RADIATIONS 

G.R.LAURER 

Institute of Environmental Medicine, New York University Medical Center, 
New York, N.Y., U.S.A. 

Abstract-The objective of this study is the design and calibration of a whole body counter 
crystal detection system for the in vivo measurement of lung burdens of the nuclides 90Sr, 239Pu 
and uranium (natural and enriched) at levels of fractions of the MPC. The study is divided into 
two parts, ( 1) the design, construction and performance of the crystal detection system, and 
(2) calibration of the system for the three nuclides using appropriate lung phantoms. 

A major problem in the measurement of small amounts of these low energy photon emitters 
(
90Sr-bremsstrahlung, 239Pu-17 keV X-ray, uranium-90 keV and 186 keV y-rays, is the reduc

tion of background in the low energy region of the spectrum. Accordingly, the first part of the 
experiment involved the reduction of low energy background by optimization of crystal thick
ness for detection of photons in this energy region and by use of anti-coincidence methods for 
reduction of the Compton continuum. 

Experiments performed on several thicknesses of a 4.5 in. dia. Csl crystal, utilizing 8 2/B as 
a figure of merit, show that a thickness of 1 mm is very close to optimum for all three nuclides. 
To further reduce the background, an experiment was performed ;using a 3 in. dia. X I mm. 
thick Csl crystal optically coupled to a 3 in. dia. X I in. thick Nal crystal, the crystal pair 
being viewed by a single multiplier photo tube. The principle of rise-time discrimination was 
used to attenuate the low energy background due to Compton events in the Csl crystal. The 
results of the experiment show a reduction of 40 per cent at the Compton edge and 70 per cent 
in the low energy region for a point source of 137Cs. Overall background reduction was 75 per 
cent from approximately 30 keV to 750 keV. 

The second part of the study, now in progress, involves the calibration of an 8 in. dia. X 1 mm 
thick Csl crystal optically coupled to an 8 in. dia. X 4 in. thick Nal crystal for the in viuo 

measurement of the three nuclides. This part of the experiment, utilizing appropriate lung 
· phantoms, will define the lower limit of detectability for the anti-coincidence system, and the 

variance in the measurement between the two probable extremes of source configuration in the 
lung, i.e. a point source and a distributed source. 
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ACCUMULATION OF 90Sr IN HUMAN PERMANENT TEETH 

IN THE UNITED KINGDOM. ROYAL NAVY SURVEY 

1959-1965 

W. E. STARKEY 

Royal Naval Medical School, Alverstoke, Hampshire, U.K. 

Abstract-A continuing survey of 90Sr accumulating in human permanent teeth has been 
conducted by the Royal Navy since 1959. The investigation is confined to perfect teeth, viz. 
premolars from persons 9-13 years old and third molars from persons 17-21 years old. Roots 
and crowns are divided, bulked according to age group and analysed separately. Continuous 
results are available up to the end of 1965 respecting over 11,000 teeth collected from all parts 
of the United Kingdom. The findings have reflected the rising nuclear yields. 90Sr is accumu
lated in the teeth by irreversible deposition and the obtained values (estimated in pCi/g Ca) 
steadily increased with the passage of time. At any given point they were highest in the teeth 
of the youngest groups since these were obtained in an active state of mineralization during a 
period when dietary levels were rising. Similarly, in any given age group, concentrations were 
higher in the roots than in the crowns since the roots were affected by recent uptake whereas 
the crowns (which are the first to form) had mineralized when dietary levels were relatively 
lower. Since the crowns related to previous uptake, it was possible to deduce the probable 
activity of9°Sr during mineralization for the years 1956/1959. The overall relationships corres
ponded closely with the results of the bone survey reported by the Medical Research Council in 
respect of deceased subjects age 5-19 years. This suggests that selective tooth sampling could 
provide useful information about the level of 90Sr in the bones of living subjects. 
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INTERNAL DOSIMETRY OF 75Se-METHIONINE 

R. E. JOHNSTON, J. R. MATHER and A. B. BRILL 

Division of Nuclear Medicine and Biophysics, Vanderbilt University School of Medicine, 
Nashville, Tennessee, U.S.A. 

Abstract-75Se-methionine is in limited use for radioisotopic visualization of the pancreas 
and parathyroid glands. Also, 75Se in the form of sodium selenate is a promising means for 
estimating the extracellular fluid volume. Some dosimetry studies have been reported, but 
present estimates of the pertinent radiologic dosimetric factors show discrepancies. It is thus 
important to determine more accurately the radiation hazard of 75Se in order to assist in the 
evaluation of its usefulness in medical diagnostic procedures. 

A detailed determination of the y-coefficient and average fl-energy per disintegration has 
been carried out using experimental data whenever possible, and theoretical values where 
experimental data are unavailable. The y-coefficient was calculated to be 1.925 rfmCi hr at 
1 em; the average energy from electrons and fl-type radiation (Efl), was calculated to be 
12.8 keVfdis. 

Some biological distribution studies in animals limited to short time periods ( < 24 hr) have 
been reported. We have made a long term investigation (70 days) of 75Se-methionine meta
bolism in rats. These investigations show a disproportionality high amount of 75Se in the 
gonads which only becomes apparent after about 15 days. Since the gonadal deposition of 
this radioactive element could be a function of the stage of reproductive ability of the organism, 
experiments have been conducted to evaluate the gonadal uptake and retention as a function of 
age of the organism. 

Results of these experiments and the relation to radiation dose in humans will be presented. 
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PROBLEM! DI DOSIMETRIA E DI PROTEZIONE 

NELL'IMPIEGO DI DIURETIC! MERCURIAL! MARCATI 

NELLA SCINTIGRAFIA CEREBRAL£ 

G. TORI e colt. 

Istitutodi Radioterapia, Ospedale Civile, Verona (Italy) 

Sonunario-Questi problemi si pongono in differenti termini in rapporto al tipo del radio
nuclide usato per la scintigrafia cerebrale. 

L'uso di un diuretico marcato con 208Hg com porta l'assorbimento di una dose totale corporea 
che e di modesta entita mentre invece la dose assorbita dai reni puo raggiungere valori di 
40-60 rad. 

Tali dosi non rappresentano un serio rischio, rna possono. dar luogo a qualche perplessita 
soprattutto nei riguardi dell'impiego della 203Hg nei bambini e nelle donne giovani. 

La ripetizione della scintigrafia in diversi periodi di tempo, pone inoltre il problema della 
fissazione del radiomercurio a livello delle cellule tubulari renali. 

E' questa un problema oggetto di particolare studio, e noi stiamo conducendo delle ricerche 
allo scopo di : 

I. ridurre la captazione renale del radionuclide; 
2. accertare l'esistenza di eventuali alterazioni provocate dal radionuclide nei tubuli renali. 
Nell'intento di ridurre la dose-rene, noi usiamo somministrare due ore prima dell'iniezione del 

radionuclide, I ml di mercuhydrin non radioattivo, il quale e in grado di saturare parzialmente 
le cellule tubulari e di ridurre le loro capacita di captazione. 

Nel tentativo di studiare Ie alterazioni renali in pazienti sottoposti a ripetute scintigrafie con 
radiomercurio 203Hg, noi abbiamo eseguito biopsie renali a differenti periodi di tempo dalla 
iniezione del radionuclide. 

Le suddette cause di perplessita nei riguardi della dose-rene non hanna ragione di esistere 
se si impiega ii radiomercurio 197Hg. Questa sostanza consente infatti di ridurre grandemente 
la dose-rene, in pratica a circa il 3 per cento della dose-rene corrispondente all'impiego del 
•osHg. 
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AN ESTIMATE OF DOSE TO VARIOUS BODY ORGANS 

FROM ADMINISTRATION OF NEOHYDRIN LABELED 

WITH 203Hg 

M. R. FORD and W. S. SNYDER 

Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee, U.S.A. 

Abstract-Neohydrin tagged with 203Hg is a useful agent for brain tumor localization. How
ever, its use in routine scanning has been questioned because it is known to deliver a relatively 
high radiation dose to the kidneys. Also, the question of the dose it delivers to the gonads has 
been posed. 

Immediately following intake, the 203Hg will be distributed generally throughout the body. 
Thereafter it will be present largely in the kidneys, in the bladder, and in the ureters where its 
residence times will vary considerably in individual cases. For this reason, the doses to body 
organs, particularly to the cortex and medulla of the kidneys and to gonads, are calculated for 
l mCi · hr of source in each of the organs where the 203Hg resides. In this form the results may 
be adjusted to provide an estimate of dose in an individual case. The organs are simulated by 
simple geometrical configurations within a man-like tissue phantom, and they have approxi
mately the location, dimensions, and masses of "standard man". The ,8-dose is computed by 
conventional methods, but the doses from y-rays and X-rays are estimated by use of a Monte 
Carlo-type computer code. 

Estimates using biological data from several patients indicate that the doses to the cortex, 
medulla and ovaries might be roughly in the ratio 15:1 :0.1. Frequently 10 f'Cijkg is adminis
tered, and at this level the dose to the ovaries in typical cases might be of the order of 0.5 rad. 
Data obtained by analysis of blood and urine specimens can be used to adjust the above esti
mates in individual cases. 
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DISCUSSION 

]. B. HURSH (U.S.A.): 

I should like to ask Dr. Lindell if the radon found 
in the cow's milk derives, in his opinion, entirely from 
the ingested water or if respired radon is an appreci
able supplemental source. 

B. LINDELL: 

We first found Rn 222 in cow's milk from two farms 
which were investigated for Cs137 in milk. We visited 
the farms and were able to prove that the radon 
originated in the water that was used by the cows and 
which was taken from deep bored wells which held 
about 40 nCi/1. 

w. s. SNYDER (U.S.A.): 

Did your calculations take into account the reten
tion of Pb 210 in the body? 

B. LINDELL: 

We have not made any measurements oflead-210, 
as yet. 

R. B. HoLTZMAN (U.S.A.): 

Are you familiar with the Rn emanation bones 
which show emanation values in titro bone about 
equal to the measured wholebody emanation? 

H. G. PETROW: 

Yes, I am familiar with the data of Rowland et al. 
and Mays et al. pertaining to the loss of radon from 
dead bone, both human and beagle. I submit first, 
that human bone that is living, is not the same as 
dead bone, whether human or dog. Secondly, Mays 
et al. have shown that in young beagle bone, radon 
retention is less in the- ends oflong bone, than in the 
shaft. · 

w. E. STARKEY: 

When this is done they correspond closely with the 
bone values obtained from similar age-groups. , 

Since the tooth burdens are permanent and the 
bone levels are labile this suggests that the teeth could 
be used to estimate levels that had previously pre
vailed in bone, many years after they had been modi
fied by changing dietary conditions. 

R. J. DELLA RosA (U.S.A.): 

SrQ0 in teeth of beagle dogs, relative to bone, 
represents the maximum concentration in teeth re
lative to Sr90 concentration of diet at time teeth are 
formed. Unlike bone which has a discrete turnover 
of mineral, that of teeth is very small, and thus can 
be considered representative of diet and the deposition 
of dietary Sr90 in hard tissue at any time after the 
formation of permanent teeth. These observations 
are in essential agreement with those made by Dr. 
Starkey. 

R. E. JOHNSTON (U.S.A.) : 

In the paper on Se76 dosimetry, I should like to 
point out a correction. With more recent experi
mental data for the decay scheme ofSe75, and in more 
proper units, the gamma factor is equal to 1.93 
roentgens per mCi-hr at 1 em, and the average fJ
energy is 12.8 keV/dis. 

In our biological studies we found an increased 
concentration of selenomethionine in pre-pubertal rat 
organs, as compared to the post-pubertal organs, In 
addition we also note a peak concentration in the 
gonads between 10 to 15 days, as compared to 6 to 
24 hr for other organs. We thus feel that it is im
portant to consider the stage of development of the 
animal when investigating the biological distribution 
of radionuclides for dosimetric purposes. 

G. ToRI (Itafy): 

Pongo due domande: 
The concentration of SrOO in the roots relates to I. Se gli au tori hanno calcolato il rapporto di 

recent dietary levels while the mean concentration in accumulo della Se75-metionina nei ratti tra fegato 
the crowns seems to relate to dietary levels prevailing e gonadi. 
about 4 years previously. By extrapolation, curves 2. Se gli autori possono precisare l'entita dell'accu
can be constructed to express the uptake of Sr90 mulo del radionuclide nelle gonadi nei ratti giovani 
throughout the period of development of the tooth. ed in quelli di eta adulta ed avanzata. 
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R. E. JOHNSTON: 

1. We attempted to relate the integral concentra
tions in the organ to the organ retention, the total 
body mass, and organ mass. We found the ratio of 
organ retention for pre-pubertal to organ retention for 
post-pubertal for the gonads to be 0.88 or approxi
mately 1, which implies an independence of age for 
organ retention for the gonads. The same ratio for the 

kidneys was found to be 0.5. 
2. We found a difference of 2!- times greater con

centrations in all pre-pubertal organs in general, i.e. 
livers, kidneys, and gonads. 

G. TORI: 

II problema della dosimetria beta, gamma del 

Hg 203 a livello renale e tuttora aperto. I dati della 
letteratura sono piuttosto discordanti. Noi saremmo 
lieti di avere al riguardo qualche suggerimento da 
parte di esperti qui presenti. Presentemente stiamo 
controllando, mediante biopsie renali nell'uomo, se 
l'entita delle dosi assorbite dai reni e stata in grado di 
determinare lesioni apprezzabili. Finora per<), il 
periodo trascorso dalle osservazioni effettuate non e 
sufficienlemente lungo per trarre conclusioni 
definitive. 

M. R. FoRD (U.S.A.): 

I should like to add that the dose value we have 
estimated for a typical treatment is within the range 
of values reported by Dr. Tori in his paper. 



THE VARIATION WITH AGE OF ELEMENTAL 

CONCENTRATIONS IN HUMAN TISSUE* 

ISABEL H. TIPTON, JUDY C. JOHNS and MONICA BOYD 

Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Abstract-To determine MPC values for various segments of the population it is desirable to 
take into account the possible variation with age of the concentration of an element in a tissue. 
Studies carried out on data for I 73 subjects from the United States indicate a significant 
(p .:;:0.001) correlation with age of: aluminum in lung; calcium in aorta, rib, kidney, and 
testis; copper in cartilage and liver; magnesium in aorta, rib and vertebra; manganese in rib; 
phosphorus in aorta and testis; tin in lung. Since the values for the concentrations of these 
elements are found to be distributed log-normally (except those for calcium in rib which were 
normally distributed), equations for regression lines of the log of concentration on age (concen
trations on age for calcium in rib) have been determined and lines drawn with a 95% confi
dence interval. The concentrations of calcium, magnesium, and manganese in bone, and 
copper and manganese in liver are found to decrease; and the concentrations of calcium, 
magnesium, and phosphorus in aorta, calcium in kidney, and aluminum and tin in lung to 
increase with age. 

To determine whether or not the concentra-
tions of elements in human tissue vary with age, 
studies of the correlation between age and ele
mental concentration have been carried out 
using the data on 150 adult subjects <1- 4 > plus 
23 children <5 > from the United States. Rank 
correlation coefficients have been computed 
for each element in each tissue and the difference 
from zero tested as described previously. <6 l 

To take age dependence into consideration 
when attempting to determine MPC values for 
various segments of the population it is desirable 
to estimate the quantitative relation between 
age and concentration. It is useful to calculate 
intercept and slope of a regression line relating 
age and concentration and to make a plot of 
the line for quick visual reference. 

Before a meaningful regression line can be 
plotted, it is necessary to establish the fact that 
the quantities can be expected to have a linear 
relation. If, for every fixed value of the indepen
dent variable (in this case age), the values for 
the dependent variable (in this case concentra
tion) show a normal statistical distribution 

about a mean value, then the regression line 
may be determined by the method of least 
squares and confidence intervals determined by 
ordinary statistical procedures. However, in 
this study most of the values for concentration 
of a trace element in human tissue prove not 
to be distributed normally. Therefore before 
plotting regression lines for an element, the 
data have been tested for normality and for 
log normality. <7

• 
8
). Since calcium in bone 

showed a normal distribution, a regression line 
of concentration on age has been plotted for 
calcium; for all other elements the log of the 
concentration has been used instead of concen
tration in calculating and plotting the regression 
line. 

Table 1 includes those correlation coefficients 
of magnitude 0.32 and above and significantly 
(p:::;:: 0.001) different from zero for elements which 
were observed in concentrations above the limit 
of detection in 90% of the samples of a tissue. 
In this table the column "Number of Indivi
duals" shows the number of samples for which 
both a value for the concentration of the element 
in wet tissue and the age of the individual were 

*This work was supported by subcontract 2351 known. The last column in this table contains 
under W7405 eng 26 between Union Carbide the equation of the regression line of concen
Nuclear Corporation and The University ofTennessee. tration or log concentration on age. 
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FIG. lb. Variation with age of 
magnesium in aorta. The 
circles are actual data points: 
The triangles define the 95% 
confidence interval of the re-

gression line. 
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FIG. la. Variation with age of 
calcium in aorta. The circles 
are actual data points. The tri
angles define the 95% confidence 

interval of the regression line. 
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FIG. lc. Variation with age of phosphorus in aorta. The circles are actual data points. 
The triangles define the 95% confidence interval of the regression line. 

In the figures age is plotted as abscissa, and 
concentration or log of concentration of an 
element in wet 6ssue is plotted as ordinate. 
The equation of the line, the value of the cor
relation coefficient and the probability that the 
value could have occurred by chance are in
cluded within the outline of the figure. Indi
vidual values are indicated as small circles. 
The 95% confidence interval is indicated by 
triangular points on each side of the regression 
line. This interval is not bounded by straight 
lines, because there were different variabilities 
and different numbers of observations for dif
ferent age groups. 

The increase in aorta of the concentrations 
of calcium (Fig. la), magnesium (Fig. lb), and 
phosphorus (Fig. lc) reflects the commonly ob
served changes in blood vessels with age. 

The analyses which provided the values for 
the elements in bone (rib) were made on ashed 
samples of wet rib from which the marrow had 
not been removed. The ash fraction of wet 

weight of these samples decreased significantly, 
whereas the dry fraction of wet did not change 
significantly with age. The decrease in the 
concentration of calcium (Fig. 2a), magnesium 
(Fig. 2b), and manganese (Fig. 2c) in the wet 
sample (concentration in wet = concentration 
in ash X ash fraction of wet) is thus a reflection 
not only of the actual decrease of the inorganic 
matrix of the bone with age but also of an 
increase of the low-ashing fat component of 
marrow. 

Calcifica6on accompanying pathologic lesions 
in the kidney apparently has no specific correla
tion with age. <9> Since the kidneys which were 
analyzed for the present study were taken from 
grossly normal individuals, the increase in the 
concentration of calcium in kidney (Fig. 3) 
probably reflects an increase with age in the 
deposition of plaques in the blood vessels within 
the kidney rather than an increase in the con
centration of calcium in the tissue of the kidney 
itself. The increase of calcium in testis can 
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FIG. 2b. Variation with age of 
magnesium in bone (rib). 
The circles are actual data 
points. The triangles define the 
95% confidence interval of the 

regression line. 
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FIG. 2a. Variation with age 
of calcium in bone (rib). 
The circles are actual 
data points. The triangles 
define the 95% confidence 
interval of the regression 

line. 
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FIG. 2c. Variation with age of 
manganese in bone (rib). The cir
cles are actual data points. The 
triangles define the 95% confidence 

interval of the regression line. 
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FIG. 3. Variation with age of 
calcium in kidney. The circles 
are actual data points. The tri
angles define the 95% confidence 

interval of the regression line. 
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Fw. 4a. Variation with age of 
copper in liver. The circles 
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FIG. 4b. Variation with age of 
manganese in liver. The circles 
are actual data points. The tri
angles define the 95% confidence 

interval of the regression line. 
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Fra. 4c. Variation with age of 
molybdenum in liver. The circles 
are actual data points. The tri
angles define the 95% confidence 

interval of the regression line. 
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FIG. 5b. Variation with age of 
tin in lung. The circles are 
actual data points. The tri
angles define the 95% confidence 

interval of the regression line. 
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Element 

Aluminum 
Calcium 

Copper 
Magnesium 

Manganese 

Molybdenum 
Phosphorus 
Tin 

Table 1. Correlation of Concentration of Trace Element in Wet Tissue with Age 
{Correlation coefficients different from zero p ~ 0. 001) 
(Concentrations in micrograms per gram of wet tissue) 

Tissue Number of Correlation Equation of regression line 
individuals coefficient 

Lung 153 0.34 log cone AI = 0.654 + 0.014 (Age) 
Aorta 94 0.53 log cone Ca = 2.337 + 0.012 (Age) 
Bone (rib) 91 -0.47 cone Ca = 113,500 - 608 (Age) 
Kidney 129 0.39 log cone Ca = 1.717 + 0.005 (Age) 
Testis 71 0.37 log cone Ca = 1. 784 + 0.003 (Age) 
Liver 157 -0.35 log cone Cu = 1.033 - 0.004 (Age) 
Aorta 94 0.47 log cone Mg = 1.962 + 0.008 (Age) 
Bone (rib) 92 -0.64 log cone Mg = 3.173 - 0.004 (Age) 
Bone (rib) 92 -0.41 log cone Mn = -0.141 - 0.003 (Age) 
Liver 157 -0.33 log cone Mn = 0.226 - 0.002 (Age) 
Liver 157 -0.33 log cone Mo = 0.039 - 0.002 (Age) 
Aorta 91 

I 
0.46 log cone P = 2.700 + 0.007 (Age) 

Lung 152 0.42 log cone Sn = -0.958 + 0.013 (Age) 

probably be attributed to the same cause (Fig. 
6). 

2. I. H. TIPTON and M.J. CooK. Health Pfrysics 9, 103 
(1963). 

3. S. R. KoiRTYOHANN and C. FELDMAN. Health 
Physics Annual Report ORNL-3492, p. 178 (1963). 

The decrease of copper (Fig. 4a), manganese 
(Fig. 4b), and molybdenum (Fig. 4c) in liver 
is slight but significant. 

The individual variation of aluminum (Fig. 
5a) and tin (Fig. 5b) in lung is wide but the 
general increase from birth to old age is more 
than tenfold. The compounds of these elements 
which enter the lung by inhalation as dust are 
for the most part insoluble and so are not 
absorbed. 
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CALCULATION OF SPECIFIC ACTIVITY-TIME CURVES 

IN RELATIVELY INACCESSIBLE COMPARTMENTS OF 

A THREE COMPARTMENT KINETIC STEADY STATE 

MODEL 

MORIS L. SHORE and RICHARD K. FRED 

Department of Health, Education, and Welfare, Public Health Service, 
Division of Radiological Health, Rockville, Maryland, U.S.A. 

Abstract-When a radioactive tracer is administered intravenously to a living organism one 

can follow with relative ease the specific activity-time curve of the compound in the circulation. 
However, it is difficult to establish the specific activity-time curve of the compound in the 

various tissues of the organism. The nearest approach that can be made at the present time is 

the measurement of activity in the total organism using whole body counting techniques, or 
external and possible internal scanning procedures to obtain information on the specific accumu

lation of the radioactive tracer in a given tissue. The present study is designed to make use of 
the information available in the specific activity curve obtained from the plasma in conjunction 

with a single specific activity value obtained from a tissue to permit the calculation of the actual 
specific activity-time curve of the compound in the tissue. This approach has been tested in a 

three compartment model which has been simulated with a digital computer. 

INTRODUCTION the radioisotope, within a given tissue, during 
Radioactive tracers have been used exten- the course of the experiment. Such curves might 

sively to elucidate dynamic biological pro- make possible a reasonable estimate of the 
cesses. <1 - 4 > Their use has provided considerable radiation dose delivered to the tissue by the 
insight into the turnover of elements and com- internal emitter. <7 > 

pounds of biological significance in the plasma Ginsburg and Wilde, <8> in a previous investi
and tissues of living organisms. Such studies gation of the distribution kinetics of intraven
are often complicated by the existence of com- ously administered 42K, described the plasma 
partments of limited access. Thus, a radioactive specific activity disappearance curve for 42K 
element or labeled compound can be injected in the rat as the sum of five exponential terms. 
intravenously, and its specific activity followed These workers considered their data to be 
closely through repeated sampling of the plasma consistent with a six compartment mammillary 
compartment. However, generally it is not pos- model composed of a central compartment and 
sible to sample a tissue compartment repeatedly. five peripheral compartments. In their experi
Any attempt to effect such tissue sampling might ments, they attempted to calculate the tissue 
result in perturbation of the system being specific activity-time curves that might be pre~ 
examined. dieted on a mathematical basis. Their pre-

Tissue specific activity-time curves may be dieted curves were not in good agreement with 
helpful in the estimation of rates of synthesis composite experimental tissue specific activity
and breakdown of the compound within tissue time curves. 
compartments. <1

• 
5

• 
6 l Additionally, in experi- In the present study, experiments were per

ments where a radionuclide is administered to a formed using a computer simulated model of a 
living organism, it might be desirable to de- three compartment open mammillary system. 
termine the total concentration-time curve of Experimental specific activity-time curves were 
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obtained from each of the compartments of the 
model after simulated introduction of a radio
active tracer into the central ("plasma") com
partment. Using data obtained from an inde
pendent analysis of the time curve of specific 
activity in the "plasma" compartment, and a 
single data point from each of the two peri
pheral ("tissue") compartments, it was possible 
to calculate the specific activity-time curves 
for each of the peripheral "tissue" compart
ments. Each experimentally obtained "tissue" 
curve was in good agreement with its respective 
calculated "tissue" curve. 

METHODS 

Two models having the configurations shown 
in Figs. 1 and 3 were simulated using the digital
analogue simulation techniques. Programs de
veloped for the IBM Models 1620 <9 > and 7094 <10

> 

computers were employed. 
Programs were developed in our laboratory 

for the generation of multiexponential functions, 
and for their resolution into exponential com
ponents. The latter was accomplished by a 
programmed tail-subtraction method which was 
helpful in eliminating subjectivity from such 

analysis. 

RESULTS AND DISCUSSION 

Tracer kinetics in the two compartment open 
model in the steady state have been previously 
examined.<6 • 11• 

12 > In such a system (Fig. 1), 
it can be demonstrated that following initial 
introduction of label into one compartment, 
the specific activity-time curves of each of the 

0 .....-D.---Fl F2 CO 
--. Vx--+ 

COMPARTMENT 1 COMPARTMENT 2 

Fm. 1. The two-compartment open dynamic 
model. y, x, amount of labeled compound in 
compartments 1 and 2. Vy, V,,, amount of total 
compound (labeled and unlabeled) in compart
ments I and 2. F1, rate of exchange of com
pound between compartments 1 and 2. F 2, rate 

of synthesis and breakdown of compound. 

compartments can be described by the following 
equations: 

and 

yjVy = Cle"t + Czent, 

xjV, = C3eat + C4eBt. 

(1) 

(2) 

If the initial specific activity (yfVy)t-o = 0, 
then cl = -02, then equation ( 1) reduces to: 

yfVy = -C2eat + C2e
8t, (3) 

and equation (2) will remain unchanged. Simi
larly, if the specific activity (x/Vz) t=o = 0, 
then C3 = -04, equation (2) will reduce to: 

(4) 

and equation (I) will remain unchanged. Given: 
(a) conditions described in either (3) or (4), 
(b) the specific activity-time curve in the com
partment into which tracer is initially intro
duced and (c) a single specific activity point in 
the second compartment of the system, one has 
sufficient data for the calculation of the specific 
activity curve of the second compartment. <4> 

Such an approach is feasible for the relatively 
simple 2 compartment open system, as has been 
demonstrated theoretically and can be illus
trated practically with the use of data obtained 
from a well-defined model system (Fig. 2). 

While the kinetics of a number of substances 
have been described in terms of two compart
ment systems, (a, 12> such simple models may 
have limited application to the study of sub
stances administered intravenously to normal 
organisms. Models of considerably greater com
plexity have been proposed to describe, among 
others, the kinetics of carbonate, iodine, iron, 
sodium, potassium, and calcium. <3• 4) 

The following discussion relates to a specific 
well-defined 3 compartment open mammillary 
model in the steady state (Fig. 3), consisting of 
a central compartment representing the "plas
ma", and two finite peripheral "tissue" com
partments. A fourth, infinite compartment, 
is implied in this model and represents the 
pathway of loss of label and compound froi:n 
the system, i.e. excretion. Ginsburg and Wilde 
used a number of animals to determine compo
site specific activity-time curves with only one 
time-point contributed by each animal. For 
the purpose of critical analysis, our study was 
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;onfined to a computer simulated model, whose 
:;haracteristics and parameters were clearly de
fined .. This provided data relatively free of 
experimental error and biological variation. 

If the model system in Fig. 3 is initially 
unlabeled, and labeled compound is intro
duced into the central compartment, the time 
curves of specific activity in the various com
partments can be described by the following 

10. 
LABElED COMPOUND 

M) X 

Q ---+D--+ F!•5/MIN F2•5/IIIN 

+- V=200 ~ 
COMPARTMENT 1 1 

COMPARTM£HT 2 

·01 oL---,11::-0 ---::2':-0---;3!:;0--4-!:0,---5;';;0,------;!60 

TIME !MINI 

Fro. 2. Calculation of specific act1vtty-time 
curve in compartment 2, using data obtained 
from compartment 1 and the single terminal 
point ( 8) in compartment 2. The two compart
ment open model was simulated using a digital 
computer. "Labeled compound" was intro
duced into compartment 1 and specific activity 
-time curves were obtained in compartments I 
and 2 as shown by the solid lines. Using 
graphical analysisyJVy was resolved into its two 
components and a. and fJ were determined. 
Through the terminal point obtained from 
compartment 2 ( 8) a line was drawn with 
slope = .p to zero time. Through the zero time 
intercept (C4), a line was drawn with slope= a. 

C4ellt - C4e
11

t was computed, giving the points 
( 0) of the calculated curve for xfV:x. 

J,R,P. VOL. 1-BB 

,-------,~~x Vxl 
-~ Y 1/ PERIPHERAL "TISSUE" 

CIO f 3 V COMPARTMENT 1 

- y~ 
CENTRAL "PLASMA" ~2 _.-, z-------., 

COMPARTMENT ~ 

Vz 

PERIPHERAL "TISSUE" 
COMPARTMENT 2 

FIG. 3. The three compartment open mamil
lary model. y, x, z = amount oflabeled com
pound. Vy, V:x, Vz, amount of total (labeled and 
unlabeled) compound. F1, F 2, rates of exchange 
between "plasma" and "tissue" compart
ments. Fa, rate of exchange between "plasma" 
compartment and an external infinitely large 

compartment. 

equations (F1, F2 , Fa, V:x, Vy, and Vz are con
stants): 

yfVy = Cleat + C2elit + C 3en 

xfVx = C4e"'t + C5e11t + C6en 

z/Vz = C7e
11

t + C8e
6 t + C9e1 t 

(5) 

(6) 

(7) 

By definition, the specific activity of the implied 
infinitely large compartment is always equal 
to zero. 

The values of a, (3, and y are negative and it 
is assumed for the purposes of this discussion 
ial>lf31>1yl. Thus, if we, consider that 
yfVu represents the specific activity in the central 
or accessible compartment, y represents the 
final slope of the specific activity curve that 
will be obtained from that compartment. 
Gamma (y) has the same significance relative 
to each of the two "tissue" compartments. 

If the system is initially unlabeled, and 
labeled compound is introduced into the "plas
ma" compartment, then at t = 0 the specific 
activities in the "tissue" compartment (x/Vz)t-o 
and (z/Vz) t=o will be equal to zero and the 
following relationships exist: 

and 

C, = -(Cs + Ca), 

C, = -(Cs + 09)· 

(8) 

(9) 

The exponents a, {3, y may be obtained by 
resolution of the components of the "plasma" 
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specific activity-time curve. The coefficients 
of the exponential terms, viz. C3, C6 , and C9 , 

are the zero time extrapolates of the final (y) 
component of each curve. With this informa
tion, it appears theoretically possible to get 
values for the other coefficients (C4, C5, C70 and 
C8 ) by the simultaneous solution ?f a system of 
algebraic equations. Such an approach, how
ever, is in fact not feasible: at the time when the 
final slope (y) is established for each of the 
"tissue" compartments, the more rapidly "de
caying" exponential components of the "tissue" 
specific activity curves can no longer be used 
to obtain information on the parameters of 
the rapidly decreasing exponential components 
(i.e. those with slopes a and {3). Therefore, 
another item of independent information is 
required before a solution can be effected. 

If one examines the relationships between 
the "tissue" and the "plasma" compartments, 
it can be seen that in each instance labeled 
compound in the "plasma" compartment is the 
immediate and only precursor of label in the 
"tissue" compartment. In accordance with 
the compound-precursor relationship described 
by Zilversmit et al., <13 l this imposes a constraint 
on the specific activity curves that will be ob
tained from the compartments of this model 
when label is introduced into the "plasma" 
compartment of the system: namely, when 
"tissue" specific activities achieve their maxima, 
the "tissue" specific activities will in each case 
be equal to the specific activity of compound 
in the "plasma" compartment at that time. 
This is illustrated in Fig. 4. Thus, if labeled 
compound is initially introduced into the "plas
ma" compartment (Fig. 3), at time Tl the 
specific activity in peripheral "tissue" compart
ment 1 will reach its maximum and the following 
relationship will hold: 

Cle"Tl + C2eJ'Tl + CaeYTl 
= C5(ePT1 _ e"T1) + Ca(eYTl _ e"Tl). (10) 

Since the specific activity in the "tissue" com
partment I goes through its maximum at Tl 
the following can be written: 

d(x/Vr:) 

dt 
0 

= C5(f3eP:n_ ae"T1) + C6(yeYT1 - ae"T1) (ll) 

100.0 

Y/Yy • _ 
(X/Yxlmax .. X/Yx-Y!Vy 

10 

T1 T2 

AND 

20 

d(X/Y1) 
dt=O 

30 

TIME (MINI 

40 50 

Fro. 4. Constraints imposed upon specific acti
vity-time curves :obtained in the various com
partments of the three compartment model 
(Fig. 3), when labeled compound is introduced 
into the central "plasma" compartment, and is 
the immediate and only precursor oflabel in the 

"tissue" compartments. 

It follows that : 

sa 

[

yeYTl _ ae"Tl] 
-C =C 

5 6 f3ePTl _ ae"Tl 
( 12) 

Substituting equation (12) into equation (10) 
we now have: 

Numerical solution of equation (13) provides 
the value of Tl which can be substituted into 
equation (12) to yield the value of C5• ·From 
equation (8) the value ofC4 can now be obtained. 
With the values of a, {:3, and y obtained by reso
lution of the "plasma" specific activity curve 
we can now calculate the specific activity curve 
for peripheral "tissue" compartment 1. A 
similar algorithm can be used to obtain the 
specific activity curve for peripheral "tissue" 
compartment 2. 

It is important to appreciate the significance 
of the early portion of the "plasma" specific 
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act1v1ty curve, particularly during the time 
when it is undergoing transition from the early 
rapid disappearance, near t = 0, to the final 
tail portion of the curve (with the slope = y). 

·This transitional portion of the curve contains 
the crucial information necessary to accurately 
resolve the more rapidly decreasing compo
nents of the disappearance curve. Unless a 
sufficient number of values is obtained experi
mentally in this region, any attempt to resolve 
the multiexponential curve into its exponential 
components may yield invalid results. One of 
the disadvantages of the tail subtraction method 

100.0 

y/Yy "PLASMA" COMPARTMENT 

values obtained from the two peripheral "tis
sue" compartments are presented. Using a 
programmed tail subtraction technique, the 
"plasma" curve was resolved into its exponential 
components, and the slopes a, {3, and y were 
determined. Through each of the 60 min 
terminal values obtained in the peripheral 
"tissue" compartments, extrapolations were 
made to time = 0 with slop'e equal toy. These 
zero time extrapolates are the values of C6 and 
C9• Using the computer, a numerical solution 
was obtained for Tl (equation 13); and simi
larly, T2. T2 is the time at which peripheral 

/ LABUED COMPOU.ND F •1000 CJ. 
l•O \ ~~ PERIPHERAL "TISSUE" 

.. COMPARTMENT 1 

F 3 •l~L:J~ Y1 •10,000 

- F2•JOOO 
Yy•S,OOO ~CJ > 

§ 
ti 

CENTRAL "PLASMA" ---....::: PERIPHERAl '71SSUE" 
COMPARTMEIIT y z, 10,000 COMPARTMENT l 

: 10.0 
;;: 

~ ... .. "TISSIJE" SAMPLE 
COMPARTMENT 2 

"TISSUE" SAMPLE\ 
COMPARTMENT 1 £ 

::----£ 

1.0 t._ __ __,_ ___ _L_ ___ L_ __ _,c ___ -:L-__ __J 

0 10 20 30 40 50 60 

TIME !MINI 

FIG·. 5. "Tracer experiment" performed using the three compartment open 
model shown in the insert. The values of Vy, Vz and Vz are in arbitrary 
units. The values of F1, F 2, and F8 are in arbitrary units per minute. The 
experimentally obtained "plasma" specific activity-time curves and single 

specific-activity values from the "tissue" compartments are plotted. 

is the compounding of error as successive 
exponentials are "peeled off" from the multi
exponential curve. Given sufficient data ofhigh 

·accuracy, the difficulties of analyzing multi
exponential curves containing even three com
ponents are considerable. Given insufficient 
data or data with a high degree of variability, 
and particularly with curves that contain more 
than three exponential components, the prob
lems may become insurmountable. 

Figure 5 presents ·an experiment performed 
with the computer simulated model. At time 
= 0 a dose of"radioactively labeled compound" 
was introduced in the "plasma" compartment. 
The "plasma" curve and each of the terminal 

"tissue" compartment 2 goes through its maxi
mum. The value for C6 was obtained from 
equation (12); and similarly, C8, C4, and C7 

were obtained by substitution of the proper 
values into equations (8) and (9). It was then 
possible to generate the curves for peripheral 
"tissue" compartments 1 and 2 using equations 
(6) and (7). The calculated curves and the 
experimentally obtained curves are presented 
simultaneously in Fig. 6. It can be seen that 
good agreement was obtained between the cal
culated and the experimentally obtained curves. 
Thus, with the three compartment open mam
millary model it is not only theoretically, 
but also practically possible to perform an 
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100.0 

to o'----,-'-o----'2o'----3-'-o--__~4o ___ s,Lo ___ s_jo 

TIME (MIN) 

FIG. 6. Comparison between calculated (e) and "experimentally" obtained specific activity 
curves in peripheral "tissue" compartment I (xfVx) and compartment 2 (z/Vz) (represented 
by solid lines). The terminal measured values for specific activity in each of the "tissue" com
partments are indicated ( 8_). Experimental parameters are given in Fig. 5. Details involved 

in the calculation of the "tissue" specific activity curves are given in the text. 

experiment in which specific activity curves in 
relatively inaccessible compartments can be 
calculated using information available from the 
"plasma" compartment of the system, and a 
single point from each of the peripheral "tissue" 
compartments. 
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RADIATION EXPOSURE FROM RADIOPHARMACEUTICALS 

IN CHILDREN* 
J. G • .KEREIAKES, H. N. WELLMAN and E. L. SAENGER 

Department of Radiology and Radioisotope Laboratory, University of Cincinnati, 
College of Medicine, Cincinnati, Ohio 

Abstract-The average radiation doses to whole body and to certain organs were calculated 
for a selected population of children administered radio-pharmaceuticals for diagnostic pur
poses. The thyroid uptake studies and dose calculations, collated with the findings of other 
investigators, suggest that thyroid tests for suspected disease in newborns, e.g. cretinism and 
inborn errors of thyroid metabolism, be made at least 1-2 weeks following birth unless the 
diagnosis becomes a life-saving procedure. The observations concerning other radionuclides 
indicate that both whole body and organ doses do not exceed those expected and that these 
labelled pharmaceuticals can be used in their accustomed doses safely in children. The findings 
are part of a continuing program for obtaining metabolic data in children to allow modifica
tions of the dose calculations presented here and in previous reports and provide more accurate 
and complete estimates of radiation exposure. 

INTRODUCTION 

The increasing use of radionuclides in medical 
diagnosis and research together with continuing 
environmental contamination from fallout and 
from industrial operations requires that we have 
accurate knowledge of the radiation exposure 
from the procedures of nuclear medicine. Al
though this information is frequently· available 
for adults, <1- 3 > only occasional reference is found 
to doses received by children, <4> a group in 
whom there is more concern about radiation 
exposure. Furthermore, many of the available 
data are based upon experience with the inor
ganic form of the radionuclide whereas today 
many radionuclides are incorporated into other 
molecules. These "tagged" substances are metab
olized differently than the inorganic forms, 
resulting in an altered radiation exposure. 

In recent communications we reported the 
average doses received by normal persons of 
varying ages from diagnostic tests employing 

"' Supported in part by Public Health Service 
Training Grant 4TIRH36-04 from the Division of 
Radiological Health; Public Health Service Training 
Grant ITIGM-1247 from the National Institute of 
General Medical Sciences; and by the Albertine 0. 
Schoepf Research Fund of the College of Medicine, 
University of Cincinnati. 

several radionuclides. ca-?) Doses were calculated 
for "normal children" based in many instances 
on metabolic values reported for adults. Be
cause of differences of the physiological response 
between adults and children, studies were ini
tiated to obtain information on the metabolic 
fate of several radiopharmaceuticals in infants 
and children who were referred for various 
illnesses or because of diagnostic problems. 

The average dose from an internally deposited 
radionuclide varies with the radionuclide, its 
chemical form, and its route of administration. 
Average doses calculated for medical use of 
radionuclides in standard man were calculated 
using standard beta-gamma formulae described 
by Loevinger et al. <B> The application of these 
formulae to infants and children required care
ful consideration of certain parameters, par
ticularly the following: (I) g, the average 
geometrical factor, which would be smaller 
in younger individuals because of their smaller 
size; and (2) n, the biological half-life, which 
may be different in younger individuals because· 
of a different metabolism. 

Whole body values of g in children were cal
culated using the procedure of Bush. <9 > Average 
heights for infants and children were obtained 
from tables given by Stuart and Stevenson. <10> 

775 
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Table 1. Body Weights, Organ Weights and Calculated Geometrical Factors for Various Ages 

Newborn 1 year 

Whole wt(g) 3540 12,100 

body ht (em) 50 75 
g (em) 64 89 

Thyroid wt (g) 1.9 2.5 
g (em) 7.0 8.0 

gp (em) 71.0 99.0 

Kidney wt (g) 23 72 
g (em) 16 22 

gp (em) 92 127 

Liver wt (g) 136 333 
g (em) 27 36 

gp (em) 92 127 

Spleen wt (g) 9.4 31 
g (em) 12 17 

gp (em) 92 127 

Liver- wt (g) 145 364 

spleen g (em) 28 37 

~P (em) 92 127 

Values of g for whole body and various organs 
are shown in Table 1. The calculations of the 
average geometrical factors for organs account 
for tissue absorption. Spherical shapes were 
assumed for the organs (with elongation ratios 
assumed for certain organs as kidney, spleen 
and liver). As noted, independent calculations 
of the average geometrical factor for each age 
group <7> are essential since extrapolation of 
values for standard man on the basis of some 
parameter as weight alone would result in under
estimation of the g for younger individuals, 
as noted by the log-log relationship shown in 
Fig. 1. Values of g for any child of specific 
height and weight can be derived by use of 
the detailed method of Bush. (9 > 

The metabolic fate of the various radionuc
lides has not been widely studied, a circum
stance which is responsible for some of the 
assumptions made in dose calculations. If bio
logical half-lives are not well known for adults, 

5 years 

20,300 
108 
94 

6.1 
11.0 

104.0 

112 
25 

134 

591 
44 

134 

54 
20 

134 

645 
45 

134 

200 

~100 

'"' 

10 years 

33,500 
139 
102 

8.7 
12.0 

113.0 

187 
30 

146 

918 
50 

146 

101 
25 

146 

1019 
51 

146 

"' . 

Standard 
15 years man 

55,000 70,000 
166 170 
112 126 

15.8 20.0 
14.0 15.0 

124.0 140.0 

247 300 
33 35 

160 180 

1289 1700 
55 59 

160 180 

138 150 
28 29 

160 180 

1427 1850 
56 61 

160 180 
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15yr man 

. 

20 L---~ 2 ~----5~--~,o~--~2o----~so----~~-
BOOY WEIGHT (kilograms) 

FIG. 1. Calculated whole body average geo
metrical factors, g, for various age groups as a 

function of body weight. 

e.g. 1370s, (11> the situation is even more com
plex for children because of the reluctance of 
investigators to administer radionuclides to 
children in order to study their normal physio
logical processes. 
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FIG. 2. Whole body counting arrangement for children. 

METHOD 

In this study, infants and children were fol
lowed for extended periods of time in a whole 
body counter following the administration of 
radiopharmaceuticals for diagnostic purposes. 
The whole body counter, shown in Fig. 2, 
has inside dimensions of 8 X 8 X 8 ft high with 
8 in. thick steel walls. One counting arrange
ment utilized an 8 in. diameter by 4 in. thick 
sodium iodide ( Tl) crystal with the subject 
either in the standard chair position (59 em and/ 
or 80 em distances to apex of the chair) or in a 
59 em supine position as shown in Fig. 2. Most 

. of the whole body counting data reported here 

result from the measurements made at the 59 em 
supine position. 

A sensitive thyroidal-uptake system was uti
lized for most of the thyroid studies, consisting of 
two 3 in. diameter by 1! in. thick sodium iodide 
( Tl) crystals each coupled to a 3 in. photo
multiplier tube (Fig. 3). These crystals are 
suspended from a yoke which fixes their position 
with one another with a central axis at 90° in 
the same plane. The crystals and lower por
tions of the photo tubes are shielded by a quarter 
inch of lead. This same crystal arrangement 
is also used for extra-thyroidal tissue (thigh) 
measurements. The outputs of these two 
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Fra. 3. Thyroid counting arrangement. 

100 

10 

THYROID ( T, • 4.7doys) 

WHOLE BODY COUNTER 
OUAL CRYSTAL TECHNIQUE 

1":t (O.I.uc -oral) 

newborn male 
uptake - 67 •t. 

6 9 12 IG 18 21 

DAYS AFTER ADMINISTRATION 

FIG. 4. 131Iodine retention in newborn. 

detectors are summed and processed by a multi
channel analyzer with standard punch tape 
and typewriter output. 

RESULTS AND COMMENTS 

1311 (Sodium iodide.) Typical retention curves 
for the dual crystal counting technique used 
in this study are given in Fig. 4. An effective 
half-life of 4. 7 days was determined for a new
born male having a normal uptake of67%. The 
uptake was determined as given in some previous 
work. <12> It consists primarily of using the 
Compton to photo peak ratio to obtain a cor-

. rected patient photo peak that takes into con
sideration the effective thyroid gland depth. 
Single exponentials were always found for the 
thyroid retention, whereas the extra-thyroidal 
(thigh) measurements showed at least two com
partments. 

As shown in Table 2, the uptake for the new
born was measured as 67%; whereas the thyroid 
uptakes for the other children studied ranged 
from 10 to 22%. The thyroid uptake values 
reported in the literature for children vary to a 
great extent, see review by Eisenbud et al. <13> 

Elevated 24 hr 1311 uptake measurements in 
newborns (1-3 days) have been reported. A 
number of investigators observed the uptake 
to be elevated early in the neonatal period, 
attaining maximal values of 62% within the 
first 48 hr and the returning to normal on the 
fifth day of age. <14-

17> Kearns et al. <18 > showed 
increased values for the thyroid uptake in infants 
soon after birth. On the other hand, Martmer 
et al. <19 > and Ogborn et al. <20> reported values of 
30% and 23%, respectively, in normal newbor~ 
infants. Oliner et al. <21 > measured 24 hr and 
48 hr uptake values ranging from 17-50% in 
children (2! months to 18 years). Van Dilla and 
Fulwy1er <2 2> found the percentage of dose present 
in the thyroid at 24 hr similar for both children 
and adults. In eight apparently normal child
ren, ranging in age from 4-10 years, the average 
retention of radioiodine was 20% (range of 10 
to 29%). In three adolescent children 12-14 
years of age, the 24 hr thyroid uptake was 15-
16%. The biological half-lives for children in 
Van Dilla's study averaged 84 days with a 
considerable range of 59 to 163 days. The 
biological half-lives for the three adolescent 
children ranged from 73 to 142 days. In this 
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Table 2. Thyroid Doses from 181I(Sodium Iodide) in Children 

Uptake Effective Thyroid dose 
Age half-life 

% days Observed Calculated* 
rad/FLCi rad/ILCi 

--

2 day 67 4.7 23.8 32 
1 month 10 7.0 5.0 32-10 
3 month 20 5.0 7.2 32-10 
2 year 10 5.2 2.5 6.2-2.6 
4 year 21 6.3 3.9 6.2-2.6 
6 year 22 5.8 2.9 2.6-1.8 

*Standard child groups. (5 ) 

study, the biological half-lives (calculated from 
effective half-life values given in Table 2) 
averaged 23.2 days with a range of 11.2 to 
51.5 days. Doses to the thyroid per microcurie 
of 131J were found to be somewhat below those 
previously calculated by us <5 > as shown in Table 
2. These values were found in patients whose 
levels of thyroid function were determined 
by 131J uptake, PBI andfor thyroxine levels, 
serum cholesterol values and clinical observa
tion. Since it is now possible to do uptake 
studies with 0.1 p.Ci of 131J or less, radiation 
doses can be lowered significantly. When pos
sible 1251 or other isotopes of iodine may reduce 

radiation dosage without interfering with diag
nostic accuracy. Since after the first week or 
so of life, there is a reduction in iodine uptake 
in the thyroid, isotopic tests should be deferred 
for this period unless the diagnostic procedures 
are required for a life threatening situation. 

Other 131J-labelled pharmaceuticals. Effective 
half-lives measured and doses calculated for 
other 131J-labelled radiopharmaceuticals are 
given in Table 3. For the triolein dose calcula
tions, absorption was considered to be complete 
and instantaneous. Ten percent of the adminis
tered dose was assumed to be distributed over 
the total body and not excreted. The remainder 

Table 3. Radiation Doses from 131I Pharmaceuticals in Children 

Age 

m I (triolein) 
3 month 
2 year 
1n I (serum albumin) 
2 year 
1S1I (rose bengal)* 
4 year 

I.R.P. VOL. 1-BB* 

Effective half-lives 
Weight days 

kg 

Tel Te. 

3.18 - 6.4 
9.55 0.4 6.0 

7.50 4.7 -

15.45 1.3 -

* Calculated dose to organ (liver) was 2.6 mrad/I'Ci. 
t Standard child groups. (a) 

Whole body doses 

Observed Calculatedt 
mradJ~LCi mrad/I'Ci 

7.2 10-3.3 
2.5 3.3-2 

12.3 8.9-5.4 

1.7 1.5-.92 
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Table 4. Radiation Doses from Radiopharmaceuticals in Children 

Age Weight 
kg 

Tel 

ncr (sodium chromate) 
4 month 8.18 15.0 
197Hg (chlormerodrin) 
3year 14.55 0.8 
12 year 47.28 0.9 
47 Ca (calcium chloride) 
7 year 25.00 0.7 
8 ~Sr (strontium nitrate) 
4 year 15.47 3.5 
12 year 40.00 1.4 

was considered to be distributed over the total 
body with biological half-lives of 0.5 day (with 
86% of the dose in the compartment) and 26 
days (14% of the dose in the compartment). 
In consideration of the whole body dose for 
la1J-tagged rose bengal, the dose to the whole 
body is the sum delivered by the circulating 
tagged rose bengal, circulating iodine ( 5% of 
the administered dose), the tagged rose bengal 
in the liver, and the tagged rose bengal in the 
gastrointestinal tract. For the latter, it was 
assumed that 95% of the administered activity 
is present in the gastro-intestinal tract with a 
biological half-life of 1.5 days. The reciprocal 
dose theorem was used, with gp taken for the 
abdomen. The liver dose was calculated assum
ing a biological half-life of 90 min. <23> 

51Cr (sodium chromate). In the calculation of the 
whole body dose for chromium-51 (sodium chro
mate), see Table 4, all the radioactive chromium 
administered was considered to have a total 
body distribution with a biological half-life of 
33 days. The value agrees with that reported 
for the average biological half-life of 33 days 
for chromium-51 in the circulation of the normal 
adult. <24

• 
25 > This value reflects both red-cell 

destruction and mere elution of the tag in vivo. 
The released chromium is in the chromic state 
and is not reincorporated into new erythro
cytes. <28 > 

Effective 
half-lives Calculated doses 

days 

Whole body Organ 
Tea mrad/11-Ci mrad/11-Ci 

- 1.6 -

2.6 0.16 68.1 (kidney) 
2.6 0,07 39.0 (kidney) 

4.6 2.8 4.5 (bone) 

58.0 16.3 68.3 (bone) 
53.0 8.6 32.8 (bone) 

197Hg chlormerodrin. For chlormerodrin (neo
hydrin) labelled with mercury-197, the whole 
body dose is delivered by the beta-equivalent 
and gamma radiation from the circulating 
radioactivity (biological half-life of21 min) and 
gamma radiation from radioactivity within the 
urinary tract (gp taken from the mid-abdomen) 
with biological half-times characterized by two 
phases, 1.4 days (with 75% of dose in the com
partment) and 70 days (25% of dose in the com
partment). In the calculation of the renal dose, 
it is assumed that the material is deposited in 
the kidneys and released in the two-component 
manner described above. 

85Sr (strontium nitrate) and 47Ca (calcium chloride) 
Strontium-85 retention was followed in two 
children with metastatic neoplasm for an exten
ded period of time using the 8 X 4 in. sodium 
iodide ( Tl) crystal and the 59 em supine posi
tion. These data, shown in Fig. 5, show at least 
two compartments having effective half lives 
of 3.5 and 58 days for a 4-year-old male and 
1.4 and 53 days for a 12-year-old female. Asso
ciated compartment concentrations are also 
given in Fig. 5. For the 85Sr dose calculations 
(see Table 4) one compartment comprises the 
bone and the other compartment the soft tissue. 
The weight of bone includes the marrow com
ponent and is taken as 14.3% of the body 
weight. <27 l The average whole body dose is 
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FIG. 5. 85Strontium retention in children. 

taken as a weighted average of that to each 

compartment. The long-life component (54% 

and 62% for the 4-year and 12-year-old, res

pectively) contributes to the calculated bone 

dose. 
The 47Ca measurements were made on a 

7-year-old girl with hypoparathyroidism. The 

same weighted average was used for the whole 

body dose calculations for 47Ca. Calcium was 

assumed to be lost from both compartments with 

a biological half-life of 20 hr. The long-life 

compartment concentration for 47Ca was only 

4%. This child is the only one at present for 

whom data is available. 

Both the whole body dose and organ (bone) 

dose calculated for 85Sr were higher than for 
47Ca. 
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EFFECT OF AGE AND DIET ON EXCRETION OF 

STRONTIUM AND CALCIUM BY RATS* 

ROY C. THOMPSON and RAY F. PALMER 

Biology Department, Battelle Memorial Institute, Pacific Northwest Laboratory, Richland, 
Washington, U.S.A. 

Abstract-Mature (8-month-old) and growing (26-day-old) rats, maintained on diets varying 
in calcium content from 0.03 to 2.0% were given a single injection of 90Sr and 45Ca and sub
sequent excretion of these radionuclides, in urine and feces, was measured over a period of 
60 days. Similarities and differences in their patterns of excretion are discussed in relation to 
the probable mechanisms responsible for the behavior noted. Of particular interest was the 
decrease in ratio of urinary to fecal excretion of both 90Sr and 45Ca as a function oftime follow
ing injection. This change was more evident for strontium than for calcium, was more evident 
in the adult than in the growing rat, and was most marked on a high calcium diet. To explain 
this variation it is hypothesized that strontium and calcium released from firm binding sites in 
bone may exist in the blood in a different form than strontium and calcium in equilibrium 
with freely exchangeable sites on bone surfaces. 

PREVIOUS publications from our laboratory 
described the deposition and retention of 90Sr 
and 45Ca in the boneofmature<1 > andgrowing< 2> 

rats. These studies involved both single admin
istration and continuous feeding of the radio
nuclides and were designed particularly to eluci
date the effect of dietary calcium intake on the 
interrelated behavior of strontium and calcium. 
Whereas these earlier studies were concerned 
primarily with radionuclide retention, as mea
sured in serially sacrificed groups of rats, we have 
attempted in the presently reported experiments 
to approach the problem by analysis of daily 
urinary and fecal excretion following single 
doses of 90Sr and 45Ca. Studies are reported in 
both mature and growing animals and at several 
levels of dietary calcium intake. 

METHODS 

Rats employed were females of the Sprague
Dawley strain. Studies were performed with 
mature animals, 7 months of age at start of 
experiment, and with weanling animals, 22 days 

\ 

* This paper is based on work performed under 
United States Atomic Energy Commission Contract 
AT(45-l)-1830. 

of age at start of experiment. The mature ani
mals were conditioned for 28 days to 0.03, 0.1, 
0.5, and 2.0% calcium diets. All diets con
tained 0.5% phosphorus. The further composi
tion of the diets is described in detail in an 
earlier publication. <1 > Three animals were main
tained on each of the diets. After the 28-day 
conditioning period, each rat received a single 
intraperitoneal injection of 30 ,u.Ci 45Ca and 
15 ,u.Ci 90Sr. The rats were kept in individual 
metabolism cages and urine and feces were 
separately collected, daily, for 14 days following 
radionuclide injection. Thereafter, collections 
were made on each of 2 consecutive days out of 
each week, with the final collection made at 
60 days postinjection. 

The experiment with growing animals was 
similarly performed except that 5 animals were 
included in each dietary group, the conditioning 
period was reduced to 4 days, the radionuclide 
injection was reduced to 4 ,u.Ci uca and 2 ,u.Ci 
90Sr, the 0.03% calcium diet group was elimi
nated, and daily urine and feces collections were 
continued through only the first 9 days post
injection, with twice weekly collections there-' 
after. The animals within each dietary group 
were kept in a single metabolism cage and 
pooled excreta samples obtained. 

783 
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Table I. Summarized Excretion Data(% of injected dose) 

Mature rats 

DOSr 

Urine Feces Urine 

0.03% Ca Diet 
Day 1 22 7.0 0.09 
Day2 5.0 8.7 0.17 
Days 5-9 (Avg/d) 0.80 0.66 0.06 
Days 40-60 (Avgjd) 0.07 0.17 0.02 
Days 1-60 (Total) 42 33 1.8 

0.1% Ca Diet 
Day 1 30 3.6 0.90 
Day 2 5.2 10.8 0. 71 
Days 5-9 (Avg/d) 0.82 0.74 0.18 
Days 40-60 (Avgjd) 0.06 0.17 0.03 
Days 1-60 (Total) 49 31 5.2 

0.5% Ca Diet I 

Day 1 34 5.6 5.7 
Day 2 6.2 8.4 1.4 
Days 5-9 (Avgjd) 0.80 0.62 0.30 
Days 40-60 (Avgjd) 0.05 0.15 0.02 
Days 1-60 (Total) 54 29 12 

2.0% Ca Diet 
Day 1 57 4.8 25 
Day 2 5.5 8.1 4.2 
Days 5-9 (Avg/d) 0.54 0.27 0.50 
Days 40-60 (Avg;'d) 0.02 0.08 0.02 
Days 1-60 (Total) 72 20 38 

Urine and feces samples were dry ashed at 
600°C, the residue dissolved in nitric acid and 
aliquots assayed for 90Sr and 45Ca by a dif
ferential beta-particle absorption technique~ 

Counting of samples was delayed for 2 weeks 
to ensure establishment of 90Sr-90Y equilib
rium. All counting rate data were corrected 
for radioactive decay. 

RESULTS 

A summary of certain features of the excretion 
data, from both the mature- and growing-rat 
experiments, is given in Table 1. The average 
daily excretion of 90Sr and 46Ca in urine and 
feces is shown for the first and second days post
injection, for the period of 5-9 days, and for the 
period of 40-60 days. Cumulative figures are 

Growing rats 

'"Ca DDSr 41Ca 

Feces Urine Feces Urine Feces 

4.3 
6.5 
0.92 
0.28 

35 

2.6 4.9 4.3 0.45 
9.0 0.93 1.3 0.09 0.10 
1.3 0.60 0.54 0.01 0.03 
0.28 0.11 0.21 0.07 

40 23 23 < 1.0 3.1 

5.3 4.5 5.5 2.7 
10. 0.88 1.8 0.69 

1.5 0.50 0.54 0.16 
0.30 0.14 0.16 0.06 0.14 

45 21 27 <5.0 15 

4.7 20 3.1 10 2.5 
9.6 1.4 2.8 0.66 2.3 
0.58 0.96 0.42 0.64 0.36 
0.14 0.17 0.10 0.17 0.12 

29 45 20 31 19 

given forthe total 60-day period. The first and 
second days' excretions of 90Sr and 45Ca were 
uniquely high, the second days' fecal excretion 
usually being higher than the first, due to holdup 
in the intestine. The 5-9 day period was one 
during which daily collections were made; it 
was beyond the early period of rapidly falling 
excretion rates; and it was a period of relatively 
stable urinary/fecal (U/F) excretion ratios. Data 
for the 40-60-day periods represent the average · 
of six collections made during the final 3 weeks 
of the experiment. In several instances urinary 
46Ca data were unavailable from the growing 
animals, due to the smaller injection levels em
ployed with these animals, and due to limitations 
of the differential beta particle absorption tech
nique which make it difficult to quantitate small 
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amounts of 45Ca in the presence oflarge amounts 
of9°Sr. 

There was a considerable scatter in day-to
day excretion values. This is illustrated in Fig. 1, 
where there are plotted daily average total 90Sr 
excretion values for the growing animals on all 
three diets, and 45Ca total excretion values for 
the growing animals on the 2.0% calcium diet. 

10 ~------------------------------~ 

0.5 

0.2 

0.1 

10 20 

• 

30 

{

"' 0,1,. Ca Diet 

sr90 c 0.5,. Ca Diet 

o 2.~ ca Diet 

ca45 • 2.~ Ca Diet 

c 

0 

40 50 

Days Post Injection 

FIG. 1. Daily average total excretion of 90Sr and 
45Ca injected intraperitoneally at age 26 days. 

• 
0 

60 

While fluctuations by as much as a factor of 2, 
from day to day, or even from week to week, 
were common, the general trend of change in 
excretion rate was clearly evident. 

Strontium-90 and 45Ca retention curves for 
the animals on each dietary regimen were con
structed. by subtracting each days total excretion 
from the initial injected dose. These curves 
are shown in Fig. 2 (mature rats) and Fig. 3 
(growing rats). During the latter portion of 
the experiment, when excreta collections were 
not made daily, the daily excretion increment 
employed in the construction of the retention 
curves was read from an eye-fitted smooth curve 
drawn through the experimental excretion data. 
The line dtawn in Fig. 1 is an example of such 
an interpolation curve. ·~ 
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Fw. 2. Effect of dietary calcium level on the 
retention of 90Sr and 45Ca injected intra

peritoneally at age 8 months. 

60 

An interesting feature of the experimental 
results was the variation in the U JF ratio of 
both 90Sr and 45Ca, between animals on different 
calcium intakes, and with time following radio
nuclide administration. This is shown in Fig. 4 
(mature rats) and Fig. 5 (growing rats) where 
curves are drawn to indicate the change in U /F 
as a function of time postinjection. Because of 
the retention of feces in t4e·intestine, U /F ratios, 
during the early period of daily collections, were 
calculated using a given day's urine value and 
the succeeding day's fecal value. The first day's 
urine value was<compared with the sum of the 
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injected intraperitoneally at age 8 months. 
Data points for daily average U fF ratios are 

shown for only the 0.5% calcium diet. 
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injected intraperitoneally at age 26 days. 
Data points for daily average U/F ratios are 

shown for only the 2.0% calcium diet. 

first and second day's fecal value. As one might 
anticipate, U /F ratios showed a considerable 
day-to-day variation. Individual data points 
(daily averages) are shown for two of the curves 
in Fig. 4 and Fig. 5 as an indication of the 
variability observed. The exact shape of the 
curves drawn are clearly not defined, and small 
differences between curves are of no significance. 
Certain of the curves, however, are clearly 
distinct from others. 

DISCUSSION 

The three diets employed markedly affected 
the general growth and skeletal development of 
the growing rats as indicated by the data 
obtained at sacrifice which is summarized in 
Table 2. More extensive data on the behavior 
of growing rats on these diets were obtained in 
earlier studies and are discussed in detail in a 
previous publication. <2> The 0.1% calcium diet 
was clearly inadequate for normal skeletal min
eralization. The slight growth retardation on the 
2.0% calcium diet was due to self-limited food 
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TaOle 2. Effect of Diet on Growth and Skeletal Development (Average values from five rats at 
sacrifice*) 

Calcium content of diet (%) 

0.1 0.5 
I 

2.0 

Animal wt. (g) 142 181 161 
Femur, wet wt. (g) 0.33 0.51 0.44 
Femur ash wt. (g) 0.094 0.22 0.19 
Femur ash (% wet wt) 28 44 44 

*Animals sacrificed at age 86 days, after 64 days on indicated diets. 

intake. These discrepancies must be borne in 
mind in interpreting the 90Sr and 45Ca behavior 
in the growing rats. 

Grossly, there was no indication of effect of 
diet on general appearance or weight mainte
nance of the mature rats. In earlier studies on 
the same diets, with somewhat younger animals 
(3 months old), there was a slight, but 
statistically significant increase in femur weight 
and ash content on the 2.0% calcium diet. <1 > 

The possibility of significant radiation effects 
from these diets was discussed in connection 
with the previous studies, <1 > and seems quite 
unlikely. 

Retention in mature rats. The retention curves 
for 90Sr and 45Ca in the mature rats (Fig. 2) are 
qualitatively similar to those which have been 
described by many other investigators, working 

with a variety of mammalian species, including 
man. <1 • 3 " 6> These retention curves were re
solved into exponential components as detailed 
in Table 3. In all cases the retention subsequent 
to about 15 days postadministration was closely 
approximated by a single exponential expression 
involving a half-retention time of from 60 to 
180 days. Subtraction of this long-lived compo
nent left a component, or components, with 
half-times of 2 days or less. It is important 
to note that there is no indication, in any diet 
group, of more than a single component of 
half-time longer than 2 days. Considering the 
manner in which these curves were constructed, 
and the relatively short duration of the experi
ment, the possibility of components of inter
mediate, or of very long half-time cannot be 
ruled out; however, it seems quite certain that 

Table 3. Resolution of Retention Curves for Mature Rats 

9osr components 45Ca components 
Diet 

group Half-time %of Half-time %of 
(% Ca) (days) injected dose (days) injected dose 

0.03 90 40 180 80 

<2 60 <2 20 
0.1 80 35 150 73 

<2 65 <2 27 
0.5 80 30 120 61 

<2 70 <2 39 
2.0 60 15 160 44 

<2 85 <2 56 
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any such components would constitute a small 
fraction of the total 90Sr or 45Ca. This con
clusion is supported by the fact that the half
time for decrease in daily excretion rate, 
subsequent to about 15 days postadministration, 
was, in all groups, essentially the same as the 
retention half-time. 

Within each diet group the retention of 90Sr, 
as compared with the retention of 46Ca, is 
characterized by the presence of a greater frac
tion of the total dose in the short-lived compo
nents, and by shorter long-lived components. In 
general, about twice as much 90Sr is present in 
the short-lived components, and the half-time 
of the long-lived 90Sr component is about half 
that of the long-lived 45Ca component. The 
differences between adjacent diet groups are 
usual~y small and, in most cases, of questionable 
significance. There is an obvious trend, however, 
for larger short-lived components, and shorter 
long-lived components with increasing calcium 
jntake. 

Retention in growing rats. The retention curves 
for 90Sr and uca in the growing rats (Fig. 3) 
are distinctly different from those obtained in 
the mature animals. As one might expect, 45Ca 
is tenaciously retained on the 0.1% and 0.5% 
calcium diets. A single exponential component 
accounts for essentially all of the 45Ca, with a 
biological half-time of approximately 1,000 days 
-on the 0.1% calcium diet, and 200 days on the 
0.5% calcium diet. A quite different pattern 
-of retention is seen for 45Ca in animals on the 

2.0% calcium diet, and for 90Sr on all diets. 
These are obviously multicomponent curves, 
consisting of a short-lived component (or com
ponents), an intermediate component (or com
ponents) which determines the greater portion 
of the available curve, and a long-lived compo
nent (or components) which is only suggested 
by the "tailing off" during the final 20 days of 
the experimental period. More positive evi
dence for the existence of a long-lived compo
nent may be deduced from the excretion curves. 
These are shown for 90Sr on all diets and for 
45Ca on the 2.0% calcium diet, in Fig. 1. For 
the period from 10-60 days postinjection all 
of these data are reasonably fitted by an expo
nential function corresponding to a half-time 
of 25 days. The retention curves over this 
same time period, however, show a much slower 
rate of decrease, indicating that some substan
tial fraction of the 90Sr and 45Ca must be retained 
with a half-time much longer than 25 days. 

Resolution of the retention curves for 90Sr 
and 45Ca in the growing rats is detailed in 
Table 4. The listed components must be con
sidered quite approximate because of the very 
limited information which the retention curves 
provide concerning the long-lived components. 
The existence of an approximately 25-day half
time component for 90Sr on all diets and for 45Ca 
on the 2.0% calcium diet is established by the 
excretion data (Fig. 1) and these 25-day com
ponents were taken as a starting point in the 
graphic resolution of the retention curves. The 

Table 4. Resolution of Retention Curves for Growing Rats 

Diet 90Sr components 45Ca components 

Group Half-time %of Half-time %of 
(% Ca) (days) injected dose (days) injected dose 

0.1 > >25 50 1000 100 
25 40 

<2 10 
0.5 > >25 45 200 97 

25 45 
<2 10 

2.0 > >25 20 > >25 35 
25 50 25 50 
<2 30 <2 15 
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long-lived components were assumed to have an 
infinite half-time. The curves were resolved 
into that combination of a 25-day half-time 
component and an iJ?.:finite half-time component 
which best fit the retention data beyond about 
7 days postinjection. Subtraction of these com
ponents left a short component of less than 2 
days half-time. The long-lived component does 
not, of course, have an infinite half-time, but 
the data of this experiment provide no estimate 
of its true value, beyond the fact that it is evi
dently much longer than 25 days. Over the 
60-day period of these retention curves, the 
choice between an infinite half-time or a 200-
day half-time for the long-lived component 
would have little influence on the resolution of 
the remainder of the curve. 

In comparing the behavior of calcium in 
growing and mature rats it seems clear that 
growing animals on an inadequate (0.1 %) or 
marginally adequate (0.5%) calcium intake 
constitute a special case. The excretion of 45Ca 
in both urine and feces of the growing rats on 
the 0.1% and 0.5% calcium diets was sharply 
reduced, as compared to the case of mature 
rats on the same diets (Table 1). These growing 
rats required essentially all of the calcium avail
able and quite efficiently utilized their limited 
supply. 

The behavior in growing rats of calcium sup
plied in excess (2;0% calcium diet), and of 
strontium under all dietary calcium conditions, 
are remarkably similar, and differ from the 
situation in mature rats in one major respect. 
The early rapid elimination observed in mature 
animals is greatly reduced in the growing ani
mals, and the excess of retained calcium and 
strontium is lost gradually, with a half-time of 
about 25 days-such a 25-day half-time com
ponent is notably absent in the retention curves 
of the mature rats. Thus, on the 2.0% calcium 
diet, which provides perhaps a fourfold excess 
of calcium for the growing rat, total elimination 
of 45Ca by urine and feces during the first 2 days 
postinjection amounts to about 15% of the 
injected dose-:-in mature animals on the same 
diet total elimination of 45Ca during the same 
2-day period amounted to nearly 45% of the 
injected dose (Table 1 ). Excretion during later 
time periods, however, was as high, or higher, 
in growing rats than in mature rats. This con-

trasting behavior of growing and mature rats 
might reasonably be explained by the much 
greater availability in growing rats of sites of 
new bone growth which tie up the injected 
90Sr and 45Ca, preventing its rapid excretion. 
The processes of bone growth, however, involve 
continual resorption of old bone and deposition 
of new bone, so that the turnover of a substan
tial proportion of firmly deposited strontium 
and calcium occurs more rapidly in the growing 
rat than it does in the mature rat. 

Mechanisms of strontium-calcium discrimination. 
In the mature rats the faster rate of 90Sr excre
tion, as compared with 45Ca excretion, is due 
principally to differences in urinary excretion 
(Table 1). The total fecal excretion of 45Ca, on 
a percent of injected dose basis, is actually 
somewhat greater than that of 90Sr. If allowance 
is made for the high urinary excretion of 90Sr 
on the first day postinjection, the fecal excretion 
of9°Sr and 45Ca, on a retained dose basis, is very 
similar. This is true not only within a given 
diet group but is quite similar when comparisons 
are made between all dietary groups. This 
discrimination between strontium and calcium 
in renal clearance, and lack of discrimination 
in fecal excretion, has been noted in several 
studies in man. <7

• 
8

• 
9 l As dietary calcium intake 

increases, the renal discrimination between 
strontium and calcium decreases, as is clearly 
evident in Table 1, and as has been indicated 
in studies with man reported by Samachson 
and Spencer-Laszlo. (lOJ 

This effect of dietary calcium level on renal 
discrimination in the mature rat is also evident 
from a consideration of the urinary/fecal excre
tion ratios as presented in Fig. 4. On the 0.03% 
calcium diet, where retention of 4 5Ca is at a 
maximum, the U /F ratio for 45Ca is less than 
0.1, excretion occurring predominantly via the 
intestinal route. With an increase in dietary 
calcium level, the initial U /F ratio increases 
to a maximum value of about 1.3 for 45Ca on 
the 2.0% calcium diet. The initial U/F ratios 
for 90Sr are all higher than those for 4 5Ca, 
increasing as a function of calcium intake by 
only a factor of 2. In an earlier paper Ill we 
suggested that this type cif behavior might be 
explained on "the assumption of a common 
threshold mechanism for the excretion of calcium 
and calcium-like elements. When the threshold 
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is not exceeded, excretion would be determined 
by the efficiency for each element of the reab
sorption mechanisms operating. When the 
threshold is exceeded, there would be total and 
indiscriminate excretion of all calcium-like ele
ments in excess of the threshold level. Thus, 
exceeding the threshold by only a small per
centage could result in a markedly increased 
[percentagewise] excretion of the otherwise 
efficiently retained calcium, while having a 
quite negligible effect on the excretion of the 
always less efficiently retained strontium." Evi
dence indicating a maximum renal tubular 
transport of calcium has been presented by 
Copp, McPherson and Mcintosh. <11> This sim
ple hypothesis will not, however, explain the 
change in U /F ratios with time following radio
isotope i~ection, which is a prominent feature 
of the data shown in Fig. 4, and which will be 
further considered in subsequent discussion. 

In growing rats (Fig. 5) the initial U JF ratios 
for 46Qa are much higher than was the case 
with mature rats, and very similar to those for 
90Sr on the same diet. These high U /F ratios 
are due to the very low excretion of 45Ca, and 
to a lesser extent, 90Sr, in the feces of growing 
rats. It would seem quite plausible that this 
lowered fecal excretion is due, not to a decreased 
secretion into the intestine, but to a more effi
cient reabsorption of the secreted 45Ca and 90Sr 
from the intestine. Intestinal absorption of 
calcium and strontium is known to be much 
more efficient in the young, tman in the mature 
rat, and more responsive to dietary calcium 
intake. <12 • 13 > Direct comparisons of the numeri
cal values of U JF ratios in growing and mature 
rats therefore have little meaning. Were it 
possible to correct the U /F values of the growing 
rats for enhanced reabsorption of intestinally 
secreted 90Sr and 45Ca, it is quite likely that they 
would fall below the U fF values for mature 
animals. What is more significant than the 
absolute numerical values is the close grouping 
of U /F values for both 90Sr and 45Ca on all 
diets. This is certainly indicative of a more 
similar treatment of strontium and calcium 
by the young rat. This fact was also evident 
in our earlier retention studies where young 
growing rats were observed to discriminate 
against strontium; relative to calcium, to a 
significantly lesser degree than the mature 

animals. <2> Studies in pigs, <14 l dogs, <HJ and 
humans <16

• 
17 l have indicated a similarly les

sened discrimination in the very young. 
Evidence for differently excreted forms of 46Ca and 

90Sr. The marked change in U /F ratios of both 
45Ca and 90Sr, in mature rats, as a function of 
time following injection (Fig. 4) is an observa
tion of particular interest. These animals (in any 
given group) were on a constant calcium intake 
dating from a month prior to 90Sr and 45Ca 
injection, and any change in the metabolic 
handling of these elements can hardly be attri
buted to a change in the physiological status of 
the animal. It seems necessary to postulate the 
existence of at least two different forms of calcium 
and strontium in the blood, which differ in 
their relative ease of excretion via renal and 
intestinal routes. The form preferentially ex
creted via the kidney is present in highest pro
portion immediately following injection, this 
proportion decreasing with time. The initial 
proportion of this form decreases with decreasing 
level of calcium intake. 

The present experiment, with its lack of 
data on blood 90Sr and 45Ca, is of little help in 
further characterizing these forms. One may 
speculate that calcium or strontium released at 
long times following injection, from a site of 
"firm" deposition in bone, is present in some 
complexed form which is different from that 
released from "freely exchangeable" sites. It is 
tempting to equate the form of strontium and 
calcium exhibiting high U/F ratios with the 
short-lived component of the retention curves, 
and the form exhibiting low U fF ratios with 
the long-lived component. While qualitatively 
attractive, such a hypothesis does not appear 
to be quantitatively in accord with the data, 
since the high initial U /F ratios are maintained 
for longer periods than would be consistent 
with the 2 day or shorter half-lives of the 
rapidly lost components. 

The relative constancy of U /F ratios in the 
growing rats might be taken to indicate a 
predominance, throughout the experimental 
period, of a single form of 80Sr and 41Ca, or, less 
plausibly, of a constant proportion of different 
forms. If the major proportion of the 80Sr and 
45Ca injected into young growing rats is incor
porated into the firmly-bound component of 
bone, as indicated by the small proportion lost 
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with a half-time ofless than 25 days (Table 4), 
then nearly all of the 90Sr and 45Ca present in 
the blood and available for excretion must have 
been derived from stable bone, and be in the 
form which is characterized in mature rats by 

low U JF ratios. In other words, U /F ratios 
in growing rats do not decrease markedly with 
time because the 45Ca and 90Sr in the blood of 
growing rats is, essentially from the start, in the 
form which predominates in mature rats only 
after a period of several weeks. 

Clearly, the further elucidation of this prob
lem requires a more complete characterization 
of the physico-chemical state of calcium and 
strontium in the blood, in relation to excretion 
patterns, and as a function of the duration of 
retention of these elements in bone. 
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90Sr AND CALCIUM EXCRETION IN URINE OF MAN 

W. CZOSNOWSKA 

Central Laboratory for Radiological Protection, Warsaw, Poland 

Abstract-The calcium and 90Sr intake and excretion was studied under hospital conditions 
in 10 adult patients over a period of 2 weeks. The patients were divided into two subgroups 
according to composition of the diet and intake of calcium which on the average amounted 
to I .3 and 0. 79 g per day, respectively. The average dietary intake of9°Sr in the two subgroups 
was 28.8 and 16.7 pCifday, respectively. 

The excretion of 90Sr and of calcium, when expressed as a percentage of intake varied in the 
• 

90Sr/Ca urine . 
two subgroups; however, the observed ratlo (O.R.) = S /C fl d was relatively constant 

. 110 r a oo 
(about 0.75). On the other hand, in individuals the O.R.urine-tood varied systematically with 
the calcium excretion rate in urine. On the basis of our data and of those of other authors a 
more generar relationship between the O.R.urine-tood and the Ca-excretion in urine was 
established. 
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RAPPORT! TRA LIVELLI DI UNITA CESIO E DI UNITA 

STRONZIO NELLA DIETA E NELLE URINE DI GRUPPI 

DI POPOLAZIONE INFANTILE DI DIFFERENTE ETA 

A. FERRO-LUZZI, A. MARIANI, M.A. SPADONI e G. TOMASSI 

Istituto Nazionale della Nutrizione, Roma, Italy 

SoDlDlario-N egli anni 1963-1965, in gruppi di bambini di ambo i sessi di differente eta (5-7 
e 8-10 anni rispettivamente) sono stati mensilmente studiati, per oltre un anno in ciascun 
gruppo di eta, i rapporti fra livelli di unita cesio e unita stronzio nella dieta e nelle urine. 

Ad intervalli irregolari e stato anche studiato il comportamento dei rapporti tra unita cesio 
e unita stronzio nella dieta e nelle feci degli stessi soggetti. 

I risultati dimostrano che, indipendentemente dal sesso, nei bambini di 5-7 anni i va1ori 
del rapporto dietafurina sono inferiori all'unita sia per il 137Cs che per lo 90Sr (il che signifi
cherebbe una eliminazione preferenziale del 137Cs e dello 90Sr nei confronti, rispettivamente, 
del K e del Ca); mentre in quelli di 8-10 anni, partico1armente nel caso della 90Sr, i valori del 
rapporto si presentano superiori all'unita. Le misure effettuate sulle feci indicano l'esistenza di 
un rapporto con la dieta pressocche costante e superiore all'unita per il 137Cs nei due gruppi di 
eta, mentre per lo 90Sr si hanna valori inferiori ad 1 e leggermente piu bassi nei bambini di 5-7 
anni rispetto a quelli di 8-10. I risultati sembrano indicare l'esistenza di una correlazione tra 
fase di sviluppo e capacita di discriminazione dell'organismo dei suddetti radionuclidi nei 
confronti degli elementi stabili affini. Ulteriori ricerche sono in corso su ragazzi di 14-16 anni 
e su giovani adulti di 20-22 anni. 
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STRONTIUM AND CALCIUM METABOLISM IN 

CHILDREN OF VARIOUS AGES 

H. N. WELLMAN, B. KAHN, A. SALEM and P. J. ROBBINS 

Nuclear Medicine Section, Radiological Health Research Activities, Robert A. Taft 
Sanitary Engineering Center, Cincinnati, Ohio, Division of Radiological Health, 

Public Health Service, U.S. Department of Health, Education and Welfare (U.S.A.) 

Abstract-As part of a study to determine the effect of age on 90Sr retention by children, 
metabolic balance studies were performed with 3 children aged 6 years and 3 children aged 
9 years. The children were selected as being normal on the basis of clinical history, physical 
examination, serum calcium, phosphorus, and alkaline phosphatase, routine laboratory tests 
and bone-age radiographs. The children were maintained in a metabolic ward for the 15-day 
balance period and were fed commercially available foods. A balanced diet, recommended by 
the National Research Council, provided normal intakes of all dietary components. The diet 
was consumed quantitatively during the balance period and for one month prior to the period. 
Diet, urine and feces were analyzed for calcium, phosphorus, stable strontium, and 90Sr content. 

The average daily intake of the 6-year-old children contained 1.34 g calcium, 1.36 phos
phorus, 1.01 mg strontium, and 24 pCi 90Sr; that of the 9-year-olds, 1.49 g calcium, 1.54 g 
phosphorus, 1.31 mg strontium, and 29 pCi 90Sr. 

There was a marked difference in the dietary components which contribute stable strontium 
and 90Sr, with dairy products responsible for 70 per cent of 90Sr, but only 40 per cent of stable 
strontium. Urine specific activities (pCi 90Srfmg Sr) in the children were approximately one-half 
that in the diet. In previously studied infants, for comparison, the ratio of urine specific activity 
to dietary specific activities was about 0. 7. These specific activities would suggest either that 

'"
0Sr was not as available from the diet as stable strontium, or that the skeleton was not yet in 
equilibrium with 90Sr in comparison to stable strontium. 

Mean observed ratios (O.R.) in infants have been found to be about 0.6. Mean O.R.s 
were 0.4 in 6-year-olds and 0.3 in 9-year-olds. This may indicate a trend downward toward 
the O.R. of 0.25 which has been found in most adult studies. 
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DISCUSSION 

c. A. ADAMS (U.K.) : 

The solution in the form of the sum of three ex
ponentials implies that the transfer between one com
partment and the next is proportional to the amount 
of substance available in the first compartment. It is 
possible that other assumptions could give the same 
solution as an approximation. It would be of interest 
to know what assumptions were made. 

A further question arises in connection with the 
dependence of the transfer rates on the amount of the 
available substance, if this amount is very greatly in
creased. Where blocking action is possible the impli
cation is that the transfer rates can be reduced. It 
would be interesting to know if the authors have 
undertaken this analysis which I have carried out for 
a particular three compartment model. The solution 
is, however, dependent on the range of numerical 
values of some of the constants. 

M. L. SHORE: 

The model investigated represents a steady state 
system which follows first order kinetics relative to the 
tracer substance or radionuclide. The amount of 
tracer moving out of a compartment is determined 
by the constant amount of unlabeled compound 
moving out of the compartment per unit time, and 
constitutes a constant percentage of the total amount of 
compartmental radionuclide per unit time. In the 
strictest sense the triexponential equations presented 
apply only to the steady state systems. More practic
ally, however, they can be used in those instances 
where systems approximate the steady state. Where 
very gross deviations from steady state occur, non
steady state kinetic equations must be derived. These 
are considerably more complex and may present a 
formidable problem to the mathematician. In the 
experiments described above it is assumed that a 
negligible amount of compound is injected as the 
radioactive tracer. Thus no alterations occur in 
the normal steady state metabolic dynamics of 
the system. 

G. joYET (Switzerland): 

1. Je voudrais souligner !'importance considerable 
que represente pour le diagnostic !'adoption d'un 
schema de compartiments, a la condition toutefois, 
que celui-ci soit adequat. L'etablissement du schema 

et son controle experimental demandent un travail 
preliminaire considerable. Mais quand le schema est 
bien etabli, le nombre des mesures peut etre con
siderablement reduit. 

2. II faut remarquer que Ia loi de proportionnalite 
du passage d'un compartiment a !'autre ne s'applique 
plus au cas de certains compartiments tissulaires 
comme Ia thyroide pour l'iode et la masse osseuse pour 

les os. 

A. LAFONTAINE (Belgium): 

J'ai ete particulierement interesse par l'excellente 
communication de M. Thompson. J e me permet de 
lui poser deux questions tout en etant convaincu que 
Ia reponse apparaitra dans le texte integral. 

1. Sous quelle forme le Ca et le Sr ant ils ete 
administres et par quelle voie? 

2. A-t-il ete tenu compte des ions P et Mg dans le 
regime? 

R. c. THOMPSON: 

The details concerning which Dr. Lafontaine 
questioned will appear in the published version. 
Sr9° and Ca45 were injected intraperitoneally as the 
chlorides at approximately physiological pH. Phos
phorus was present in all diets at a level of 0.5%, 
therefore the Ca/P ratio varied between diets. Mg 
was present at a constant level in all diets. 

H. N. WELLMAN (U.S.A.): 

I was wondering about the second component in 
the Sr curves; I don't believe it will resolve itself in 
such a clear exponential if you followed them much 
longer. At least in the children and the adults we are 
following, this is the case, and this has been previously 
reported by Cohn, also, and he had made a curve 
specifically. Anyway, after that first exponential it 
seems to be a constantly changing curve to which one 
could relate a single exponential, as it could be seen 
in our children and in our dogs. The second point I 
would like to comment on, the Ca curves clearly have 
different exponentials than the Sr curves, which is 
very interesting. I would like also to comment that 
our Ca curves versus Sr curves, in patients in which 
we have done both Ca47 and Sr8 5 studies simultane
ously, are similar. There seem to be three, sometimes 
four, clearly visible exponentials for theCa curves vs. 
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the one early exponential in the Sr curve and they are 
constantly changing their curves thereafter. 

R. B. HoLTZMAN (U.S.A.): 

Would Drs. Thompson and Wellman care to com~ 
ment on the possibility of the power function fitting 
the data and the significance thereof? There is some 
evidence and a school of thought that the power func
tion does have a significance similar to that of the 
exponential which represents a first order reaction 
kinetics. The power function represents n-th order 
kinetics. Other explanations of the significance of the 
power function are possible. [Note added: The power 
function is particularly useful in health physics in that 
if retention does fit this function it is easier from a 
measurement at a certain time to estimate the initial 
and subsequent dose rates. Unless a single exponen
tial applies or the exacting details of the multiple 
exponential representation are known, retention esti
mates are more difficult than with a single power 
function.] 

R. c. THOMPSON: 

In response to tl1e question concerning the use of 
"power function" vs. "exponential function" to 
describe data, I think it is important to keep in mind 
that the data represent neither a power function nor 
an exponential function, but, rather, a biological 
function. How we may choose to represent this bio
logical function mathematically is purely a matter of 
expediency. For some purposes an exponential func
tion may serve best; for other purposes a power 
function may be preferable. In this report I was not 
concerned with precise representation of the data, but 
rather with pointing out the marked differences be
tween the observations on mature and growing ani
mals, and this was more effectively accomplished by 
an exponential approach. 

H. N. WELLMAN (U.S.A.): 

I think I have to say much the same. I think that 
the power function is just a description of the curve; 
it really does not tell us anything biological. It is not 
a mathematical construction like the exponential 
which helps us in the kinetical analysis. It is just a 
mathematical description of the curve. I don't think 
it can help us. 

R. c. THOMPSON.: 

What I want to say is that there are a few, perhaps, 
good ideas about what the power function does mean. 
It does have some significance which is close to that of 
the exponential, that is, an exponential represents a 
first order chemical kinetic reaction, while a power 
function represents one possibility of a changing order 
of a chemical kinetic reaction. All of this is rather a 
wild thing with respect to this particular system. 

[Note: The discussion is interrupted by the Chair
man, who invites the speakers to continue their dis
cussion during the interval.] 

H. N. WELLMAN (U.S.A.): 

The abstract we presented represents the work on 
six children; we subsequently had data on nine more 
children and this is a continuing study and we will 
try to get at least ten children of various ages. 

If anyone would like to look at detailed data, I have 
them with me. 

R. ]. DELLA RosA (U.S.A.): 

The work on beagles (University of California, 
Davis, California) following long term ingestion of 
Sr90 starting in utero suggests that at 3 years-following 
acquisition of body burden-both the power function 
model or a series of exponential functions can be used 
to describe the whole body (skeletal) retention of 
Sr90

• Continued follow~up in these animals (years) 
may shed further light on which of these two mathe
matical models can better describe the biology. 



STRAHLENSCHUTZ-DOSIMETERSYSTEME ZUR 

VERBESSERTEN MESSUNG VON ENERGIEDOSEN 

R. MAUSHART und E. PIESCH 

Kernforschungszentrum Karlsruhe, StrahlenmeBdienst 
75 Karlsruhe, BRD. 

Zusauunenfassung-Es werden Dosimetersysteme fUr die Dosisbestimmung von Quanten
strahlung beschrieben. Die Dosimeter unterscheiden sich von den bisherigen insofem als 
ihre Anzeige direkt proportional zur absorbierten Dosis ist. Die unterschiedliche Kalibrierung 
der Personendosimeter am Phantom und der Ort~~dosimeter in Freiluftbestrahlung gestattet 
den Vergleich der Messwerte von Personen- und Ortsdosimetern. 

Zur Anwendung im Strahlenschutz werden Dosimetersysteme beschrieben, die sich durch eine 
geringe Energie- und Richtungsabhiingigkeit der Dosisanzeige auszeichnen. Die Verfasser 
zeigen, wie diese Dosimeter mit Hilfe von neuen Detektoranordnungen so ausgelegt werden 
konnen, dass sie die in einem bestimmten kritischen Organ absorbierte Energie-dosis anzeigen. 
Die spezielle Methode der Kalibrierung vermag die Einfliisse der Korperriickstreuung und 
der Korperorientierung in gewissen Grenzen herabzusetzen. 

Die Beispiele von Dosimetersystemen zeigen, dass Strahlenschutzmessungen der absorb
ierten Energiedosis damit weitgehend realisiert werden konnen. 

1. DAS MESSTECHNISCHE GRUNDPROBLEM 

DER STRAin.ENSCHUTZDOSIMETRIE 

AUSSERER y-STRAHLUNG 

Die Strahlengefahrdung einer Person wird 
letztlich durch die im jeweiligen kritischen Or
gan absorbierte Dosis ( Organdosis in rad) be
schrieben. DosismeBgerate zeigen jedoch nach 
den heute iiblichen MeB- und Kalibrierme
thoden eine Bestrahlungsdosis (in Rontgen) an,
die Ortsdosimeter eine Freiluft-Bestrahlungs
dosis, die Personendosimeter eine Bestrahlungs
dosis an der Korper- oder PhantomoberfHi.che. 
Dies fiihrt dazu, daB nicht nur der jeweilige 
MeBwert des Dosimeters auf die Organdosis 
umgerechnet werden muB, wozu im allgemeinen 
die Kenntnis der Energieverteilung der ein
fallenden Strahlung Voraussetzung ist, sondern 
daB auch die Anzeigen von Ortsdosimeter und 
Personendosimeter im gleichen Strahlungsfeld 
verschieden ausfallen. 

Bei einer Bestrahlung des Korpers von auBen 
gibt es nur einige wenige Organe, die als 
kritisch gelten. Das sind fi.ir kleine Strahlen
dosen und Langzeit-Strahleneinwirkung die 
Gonaden, fiir Kurzzeitbestrahlung und hohe 
Strahlenbelastung (Unfall) die blutbildenden 
Organe (Knochenmark). Bei Teilkorperbe
strahlungen oder bei sehr energiearmer Quan
tenstrahlung konnen die Haut oder die Augen 
kritisches Organ sein. 

Es ist das grundlegende Problem der Strah
lenschutzdosimetrie, das fiir die jeweiligen Be
strahlungsbedingungen giiltige kritische Organ 
-namlich dasjenige, welches mit der groBten 
Wahrscheinlichkeit am starksten geschadigt 
wird-anzugeben und aus dem DosimetermeB
wert die im kritischen Organ absorbierte Dosis 
zu bestimmen. 

803 
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2. M6GUCHKEITEN ZUR BESTIMMUNG 

DER 1M KRITISCHEN ORGAN 

ABSORBIERTEN DOSIS 

Da die im Organ absorbierte Dosis allenfalls 
bei medizinischen Bestrahlungen, nicht aber 
im praktischen Strahlenschutz durch ein einge
pflanztes Dosimeter direkt ermittelt werden kann, 
ist ihre Bestimmung aus den Messungen des 
auBeren Strahlungsfeldes immer nur mit mehr 
oder weniger guter Annaherung moglich. Es 
gibt dazu zwei verschiedene Wege. Der eine 
besteht in der Berechnung der Organdosis. Er 
ist im Prinzip immer gangbar, wenn die not
wendigen Daten bekannt sind. Man braucht 
dazu auBer der Energieverteilung der einfal
lenden Strahlung (und evtl. ihrer Einfallsrich
tung zum Korper bzw. Dosimeter) die Ener
gieabhangigkeit der Dosimetefanzeige und 
nati.irlich den ebenfalls energieabhangigen Um
rechnungsfaktor der Freiluft-Bestrahlungsdosis 
auf die absorbierte Organdosis, der mittels 
Phantommessungen ermittelt werden kann. Die 
Zuverlassigkeit dieser Methode steht und fallt 
daher mit der Genauigk.eit, mit der man die 
Energieverteilung kennt. Es ist andererseits ihr 
groBer, unbestreitbarer Vorteil, daB sie allen 
vorkommenden Fallen angepaBt werden kann 
und auch die Dosen in verschiedenen Organen 
aus dem gleichen MeBwert gewonnen werden 
konnen. 

Der andere Weg zur Bestimmung der Organ-

2,0 

rod 

1,5 

·~ 
1,0 

'g 
Cl 

~ 0,5 

1 0 
10 TOO 

Quantenenergie 

dosen ist rein meBtechnischer· Art. Er 
darin, daB durch geschickte konstrukt 
staltung des Dosimeters und durch Kalil 
sowohl des Orts- wie des Personendo: 
aufEnergie-statt auf Bestrahlungsdosen < 
meteranzeige tiber einen moglichst groBe 
giebereich direkt proportional der in 
vorgegebenen Organ absorbierten Dosis g 
wird. Die Kenntnis der Energieverteib 
Bestimmung der Organdosis wird dar 
notig. 

Die technische Ausfiihrung solcher Do 
wird im folgenden am Beispiel eines Or 
eines Personendosimeters beschrieben. 
kann auch gezeigt werden, daB die 
MeBanordnung durch einfachen W ech 
Dosimeter-Hiille die absorbierte Dosis i 
schiedenen Organenjeweils energiepropo 
wiederzugeben vermag. 

Orts- und Personendosimeter untersc 
sich insofern, als das erstere die Freilu 
das letztere die Oberflachendosis am I 
oder Phantom miBt, die his zu 60% 
als die Freiluftdosis sein kann (siehe Abb. 1 
Auch wenn man den MeBwert nicht a 
bestimmtes Organ beziehen will, ersche 
sinnvoll, diesen EinfluB des Korper. 
das Personendosimeter auf aile Faile 
Kalibrierung am Phantom so gut wie m 
mit zu beri.icksichtigen. Die Vorteile 
neuen Konzeption einer Strahlenschut 

KeV 

v--" Oberfliiche 

•-• Gonaden c:f 

·----· Gonaden )? 
•-·-• Knochenmark 

1000 

ABB. I. Die Energiedosis in verschiedenen Organen eines Mensch-Phantoms bezogen auf 
die Bestrahlungsdosis 1 R in Abhii.ngigkeit von der Quantenenergie nach (1,2). 
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metric sind von einem der Autoren bereits 
mehrfach darge1egt worden. <3

• 
4 > 

Die in diesem Vortrag angegebenen Versuche 
und MeBwerte beschranken sich auf Einstrah-
1ungen aus dem vorderen Halbraum des Kor
pers. In Fortsetzung der hier begonnenen 
Arbeiten werden jedoch auch von der Einfalls
richtung unabhangige Dosimetersysteme ent
wickelt. 

3. DETEKTOREN UND . 

BESTRAHLUNGSBEDINGUNGEN 

Im fo1genden wird am Beispiel eines Orts
dosis1eistungs-MeBgerates und am Beispiel ver
schiedener Phosphatglas-Personendosimeter ge
zeigt, in welchem MaBe die Dosimeteranzeige, 
unabhangig von der Energieverteilung der 
einfallenden Strahlung, der Energiedosis im 
vorgegebenen kritischen Organ entsprechen 
kann. 

Als OrtsdosismeBgerat wurde ein Propor
tiona1zahlrohr (Typ To1 D) mit Aluminium
wandung benutzt, dessen Energieabhangigkeit 
durch verschiedene Metallfilterkombinationen 
im gewlinschten MaB verandert wurde. Als 
Personendosimeter wurden Y okota-G1aser der 
Abmessungen 8 x8 x4, 7mm3 <6 >sowoh1 ineiner 
Kuge1kapselung mit konischen Offnungen <6> 
untersucht, wie sie bereits a1s Routine-Personen
dosimeter eingesetzt werden <9 > (Phosphatg1as
dosimeter I), a1s auch in einer Kugelkapselung 
mit gegenliber der Routinekugelkapse1ung 
veranderter Metallfilterung (Phosphatg1asdosi
meter II). 

Flir die Energieabhangigkeit der in den 
kritischen Organen absorbierten Dosis wurden 
die von Jones (l, 2> an einem Menschphantom 
mit LiF-Dosimetern bestimmten MeBwerte bei 
Vordereinstrah1ung (Ausnahme beim Knochen
mark, Rlickwartseinstrahlung) zugrundegelegt 
(siehe Abb. 1). 

Auch die folgenden Untersuchungen wurden 
an einem Alderson-Menschphantom durch
geflihrt. Die Bestrah1ungen erfolgten mit hart
gefilterter Rontgenstrahlung bzw. y-Strahlung 
verschiedener Energien (Tab. 1). Die Dosis
werte wurden mit zwei Sekundarstandards 
bestimmt, deren Anzeige von der Physika1isch
Technischen Bundesanstalt in Braunschweig auf 
eine Bestrahlungsdosis kalibriert worden war 
(Philips Ionisationskammer Nr. 37486 in Ver-

bindung mit Universa1-Dosimetern, sowie Pro
portiona1zahlrohr Tol D). 

4. DOSISLEISTUNGSMESSGERAT ZUR 

ENERGIEUNABHANGIGEN BESTIMMUNG 

DER ABSORBIERTEN DOSIS 

Die Anzeige des verwendeten Proportional
zi:ihlrohres mit Aluminiumwandung weist zu
nachst eine ausgepragte Energieabhangigkeit auf. 
Es wurden aber verschiedene Filterkombina
tionen experimentell ermittelt, welche wahl
weise tiber das Zahlrohr geschoben werden 
konnen und welche durch selektive Schwachung 
der Quantenstrahlung eine jeweils einer ande
ren Energiedosis proportionate Anzeige ergeben. 

Die Filterhiille I (0,8 mm Zinn mit 80% 
FHichenbelegung) erzielt beispie1sweise eine 
energieunabhangige Dosisleistungsanzeige der 
Bestrahlungsdosis im Energiebereich 25 ke V his 
1,2 MeV innerhalb ± 12% (Abb. 2). 

Die Verwendung der Filterkombination II 
(0,4 mm Zinn mit 80% Flachenbelegung) ge
stattet hingegen die annahernd energieunab
hangige Dosisleistungsmessung einer Gonaden
oder einer Oberfl.achendosis (Abb. 3). Die 
Anzeige der Gonadendosis ist hierbei oberhalb 
25 keV innerhalb ± 7%, die Anziege der Ober
fl.achendosis oberhalb 30 keV innerha1b ± 16% 
energieunabhangig. Durch andere Filterkom
binationen kann auch die annahernd energie
unabhangige Anzeige der Knochenmarksdosis 
erreicht werden. 

Das benutzte Dosisleistungsgerat (Handgerat 
in transistorisierter Ausflihrung, MeBbereich 
10 JLR/h his 100 mR/h bzw. durch Nachka1i
brierung his 100 Rfh) gestattet fo1g1ich durch 
Auswechseln von Zah1rohrhlillen die wah1weise 
Bestimmung einer Freiluft-Bestrah1ungsdosis 
oder einer gewlinschten absorbierten Dosis im 
Organ. Flir routinemaBige Strahlenschutz
messungen sollte vor allem die Gonadendosis 
von Interesse sein. 

5. PERSONENDOSIMETER ZUR 

ENERGIEUNABHANGIGEN BESTIMMUNG 

DER ABSORBIERTEN DOSIS 

Ein in der praktischen Routinedosimetrie ver
wendetes Phosphatglasdosimeter mit Kugelkap
selung (Phosphatglasdosimeter I) erzielt bei 
Frei1uftbestrahlung im Energiebereich von 45 
keV his 1,2 MeV eine Energieunabhangigkeit 
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Rohrenspannung 
(kV) 

Co-60 
Cs-137 
300 
200' 
130 
100 
78 
56 
4-5 
35 
25 
15 

Rohrenspannung 
(kV) 

300 
250 
220 
200 
180 
150 
120 
100 
80 
70 
60 

R. MAUSHART und E. PIESCH 

Tabelle I. Verwendete Strahlenqualitiiten 

Filterkombination I 

Zusatzfilterung 
(mm) 

2 AI + 5 Cu + 10,5 Pb 
2 AI + 5 Cu + 4- Sn + 2 Pb 
2 AI+ 7,5 Cu + 2 Sn 
2 AI + 2 Cu + 1,5 Pb 
2 AI+ 3,5 Cu 
2 AI+ 1,2 Cu 
2 AI+ 1,35 Cu 
2 AI+ 0,5 Cu 
2 AI+ 0,15 Cu 
0,2 AI+ 0,1 Cu 

angenommene, eff. 
Quantenenergie 

(keV) 

1200 
660 
270 
185 
108 

80 
65 
50 
4-0 
30 
20 
10 

Filterkomhination II 

Zusatzfilterung 
(mm) 

2 AI + 5 Cu + 3,5 Ph 
2 AI + 5 Cu + 2 Ph 
2 AI + 5 Cu + 1,2 Pb 
2 AI + 5 Cu + 0.9 Pb 
2 AI+ II Cu 
2AI+7Cu 
2 AI+ 3,5 Cu 
2AI+2Cu 
2 AI+ 0,7 Cu 
2 AI+ 0,4 Cu 
2 AI+ 0,2 Cu 

angenommene, eff. 
Quantenenergie 

(keV) 

24-0 
200 
170 
150 
135 
110 
87 
71 
55 
46 
38 

* Die Kalihrierung der DosisleistungsmeBgerate erfolgte mit Filterkombination I, der 
Personendosimeter mit Filterkomhination II. 

bis auf± 8%. <8> Die Anzeige des an der Person 
getragenen Dosimeters wirdjedoch im Vergleich 
zur Freiluftbestrahlung durch den EinfluB der 
Korperri.ickstreuung verandert. Das Dosimeter 
wurde daher an der Oberftache des Mensch
phantoms mit verschiedenen Strahlungsenergien 
bestrahlt. Abb. 4 gibt die relative Anzeige des 
Kugeldosimeters am Phantom in Abhangigkeit 
von der Quantenenergie wieder. Die Anzeige 

der Bestrahlungsdosis ist demnach oberhal 
keV auch am Phantom innerhalb ± 14%' 
gieunabhangig. Bei Ionisationskammern 
auch bei gewissen Filmdosimetern wird : 
dings ein groBerer EinftuB des Phantoms at 
Dosisanzeige festgestellt. 

Die Personendosisbestimmung mit dem I 
phatglasdosimeter I wtirde somit-abges< 
vom unterschiedlichen KorpereinfluB bei 
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ABB. 2. Die relative Dosisempfindlichkeit des Proportionalzahlers I mit Al-Wand und einer 
Filterkombination aus o;s mm Sn bei 80% Flachenbelegung bezogen auf die Bestrahlungs

dosis 1 R in Abhangigkeit von der Quantenenergie. 
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schiedenen Personen oder bei riickwartiger 
Strahleneinfallsrichtung-am Phantom anna
hernd dieselbe Dosis anzeigen wie ein am 
gleichen Ort in Abwesenheit des Phantoms 
exponiertes Ortsdosimeter. Abb. 5 zeigt nun 
die Anderung der relativen Dosisanzeige des 
Phosphatglasdosimeters I, wenn der MeBwert 
anstelle einer Bestrahlungsdosis auf eine absor
bierte Gonadendosis oder Knochenmarksdosis 
bezogen wird. Fiir die Anzeige der Gonaden-

dosis wird hierbei oberhalb 45 keV innerhalb ± 
18% Energieunabhangigkeit erzielt; das Dosi
meter eignet sich demnach gleichermaBen zur 
Bestimmung der Gonadendosis. 
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Durch Anderung der Kugelkapselung (neue 
Kapselung bestehend aus 1,2 mm Zinn mit 
85% Flachenbelegung) erhiilt man eine relative 
Anzeige, die in Abb. 6 fiir Freiluftbestrahlung 
und fiir Phantombestrahlung in Abhangigkeit 
von der Quantenenergie wiedergegeben ist. Ein 

30 KeV- 1,25 MeV 

..... --..... I 
.- a ~ ' + • + • --· ~--. ,> -· -T6~.I-7~. , r--/ ~---~ 

/ 

ENERG/EDOS/5: 
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Quantenenergie 
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ABB. 3. Die relative Dosisernpfindlichkeit des Proportionalzahlers II mit AI-Wand und einer 
Filterkombination aus 0,4 mm Sn mit 80% Flachenbelegung bezogen auf die Energiedosis 
1 rad ·in Abhiingigkeit von der Quantenenergie. o-o-o Energiedosis in den Gonaden if. 

6.-6.-6. Energiedosis an der Oberflache. 

i 



808 R. MAUSHART und E. PIESCH 

··-------. I :t 14 .~. 

~ 50 

t 0~--~--~~~~~--~--~~~~~--~ 
10 100 KeV 1000 

-----Quantenenergie 

ABB. 4. Die relative Dosisempfindlichkeit des Phosphatglasdosimeters I (Phosphatglas in 
Kugelkapselung) <6 > an der Oberflli.che eines Mensch-Phantoms b~zogen auf die Bestrah

lungsdosis I R in Abhli.ngigkeit von der Quantenenergie. 

solcher Personendosimeter zeigt bei einer Phan
tombestrahlung nicht mehr proportional der 
Bestrahlungsdosis an. Wird die Anzeige des 
Dosimeters jedoch auf die Energiedosis in den 
Gonaden bzw. im Knochenmark bezogen, dann 
erhalt man in heiden Fallen eine annahernd 
energieunabhangige Energiedosisanzeige des am 
Phantom getragenen Personendosimeters. 

dann kann aus dem so gewonnenen MeBwert 
die Energiedosis im Knochenmark durch Be
riicksichtigung eines fiir aile Strahlungsenergien 
einheitlichen Korrekturfaktors (Faktor 1,6) er
halten werden. Da auch die in den Eierstocken 
absorbierte Dosis etwa dieselbe Energieab
hangigkeit zeigt wie die Energiedosis im Kno
chenmark, kann auf gleiche Weise die Energie
dosis in den Eierstocken bestimmt werden ( es 
gilt somit: DosismeBwert = Energiedosis in den 

W enn das Dosimeter fiir. die Anzeige der 
Energiedosis in den Gonaden kalibriert wird, 

""' 200 
~ uA 
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ABB. 5. Die relative Dosisempfindlichkeit des Phosphatglasdosimeters I (Phosphatglas in 
Kugelkapselung) <6 >an derOberfliiche eines Mensch-Phantoms bezogen auf die Energiedosis 
I rad im Knochenmark und in den Gonaden (f in Abhli.ngigkeit von der Quantenenergie. 

' 
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ABB. 6. Die relative Dosisanzeige des Phosphatglasdosimeters II bezogen auf die Bestrah
lungsdosis 1 R in Abhangigkeit von der Quantenenergie. x-x-x Freiluftmessung. o-o-o 

Phantommessung. 
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Gonaden (Hoden) = 1,6 X Energiedosis im 
Knochenmark f'::! 1,6 X Energiedosis in den 
Gonaden (Eierstocke)). 

im Energiebereich 45 keV bis 1,2 MeV die 
gewiinschte Energiedosis ausreichend genau er
mittelt werden. 

Alle . Energiedosismessungen sind oberhalb 
45 keV bzw. 50 keV innerhalb ± 15% ener
gieunabhangig (Abb. 7 und 8). Aus den MeB
werten des Personendosimeters kann damit 
wahlweise ohne Kenntnis der Quantenenergie 

200 

Damit werden mit einem einzigen, nur ein 
MeBelement enthaltendes Dosimeter (Einfach
Dosimeter) in dem fiir die Kemtechnik haupt
sachlich interessierenden Energiebereich die 
Energiedosen in allen wichtigen kritischen 

~. 

~~. 
I a Phosphatgtasdosimeter n b 

150 

100 

50 b Gonaden cf 

100 KeV 1000 
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ABB. 7. Die relative Dosisanzeige des Phosphatglasdosimeters II an der Oberflache eines 
Mensch-Phantoms bezogen auf die Bestrahlungsdosis I R bzw. auf die Energiedosis in den 

Gonaden 1 rad in Abhangigkeit von der Quanteneriergie. 
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ABB. 8. Die relative Dosisanzeige des Phosphatglasdosimeters II an der Oberfliiche eines 
Mensch-Phantoms bezogen auf die Bestrahlungsdosis 1 R bzw. auf die Energiedosis I rad 

im Knochenmark in Abhiingigkeit von der Quantenenergie. 

Organen ohne rechnerische Ermittlung direkt 
gemessen. Der MeBwert und die Zuordnung 
zur Energiedosis ist allerdings bisher nur fiir 
eine frontale Strahleneinfallsrichtung gtiltig. 

6. FOLGERUNGEN FtlR DIE 

STRAHLENSCHUTZDOSIMETRIE 

Am Beispiel des Phosphatglas-Kugeldosi
meters wurde gezeigt, daB die von uns ange
strebte Ubereinstimmung der MeBwerte von 
Personendosimeter und Ortsdosimeter mit be
friedigender Genauigkeit erreicht werden kann. 
Das beschriebene Glasdosimeter miBt auch bei 
Verwendung als Personendosimeter an der 
Oberfliiche des Triigers die Freiluftbestrah
lungsdosis. In geniigend guter Niiherung ent
spricht der MeBwert auch der Energiedosis in 
den Gonaden (Roden). Das vorliegende Dosi
meter eignet sich demnach fiir die Routine
iiberwachung der Personendosis, wenn und so
lange wie die Angabe der Bestrahlungsdosis 
fiir die Ortsdosimetrie bindend ist. 

Es scheint uns jedoch aus den zu Beginn ange
fiihrten Grunden immer noch der Vorschlag 
erwiigenswert, Ortsdosismessungen statt auf 

eine Freiluftbestrahlungsdosis auf eine Organ
dosis zu beziehen. Bei kleineren Dosisleistungen 
(Umgebungsiiberwachung, Arbeitsplatziiber
wachung, Abgrenzung von Kontrollbereichen) 
ist f"tir strahlenexponierte Personen vor allem 
die genetische Schiidigung von Interesse. Es 
wurde hier erstmalig gezeigt, daB mit geeigneten 
DosisleistungsmeBgeriiten durch Austausch der 
Filterkombination anstelle einer Bestrahlungs
dosis unabhiingig von der Energie die Energie
dosis in den Gonaden bestimmt werden kann. 
Weiterhin kann mit den bisher in der Routine
dosimetric verwendeten Kugeldosimetern di
rekt am Dosimetertriiger ebenfalls die Gonaden
dosis mit ausreichender Genauigkeit angezeigt 
werden. Veranderte Kapselungen bieten dar
iiberhinaus die Moglichkeit, auBer der Gona
dendosis der Roden auch die der Eierstocke oder 
die Knochenmarksdosis energieunabhangig an
zuzeigen. Dasselbe Dosimeter konnte damit bei 
der Routineiiberwachung die Gonadendosis 
und bei einem moglichen U nfall die Dosis in 
den blutbildenden Organen anzeigen. 

. Wenn der Anzeigewert in heiden Fallen auf 
Energiedosis in den Gonaden bezogen wird, ist 
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damit fiir Energien oberhalb 45 ke V die Uber
einstimmung zwischen Personen- und Orts
dosismessung erreicht und zugleich der wirklich 
interessierende MeBwert "Gonadendosis" ohne 
Umrechnung unmittelbar zuganglich. 

Allerdings wird die Realisierung unseres Vor
schlages erst sinnvoll, wenn gesichert ist, daB 
die Gesamtgenauigkeit und Zuverlassigkeit der 
Personendosismessung besser oder zumindest 
vergleichbar ist in hezug auf die Fehlergrenzen, 
innerhalb derer sich die Abweichungen von 
Bestrahlungs- und Organdosen bewegen. 

Bei der Verwendung der bisherigen konven
tionellen Personendosimeter (Filmdosimeter) 
war es letzten Endes unwesentlich, welche 
DosisgroBe zugrundegelegt wurde und in wel
chem MaBe die Personendosis mit der Ortsdosis 
iibereinstimmte. Filmdosimeter zeigten selbst 
bei definierten Bestrahlungen in Deutschland 
in tiber 50% der Falle Abweichungen > ± 10% 
und in fast 20% der Faile Abweichungen von 
> ± 25%, <7 > in den Vereinigten Staaten wur
den bei einzelnen Auswertestellen in 50% der 
Faile Abweichungen von > ± 50% festges
tellt. <8 > Demgegeniiber zeigten Glasdosimeter 
auch im Routineeinsatz nur in 25% der Falle 
Abweichungen > ± 10% und in 12% der 
Faile Abweichungen von > ± 15%. <9 > Die 
besseren physikalischen Eigenschaften der Phos
phatglaser, vor allem aber die erwiesenermaBen 
hohere MeBgenauigkeitauch beiroutinemaBigem 
Einstaz, lassen es diskutierenswert erscheinen, ob 
nicht auch diese geringen, aber jetzt deutlicher 
als bisher bei der Strahlenschutziiberwachung 
in Erscheinung tretenden Unstimmigkeiten 
zwischen Personendosimetrieund Ortsdosimetrie 
durch das vorgeschlagene Konzept ausge
schlossen werden sollten. 
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METHODES DE MESURE SIMULTANEE D'EQUIVALENT DE 
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RAYONNEMENTS MIXTES 

S. PSZONA, M. ZIELCnNSKI et K. ZARNOWIECKI 

Service de Protection Contre les Radiations, Institut des Recherches Nucleaires, 
Otwock, Swierk, Pologne 

Resume-Pour mesurer directement DE et QF on peut utiliser des detecteurs dont la 
sensibilite depend du TEL. On a mis au point une chambre differentielle a recombinaison 
permettant de mesurer !'equivalent de dose de n'importe queUe radiation mixte directement 
en rem/heure. Pour les mesures simultanees de DE et QF on utilise une chambre double et deux 
electrometres. 

Le compteur a scintillation permet aussi de mesurer DE et QF pour un rayonnement mbrte. 

PouR etablir !'equivalent de dose (DE), le 
parametre le plus fondamental de la protection 
contre les radiations, il faut connaitre la valeur 
de la dose absorbee par le tissu (D) et le coef
ficient de qualite ( QF) du rayonnement, lequel 
est fonction du transfert d'energie lineique 
(TEL). Ce n'est qu'en certains cas exception
nels que la grandeur de QF est constante et 
connue, ou meme egale a l'unite. Le plus sou
vent on rencontre plusieurs types ou energies 
de radiation, de QF different. En particulier, 
des rayonnements mixtes sont produits pendant 
le fonctionnement des accelerateurs, dont le 
rayonnement primaire provoque de nombreuses 
reactions nucleaires et pendant le fonctionne
ment des n!acteurs, lesquels emettent des radia
tions gamma et neutronique ayant un large 
spectre d'energie. A. ce type appartient aussi 
le rayonnement cosmique primaire et secon
daire dont la composition depend de !'altitude 
~t dont les effets· biologiques ne sont pas encore 
suffisamment etudies. Jusqu'a present, il n'ex
istait pas d'appareil de mesure gradue en 
rem permettant facilement de determiner 
!'equivalent de dose d'un rayonnement de 
nature quelconql1e. Dans plusieurs laboratoires 
on mesure encore les doses absorbees par les 
flux de rayonnements de types divers suc
cessivement, avec differents appareils et ensuite 
on calcule !'equivalent de dose grace a des 
valeurs de QF theoriques adoptes a priori. 

Au Service de Protection Contre les Radia
tions de l'lnstitut des Recherches Nucleaires 
en Pologne les etudes de methodes de mesure 
directe de QF et DE sont poursuivies depuis 
quelques annees. * 

On a la possibilite d'utiliser diverses sortes de 
detecteurs dont la sensibilite depend du TEL. 
L'analyse theorique effectuee <1 > prouve que la 
quantite de detecteurs indispensables a la me
sure de QF depend du caractere de la relation 
entre la reponse et le TEL. Actuellement la 
methode de recombinaison colonnaire <2

- 4 > est 
la plus developpee et la meilleure pour les 
mesures en physique de sante appliquee. 

Grace a cette methode nous avons mis au 
point un dispositif transportable compose d'un 
electrometre et d'une chambre d'ionisation dif
ferentielle d'equivalence tissulaire. Ce dispositif 
permet de mesurer directement l'intensite de 
!'equivalent de dose en remfheure de n'importe 
queUe radiation mixte traversant les parois de la 
chambre. La chambre est du type multicel
lulaire a electrodes plates. Une moitie de cette 
chambre double est une chambre ordinaire a 
mesurer la dose absorbee. La seconde partie, 
de construction semblable, est alimentee en 
·tension plus basse. 

En consequence son courant peut etre dimi
nue par la recombinaison colonnaire. Cet effet 

* Actuellement sous contrat de 1' AIEA. 
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devient plus fort si la densite de !'ionisation le 
long ,des traces de particules augmente. Si on 
choisit une certaine tension particuliere on peut 
obtenir urie relation lineaire entre l'efficacite de 
collection d'ions et QF. Dans ce cas le courant 
differentiel sera proportionnel a Ia doseD et a 
QF. 11 est alors aussi proportionnel au DE: 

DE=D · QF=ai (I) 

ou: i = courant de Ia chambre differentielle, 
a = coefficient constant de Ia chambre. 

La sensibilite de l'appareil est de 1 mremfheure 
environ. La limite superieure de Ia mesure 
depend du QF du rayonnement et va de 10 
rem/h pour QF = 1 jusqu'a plus de 200 rem/h 
pour QF = 10. Si l'intensite du rayonnement 
est tres grand~, outre Ia recombinaison colon
naire apparait aussi Ia recombinaison de volume 
et l'efficassit(; 'de collection d'ions est trap petite. 
Les traveaux sur !'application de Ia methode 
aux intensites plus elevees sont en cours. Comme 
suite a nos etudes, Ia realisation d'un appareil 
portatif a chambre differentielle est prevue. 
La developpement d'un dosimetre individuel 
est en projet. 

QF 

FIG. l. Relation entre la sensibilite de Ia 
chambre a recombinaison et QF de divel'lles 
radiations. 

i, courant de Ia chambre. isat, courant de sat
uration. U, tension entreles electrodes. Lespoints 
d'etalonage correspondent aux radiations: 
gamma (10Co), beta (1H), neutronique (Po-Be 

et Po-B) et alpha (mU). 

1 

T 
Fm. 2. Principe de Ia mesure de DE avec une 

chambre differentielle a recombinaison. 

Dans Ie cas ou il est important de connaitre 
non seulement DE, mais aussi QF, on utilise une 
chambre semblable mais m unie de deux elec
trometres, un pour chaque moitie de chambre. 
Les relations entre les deux courants et les 
grandeurs mesurees sont tout a fait simples 

D a. = -ll 
b 

(2) 

QF= b (1 -i) (3) 

DE = a (i1 - i~) (4) 

ou: i1 = courant de saturation, 
is = courant de la chambre de recom

binaison, 
a, b = coefficients constants de Ia cham

bre. 

Apres avoir _compare Ies resultats des mesures 
effectuees, grace a Ia methode developpee, aux 
valeurs de QF generalement fixees <5> nous ~~ti
mons que la precision de Ia methode est de 25% 
environ. Cette precision semble tout a fait 
suffi.sante a cause de Ia relation peu certaine 
entre QF et les effets b'ologiques des irradiations 
par les rayonnements de TEL divers. En utilisant 
la methode de recombinaison nous avons mesure 
les QF des ra,_diations suivantes: 

-rayohnement secondaire d'un faisceau de 
protons entre 3 et 10 Ge V d'un synchro
tron; <•> 
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Fw. 3. Une des chambres differentielles a 
recombinaison (demontee). 

-protons de 680 MeV d'un synchrocyclo
tron; <6 > 

-protons entre 150 et 660 MeV dans un 
fantome; <7 > 

-neutrons de 660 MeV dans un fantome; <8 > 

-neutrons de 14 MeV; <7> 

-neutrons d'une source Po-Be dans un fan-
tome; <3 > 

-radiation mixte d'un reacteur. (&) 

La premiere. chambre a recombinaison fut 
construite par M. Zielczynski en 1960 durant 
son sejour a l'Institut Reuni a Dubna < 2• 

3 > et 
elle est en service dans le laboratoire des ener
gies elevees. Independamment, un peu plus 
tard, une autre methode, derivee aussi du 
principe de recombinaison colonnaire, fut de
veloppee au CERN. Les mesures et le traitement 
des resultats sont dans cette methode assez 
compliques et _prennent beaucoup de temps. 
C'est pourquoi !'application de cette methode 
est limitee. Surtout il est impossible de l'appli
quer dans le cas ou le rayonnement est variable. 

Outre Ia methode de recombinaison, les 
travaux sur la methode de mesure de QF au 
moyen d'un compteur a scintillation ont ete 
poursuivis. Le courant de ce compteur est une 
fonction approximativement lineaire du QF 
des radiations gamma et neutronique. En con
sequence le compteur a courant, muni d'un 

I.R..P. VOL. n-B 

scintillateur organique bien choisi, couple a 
un detecteur mesurant la dose absorbee (p.e. 
une chambre d'ionisation) permet de mesurer 
DE et QF des radiations gamma et neutronique . 
.A partir des neutrons d'une source Po-Be et de 
14 MeV on a obtenu respectivement 7,2 ± 0,7 
et 6,9 ± 0,4. Ces resultats sont tout a fait 
compatibles avec les valeurs generalement 
fixees. <5 > 

Dans une autre methode etudiee on utilise le 
fait que le rapport de la composante rapide par 
la composante lente de scintillation du stilbene 
depend du TEL. On a constate que la campo
sante lente est proportionelle a l'energie de la 
particule absorbee par le scintillateur. Le rap
port de la composante rapide a la composante 
lente est une fonction decroissante du TEL. 
Cette methode permettra d'etudier les distri
butions de DE en fonction de QF pour les radia
tions mixtes gamma et neutronique. 

L'utilisation des methodes par scintillation 
en physique de sante appliquee exige encore 
certainement de nombreux travaux. 

A 

OF~ 10(1-0,09A) 

n-14 MeV 

?n-10 

i\-n-7,5 

•\.---_n.:5 

--n-2,5 
• 

OF 

Frc. 4. Relation entre 1a reponse du compteur 
a scintillation et les QF de radiations gamma et 

neutronique. 
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DEPTH DOSE DISTRIBUTION IN A BEAGLE PHANTOM 

WITHIN A MIXED FIELD OF NEUTRONS AND GAMMA-RAYS 
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Washington, D.C., U.S.A. 

J. A. SAYEG and A. C. LUCAS 

Edgerton, Germeshausen & Grier, Inc., Santa Barbara Division, Goleta, 
Calif?rnia, U.S.A. 

Abstract-As a result of the recommendations adopted by the International Commission on 
Radiological Units and Measurements (ICRU) for Class B irradiations (cases where the irradia
tion is not uniform because of absorption) a series of investigations for the evaluation of depth 
dose has been initiated in order to more a,ccurately describe the absorbed dose at all points of 
interest for different size phantoms. 

The work to be reported here includes studies with two phantoms the approximate size of a 
beagle. These include a homogeneous tissue equivalent liquid phantom and an Alderson beagle 
phantom constructed of tissue equivalent plastic containing a skeleton. 

The incident radiation field being studied is the mixed field of neutrons plus gamma-rays 
within a fast neutron exposure volume of the Walter Reed Research Reactor, a homogeneous 
L-54 type designed by Atomics International. 

The detectors being used in this study are miniature tissue equivalent condenser ionization 
chambers to measure the total dose (neutron plus gamma), LFF (TLD-700) for measuring the 
gamma dose within the mixed field and the threshold detectors of Pu 239, Np2a7, and u2as 

(shielded with B10) and S 82 to obtain the neutron dose. 
Dose variations with respect to depth are currently being obtained and evaluated for both 

phantoms. The linear energy transfer (LET) distribution of dose with respect to depth is also 
being evaluated using the threshold detector technique of Hurst. Results from these evaluations 
are being compared with those obtained by use of a modified Rossi tissue equivalent LET pro
portional counter. The results of the neutron and gamma depth dose variations and distribution 
of neutron LET will be discussed with respect to the techniques employed and input parameters 
used. 

I.IN'IRODUCTION 

Recently the International Commission on 
Radiological Units and Measurements (ICRU) 
has recommended that absorbed dose values of 
Class B irradiations_ (cases where the radiation 
is not uniform because of absorption*) be based 
on a nominal value which may best be chosen 
at the midline or center of the volume of 
interest. <1 > In addition they have recommended 
that this information be supplemented by at 

*The ICRU has defined Class B irradiation where 
the ratio of entrance dose to exit dose is > 1.15. 

least the entrance and exit dose values, and pre
ferably by a depth dose relation in a phantom 
that represents the experimental conditions. 
This investigation was performed to supplement 
the available information for depth dose pat-
terns in a small phantom placed in a reactor 
(fission neutron) environment as well as to 
compare different phantom types. The work 
to be reported here includes a description of 
the techniques used for the determination of 
these patterns and results which clearly show 
the need for the evaluation of these dose distribu
tions _if biological effects are to be correlated 
with the absorbed dose at the region of in,terest. 
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Horizontal Thermal Column 

Shield Door 

FIG. 1. Horizontal section of reactor and experimental animal exposure volume. 

n. MATERIALS AND METHODS 

A. Reactor Description and Exposure Environment 

TheW alter Reed Research Reactor (WRRR), 
illustrated in Fig. I, is a 50 kW, graphite re
flected, homogeneous steady-state reactor.* The 
core contains a 26.5 1. aqueous solution of uranyl 
sulfate (93% U 236

) within a stainless steel 
sphere I 5! in. in diameter. The sphere is sur
rounded by a semi-annular bismuth shield 
which reduces the gamma flux density in the 
thermal column exposure environment. In ad
dition, eleven exposure ports are available which 
provide beams of neutrons with different charac
teristics. 

To provide a broad beam of fission neutrons 
for exposing animals as large as a dog, two 
sets of graphite stringers were removed from 

* Constructed and designated as L-54 by Atomics 
International. 

the mid-section of the horizontal thermal 
column. This provided a port 1 ft square. An 
additional 36 X 36 X 48 in. volume was re
moved from the outer face of the thermal column 
to accommodate the animal exposure support 
assembly which permitted closing of the shield 
door. Dogs the size of a beagle could then be 
positioned across the 12 X 12 in. port face for 
abdominal exposures to the mixed radiation 
field of neutrons and gamma-rays at a distance 
of 192 em from the reactor core. 

B. Description of Phantoms 

Two types of phantoms were used to evaluate 
the depth dose characteristiCs of the mixed 
radiation field passing through a tissue-like 
volume. A beagle phantom designed by Alder
son, <2 > containing a skeleton in a tissue equiva
lent plastic ("Plastinaut" 8.9% H, 3.2% N, 
64.8% C, 22.8% 0, percentages by weight) 
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FIG. 2. Inhomogeneous Alderson beagle phantom. 
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FIG. 3. Abdominal cross-section of organs that would be exposed in a beagle. 
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FIG. 4. Lucite container for homogeneous tissue equivalent liquid phantom. 

which is shown in Fig. 2, was used to represent 
the inhomogeneous case. This phantom con
tained holes 5 mm in diameter by 20 mm deep 
evenly distributed throughout its volume. Hence, 
only small detectors could be placed in these 
holes which were filled with tissue equivalent 
plugs when not in use. Exposures were made 
with detectors placed in depth through the mid
abdominal section of the phantom as illustrated 
in Fig. 3. 

For larger detectors such as fission foils and 
their B10 shields, a second phantom consisting 
of a lucite container 16 em thick was constructed 
as indicated in Fig. 4. This container was filled 
with asolutionof7.1 %sucrose, 7.6% urea,28.4% 
glycerol and 56.9% water (9.8% H; 15.6% C; 
61.0% 0; 3.5% Nby wt) which was considered 
to be tissue equivalent, <3 > (C5H 400 18N)n, and 
representative of the homogeneous case. De-

teeters were positioned in depth within tllli 
phantom on a mid-line plane parallel with the 
radiation beam. 

C. Detectors and Ancillary Equipment 

The following detector systems were used to 
measure the components of the mixed radiation 
field: 

I. Total (neutron plus gamma) tissue dose--minia
ture condenser ioni<,ation chambers of the Sievert 
type <•> constructed of conducting tissue equivalent 
plastic. <5 > These chambers are 5 mm in diameter 
and 20 rom in length with a sensitive volume of 
approximately 30 rom 3• The chambers were 
charged to 600 V and read with a precision of 
3% on a specially designed reader by Lucas.<'> 
These chambers were used with air at atmos
pheric pressure, as the cavity gas in view of the 

. previous experimental evidence by Simpson et 
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al. <7 l which indicated no significant difference 
in response between air and tissue equivalent gas. 

2. Gamma exposure and tissue dose-Li7F ( TLD-
700) ther'moluminescent powder. An aliquot of 
approximately 50 mg of Li7F powder was con
tained in teflon capsules 5 mm in diameter and 
20 mm long, which was shielded by 1/16 in. 
thick Li6 metal to eliminate any response due 
to thermal neutrons. After exposure the thermo
luminescence of the powder was evaluated by 
means of a commercial readout system* with 
a precision of 5%. 

The response of the Li7F was considered to be 
approximately tissue equivalent and hence no 
energy discrimination shield was necessary. 

3. Fast neutron jluence tissue dose and LET 
distribution of dose. The threshold detector system 
included foils of 0.05 g Pu 239, 0.028 g Np237 
and 0.6 g U 288 surrounded by shields of 30 mil
thick cadmium and 1.65 g{cm 2 Bt0

• These foils 
were encapsulated with pure copper 5 mils 
thick with a diameter of 0.37 in. The overall 
diameter of the outer B10 shield was 1! in. 
These foils were used to measure the neutron 
fl.uence distribution from 10 keV to 3 MeV. 
Bare S 32 foils, 1 in. in diameter and 1/8 in. 
thick, were used to evaluate neutron fl.uence 
values greater than 3 MeV. The induced ac
tivity of the fission threshold detectors were 
measured with two opposing 3 in. diameter, 
3 in. thickNal (T1) crystalshousedina "Tobor" 
lead shield. t The overall design was similar 
to that described by Reinhardt and Davis. <8 l 

This system was calibrated using the equivalent 
foil technique proposed by Hurst and Ritchie. <9 J 

4. Thermal neutron jluence and dose-bare and 
cadmium covered Au198 foils. The foils were 1 em 
in diameter and 2.5 mils thick. The cadmium 
shields were 30 mils thick. 

5. LET distribution of tissue dose-A LET pro
portional counter initially designed by Rossi <10 l and 
modified by Lucas. <11J This detector was a spheri
cal counter, 2 in. in diameter, with a wall thick
ness of 0.25 in. and fabricated from conducting 
tissue equivalent plastic.. <5 > The central elec
trode consisted of a 0.005 in. stainless steel wire 
which was coaxial to a 0.005 in. helix grid. 

* Controls for Radiation Inc., Cambridge, Mass. 
t Nuclear Chicago Inc. 

The counter was filled with tissue equivalent 
gas (3 . .1% nitrogen, 32.5% carbon dioxide, and 
64.4% methane, percentages by partial pres
sures) at a reduced pressure of approximately 
30 mm of Hg. The ionization pulses produced 
by recoil protons (and heavy recoils) were meas
ured using a 100 channel analyzer. The LET 
spectra were obtained from the pulse height 
values using a computer program developed 
by Lucas. <11 > 

D. Method 

1. Neutron and gamma tissue dose evaluations from 
tissue equivalent ionization chambers and Li7 F ( TLD-
700) detectors.* By use of two simultaneous 
equations shown below it was possible to evalu
ate both the neutron and gamma tissue dose 
components of the mixed radiation field. <12> 

That is 
T=aN+by 

L =kN+ by 

(I) 

where T = the response in roentgens of the 
tissue equivalent (T.E.) ionization 
chambers in terms of hard X- or 
gamma-ray calibration, t 

a =efficiency of tissue dose evaluation 
· by the tissue equivalent ionization 

chamber in units of roentgens per 
rad of tissue dose (a = 1.00 for tis
sue equivalence), 

N = neutron tissue dose in rad, 
b = the rad to roentgen conversion fac

tor for hard gamma-rays (b = 1.04 
rfrad), 

y = gamma tissue dose in rad, 
L= response in roentgens of the Li7F 

detectors in the mixed neutron and 
gamma field in terms of hard X
or gamma-ray calibration, 

* The overall precision of the data collected for 
three separate exposures under free field and phantom 
conditions was: Ionization Chambers, ± 4. 7% a for 
eleven positions in depth of field and nine pieces of 
data per position; Li7F, ± 5% a for nine positions in 
depth of field and twelve pieces of data per position. 

t The tissue equivalent ionization chambers and 
the Li7F thermoluminescent dosimeters were cali
brated with a Co60 gamma teletherapy unit (Walter 
Reed Medical Center). 
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K = response of the Li7F detectors in 
roentgens when exposed to a neu
tron radiation field that delivers I 
rad to tissue (units = rfrad). 

From the simultaneous solution of equations (I) 
and (2) 

T-L 
N=-~-

a-k 
(3) 

and 
L-kN 

(4) y 
1.04 

From the fast neutron response studies of Li'F 
as reported by Wingate et al. <13> K = 0.005 
such that (a - k) = 0.995. Within the ± 5% 
precision of our TLD system the low response 
of Li'F to fast neutrons may be neglected. Then 
equations (3) and (4) reduce simply to 

and y = L/1.04 

(5) 

(6) 

Simpson <14> had previously found that the res
ponse of Li7F to thermal neutrons was approxi
mately 0. 7 rad per 1010 nfcm 2 and could not 
be ignored. Therefore, due to the high thermal 
neutron environment of our exposure location, 
it was necessary to shield the Li7F capsules with 
a 1/16 in. thickness of Li6 metal. 

2. Neutron .fluence, tissue dose, and LET distri
bution of dose by means of the threshold detectors 
Pu 239

, Np 237
, U238 (su"owuled by B 10

) and bare S32
• 

Neutron fluence values were computed from 

Table I. Threshold Energies and Cross-sections used in 
Fluence Evaluations by Threshold Foils 

Reaction 

Pu239(n,f)F,P 
Npll37(n,f)F,P 

U 238 (n,f)F,P 
S 82(n,p)P 311 

Effective 
threshold 

energy, MeV 

O.ot 
0.60 
1.5 
3.0 

Effective 
cross-section 
aerr, barns 

1.7 
1.6 
0.54 
0.30 

the method originally proposed by Hurst <1 

and modified by recommendations made l: 
the Dosimetry Task Group D9fD20 of tl: 
American Society for Testing and Materia 
(ASTM). <18> The cross-sections and threshol 
energy values used in these evaluations ar 
shown in Table I and are considered to be be~ 
fit values for a variety of spectra since the actm 
spectrum in the determination is unknown. 

The fast neutron tissue dose was calculatec 
from the equation 

D = [a(0Pu- 0Np) + b (0Np- 0u) 
+ c(0u - 0s) + d0s] X 10 -• rad• 

where the coefficients before the parenthese: 
represent the fluence to dose conversion factor: 
for the spectrum under consideration and e 
represents the fluence values. 

Since the resolution of the spectral deter
minations by this method is poor, it seemed 
necessary to investigate limiting spectra in the 
tissue dose evaluations. The limiting spectra 
considered in this investigation were the dEfE 
and Godiva variations. Fluence to dose con
version factors based on these spectra are shown 
in Table 2. The coefficients differ only in the 
region 0.01-0.60 MeV. The values in the other 
energy regions are not considered to be signifi
cantly different. 

The fractional values of dose distribution ob
tained from the threshold detector method were 
used to calculate the LET distribution of dose 
according to the procedure given by Hurst 
et al. C15 > The LET distribution for monoener
getic neutrons as first derived by Boag<17> and 
later by Hurst C16> and Biavati et al. C18> were 
weighted by the fractional component of dose 
in each energy interval. Monoenergetic LET 
distributions for 0.3, 1.0, 2.0, and 4.5 MeV 
were considered adequate to approximate the 
LET distribution for the energy interval under 
consideration. 

3. Tissue dose vs LET distribution measurements 
witlt a proportional counter. Measurements of the 
distribution of dose as a function of LET were 

*Actually it is the kerma that is calculated; how
ever, under conditions of secondary charged particle 
equilibrium which is assumed in the atJove case, the 
kerma is equal to the absorbed dose. 
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Table 2. Fluence to Dose Conversion Factors for Different Spectra 

F1uence to dose conversion factor 
rad 

10-9 rad --X 
Spectrum nfcm2 

0.01-0.6 MeV 0.6-1.5 MeV 1.5-3.0 MeV >3.0 MeV 

Godiva 1.29 
dE/E 0.63 

made by means of spherical proportional coun
ter first devised by Rossi <10> and later modified 
by Lucas. <11> The analysis was similar to that 
of Rossi and his co-workers. The equation used 
for the LET distribution was 

D(L) = 1.6 X 10-4 X ha [Q(h) 
100 X 2 7TT

2 

.:._ Q(h + !l.h) + Q(h + Ah) ] _1_ (7) 

h + !l.h !l.h 2 

which for the 2-in. counter used in this investi
gation reduced to 

D(L) =3.I4 x I0-9 h 2 [AQ(h) 
!l.h 

+ Q(h + !l.h)] _I 
h+!l.h !l.h 

where h = the channel number, 
r = radius of the sphere in em, 

Q(h) =number of particles with 
height h. 

(8) 

pulse 

Details of these derivations and description of 
the counter have been given in an earlier paper 
by Lucas and Simpson. <t9 l 

4. Thermal neutron dose calculation. The thermal 
neutron dose was computed from the neutron 
fluence values by considering a small piece of 
tissue placed at the point of interest. The equa
tion relating dose to fluence can be written as 

: = 1.60 X 10 -s L M <TifiEp (9) 

t 

I.R.P. VOL. H--B* 

2.33 3.08 4.06 
2.23 3.07 4.04 

where D = absorbed dose in rad, 
q, =neutron fluence (neutronsfcm 2), 

Nt = number of atoms of the ith ele
ment per gram of tissue, 

at = cross-section ( 10 -u em 2) for the 
ith element, 

fi = fractional energy absorption per 
interaction, 

Ep = energy of the resultant particle 
responsible for energy deposition, 

1.6 X I0-8 =conversionfactorfrom MeVfg 
to rad. 

The main reactions which occur when ther
mal neutrons interact with tissue are 1H

1(n,y) 1H
2 

and 7N14(n,p) 6C14
• For a small tissue mass (e.g. 

radius approximately 0.2 em) under "free field" 
conditions the dose due to the 1H 1(n,y) 1H 2 

reaction may be neglected. In the depth dose 
measurements the gamma detector (Li7F in this 
case) should respond to all gamma-rays, re
gardless of their source, including the gamma 
dose due to the 1H 1(n,y) 1H 2 reaction. Hence, 
the only thermal neutron dose component that 
should be considered in our additivity test (when 
the thermal neutron fluence to dose conversion 
is made) is that due to the 7N 14(n,p) 8C 14 re
action. Therefore, for the homogeneous phan
tom, substitution of a = 1. 7 barns, Nt = 1.8 X 

10 21 atoms/g (3.5% nitrogen byweight),J= 1, 

and Ep = 0. 62 MeV yields the value (1) proton= 

2.66 X I0-11 radfnfcm~. In the case of the 
Alderson inhomogeneous phantom <2> Nt = I.36 
X 10 21 atoms/g (3.2% nitrogen by weight) and 

D -:{ = 2.43 X I 0 -u radfn/cm 2• 



824 R. E. SIMPSON, J. A. SAYEG and A. C. LUCAS 

m. RESULTS AND DISCUSSION 

A. Response of detectors 

To determine whether the responses of the 
various detectors were additive dose, evaluations · 
were made under free field conditions and sub
jected to the following test criterion. 

D(N+y) TE = D(N)rast + D(N)thermJJ.l 
+ D(y) d (10) 

where D(N+y) TE = total dose as indicated by 
the tissue equivalent ioni
zation chamber, 

D(N) rast =fast neutron dose calcu
lated from the threshold 
detector data, 

D(N)thermai =proton component of ther
mal neutron dose inferred 
from bare and cadmium 
·covered gold foil activa
tion, and 

D(y) L'' =gamma dose as indicated 
by the Li7F thermolumi
nescent detectors. 

Tables 3 and 4 summarize the fluence and 
dose values obtained for free field conditions 
by the various methods. Table 4 also includes 
the correlation analysis of additivity. It can be 
seen from Table 4 that the fast neutron dose 
evaluated by use of the dE/E fluence to dose con
version coefficients appears to give a better 
correlation than the Godiva coefficients. This 
conclusion had been previously confirmed by 
comparison of the threshold detectors with the 
Hurst proportional counter<11 > and a LET 
proportional counter (see note at bottom of 
Table 4). The difference in our neutron tissue 
dose evaluations using the dEfE and Godiva 
fluence to dose conversion coefficients was a 
factor of 1.3, the Godiva coefficients indicating 
the higher value. This difference was due to 
the relatively large percentage of fast neutrons 
in the region 0.01-0.60 MeV (approximately 
70%) and the large difference of the fluence to 
dose conversion factor in this interval. The 
difference from complete additivity (using the 
dE/E coefficients) was less than 20% (see column 
12 ofTable 4). 

B. Neutron fluence and depth dose measurements in 

different phantoms 

Tables 5 and 6 show the neutron fluence and 
neutron and gamma dose values as a function 
of depth for the homogeneous tissue-equivalent 
liquid phantom and the inhomogeneous Alder
son beagle phantom.* Although the surface 
dose for both phantoms was approximately the 
same, the homogeneous phantom exhibited a 
greater degree of neutron attenuation while the 
gamma attenuation appeared to be the same. 
Figures 5 and 6 illustrate these variations with 
comparison to the free field case. 

The fast neutron depth dose relations shown 
in Fig. 6 were derived from: (a) Tissue equiva
lent ionization chamber total dose values by 
subtraction of the gamma dose (as evaluated 
by the Li7F thermoluminescent dosimeters) and 
the proton component of the thermal neutron 
tissue dose (as inferred from the thermal neutron 
fluence); and (b) Threshold detector fluence 
values greater than 10 keV. The derived values 
from (a) and (b) were corrected for free field 
attenuation to obtain patterns due to absorp
tion only. The difference in patterns between 
the tissue equivalent ionization chamber and 
threshold detector techniques (approximately 
40% at a depth of 2.0 em and 60% at distances 
greater than 5.0 em) in the homogeneous phan
tom can possibly be explained by the epithermal 
neutron response of the ionization chambers, a 
component not taken into consideration in the 
threshold detector evaluations. This inter
pretation is also reflected into the additivity 
of dose components shown in Table 7. The 
difference in fast neutron dose between the 

* Due to the aforementioned limitations of the 
Alderson phantom only miniature ionization cham
bers and small foils would fit in the holes at 2 em 
intervals in depth. To accommodate the LFF detec
tors and their Li6 shields a modified section of tissue 
equivalent plastic designed by the Armed Forces 
Radiobiological Research Institute <2 > was substituted 
in the phantom. This section contained cavities 2 em 
in diameter located at 3 em depth, mid-line and 14 em 
depth. In addition to these locations shielded Li'F 
detectors were placed on the front and back surfaces 
of the phantom. Therefore the gamma dose data of 
Table 6 are interpolated values used to compute the 
neutron depth dose for this phantom. 



Table 3. Neutron Fluence and Tissue Dose Distributions for Free Field Conditions 

Distance Fluence Tissue dose 

from > 10 keV > 10 keV 0.01-0.60 MeV 
reactor nfcm' X 108 rad x lo-s 

core, em watt-min watt-min Fluence 

E-1 G 
192 (0)* 12.7 1.44 2.10 75.0 
200.9 9.50 1.17 1.63 69.7 
207.3 7.26 0.924 1.27 69.3 
213.0 5.87 0.753 1.04 67.2 
220.5 5.06 0.632 0.087 69.0 

* Distance to phantom surface. 

E-1 = dEfE fluence to dose conversion coefficients. 
G = Godiva fluence to dose conversion coefficients. 

Dose 

E-1 G 

41.9 58.5 
35.7 52.6 
34.3 50.7 
33.0 49.2 
34.9 51.3 

Percentage in energy interval 

0.60-1.5 MeV 1.5-3.0 MeV 

Fluence Dose Fluence Dose 

E-1 G E-1 G 
14.5 27.9 20.5 7.82 21.1 14.7 
18.7 33.7 25.4 8.54 21.3 15.3 
18.5 32.5 24.8 10.3 24.3 18.0 
18.9 31.4 25.1 10.5 26.3 19.0 
18.8 33.5 25.0 9.77 23.9 17.7 

>3.0 MeV 

Fluence Dos: 

E-1 G 
2.54 9.1 6.3 
2.85 9.3 6.7 
2.80 8.9 6.5 
2.97 9.3 6.7 
2.62 7.7 6.0 



Table 4. Free Field Correlation of Dose using Tissue Equivalent Ion Chamber und LPF with Threshold Foils for E-1 and Godiva Coefficients 

(radfwatt-min x IQ-2) 

E-1 coefficients 

Free field TE Li7 if if+ LF JJT jfT + Li7 

depth em (N + r) (y) (N) (N + r) (N) (N + r) 

0 1.962 0.222 1.455 1.677 1.820 2.042 
2 1.957 0.222 1.395 1.617 1.725 1.947 
4 1.922 0.222 1.315 1.537 1.630 1.852 
6 1.877 0.222 1.245 1.467 1.540 1.762 
8 1.822 0.217 1.170 1.387 1.450 1.667 

10 1.757 0.212 l.llO 1.322 1.370 1.582 
12 1.687 0.212 1.030 1.242 1.290 1.454 
14 . 1.612 0.207 0.965 l.l72 1.220 1.427 
16 1.533 0.203 0.905 l.108 1.145 1.348 

--· 
TE = Total dose by tissue equivalent ionization chamber= D(N + y) TE. 
Li7 = Gamma dose by Li7F = D(y)Li7, 
if= Threshold foil dose, En > 0.01 MeV= D(N) fast. 

if 
(N) 

2.105 
1.975 
1.860 
1.750 
1.640 
1.530 

1.430 
1.340 
1.250 

ifT =Threshold foil dose plus thermal neutron dose= D(N) fast + D(N) thermal. 

192 em LET-free field 
(LET proportional counter) 

Rad/watt-min 
10-120 keV fp. 120-400 keV/p. 
0.0116 0.00115 

Godiva coefficients 

jf + Li7 

(N + r) 

2.237 
2.197 
2.082 
1.972 
1.857 
1.742 

1.642 

1.547 
1.453 

ifT 
(N) 

2.450 
2.320 
2.180 
2.060 
1.940 
1.820 

1.710 
1.600 
1.500 

Total 
0.01275 

Ratio 
JJT + Li7 to TE 

ifT+ Li7 

(N + r) E-1 Godiva 

2.672 1.035 1.36 
2.542 0.995 1.30 

2.402 0.965 1.25 
2.282 0.940 1.22 
2.157 0.913 1.18 

2.032 0.905 l.16 

1.922 0.870 l.14 

1.807 0.885 0.96 
1.703 0.890 0.95 



Table 5. Fast Neutron Fluence and Depth Dose Distributions within a Homogeneous Tissue Equivalent Liquid Phantom (16 em thickness) 

Distance 

from Fluence Tissue dose 

phantom > 10 keV > 10 keV 

surface, nfcm2 X 106 rad x 10.:..2 
0.01'-0.60 MeV 

em watt-min watt-min 
F1uence 

E-1 G 
-2.0 11.5 1.29 1.88 76.4 

+2.0 5.33 0.715 0.957 65.5 
5.0 2.04 0.359 0.432 49.5 
8.0 1.40 0.227 0.280 57.7 

14.0 0.59 

I 
0.095 0.119 59.4 

16.0 0.47 0,078 0.096 55.3 

E-1 = dEfE fiuence to dose conversion coefficients. 
G = Godiva fiuence to dose conversion coefficients. 

Dose 

E-1 G 
43.1 60.0 
31.4 47.8 
17.8 30.1 
22.4 37.1 
23.2 37.8 
21.8 35.5 

I 

Percentage in energy interval 

0.60-1.5 MeV 1.5-3.0 MeV >3.0 MeV 

F1uence Dose Fluence I Dose Fluence Dose 

E-1 G E-1 G E-1 G 
12.8 25.6 18.3 8.23 22.6 15.5 2.45 8.70 6.2 
18.1 29.8 23.3 10.3 23.4 17.6 5.07 15.4 11.3 

22.4 28.1 24.5 18.1 31.2 26.2 9.95 22.9 19.2 
18.0 26.0 27.0 14.6 27.3 22.5 9.67 24.3 19.7 
15.1 21.1 17.7 14.9 28.4 22.7 10.8 27.3 21.8 
22.1 29.5 25.0 12.9 24.4 19.7 9.90 24.3 19.8 

I 
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Table 6. Neutron and Gamma Depth Dose in an Inhomogeneous Beagle Phantom 

Distance from 
phantom surface, 

em 

-0.5 
0.0 
0.5 
2.0 
4.0 
6.0 
8.0 

10.0 
12.0 
14.0 
16.0 

Total dose 
(TE ion chamber) 

rad X I0-2 

watt-min 

3.09 
3.12 
3.13 
3.09 
2.83 
2.30 
1.99 
1.75 
1.49 
1.30 
1.19 

Gamma dose 
(LF fluoride) 
rad x 10-2 

watt-min 

0.70 
0.73 
0.75 
0.79 
0.84 
0.79 
0.68 
0.59 
0.47 
0.40 
0.40 

Fast + thermal* 
neutron dose 
rad X 10-2 

watt-min 

2.39 
2.39 
2.38 
2.30 
1.99 
1.51 
1.31 
1.!6 
1.02 
0.90 
0.79 

*(Fast +thermal) neutron dose= TE - Li7 (y) . 
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FIG. 5. Comparative depth dose between tbe inhomogeneous and homogeneous phantoms 
and free field conditions. 
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FIG. 6. Experimental neutron depth dose variations employing different phantoms 
and detectors. 

homogeneous and inhomogeneous phantoms· as 
evaluated by the tissue equivalent ionization 
chambers, etc., can only be attributed to differ
ences in the hydrogen composition and density of 
the homogeneous phantom. The· differences in 
surface dose values in the case of the two phan
toms are within the precision of the methods 
employed. The fast neutron dose variations 
shown can be approXimated by the mathema
tical relations obtained from the tissue equiva
lent ionization chambers: 

Inhomogeneous Phantom 

D = 1.70 X 10-u e-a/13 •
6 (d > l.O em) (11) 

Homogeneous Phantom 

rad 
D = 1.25 X 10-ee-ats.: 

nfcm1 
(12) 

Threshold detectors using Godiva fluence to 
dose conversion coefficients: 

D = [0.80 e -a11. 7 + 0. 70 e-afs.&) 

X lo-u rad 
nfcm 2 

(13) 

Threshold detectors using 1/E fluence to dose 
conversion coefficients: 

D = [0.31 e -a/2.0 + 0.65 e -a;s.o] 

X 
10

_9 rad 

n/cm 2 
(14) 

where D = fast neutron tissue dose in rads per 
incident nfcm 2, 

d =distance from surface of phantom 
to point of interest in centimeters.· 

C. Free field, surface, midline and exit dose com
parisons for the different phantoms 

Table 8 lists the free field (at the phantom 
midline), surface, midline, and exit dose values 
for the two phantoms tested. The dose ratios 



Table 7. Total Neutron and Gamma Depth Dose Values for a Homogeneous Tissue Equivalent Phantom 

·-

Thermal Thermal Fast+ Fast + thermal 
Distance neutron neutron thermal Gamma +gamma 

from fluence dose neutron dose dose (total dose) 
phantom 

n/cm 2 X 108 rad X l0- 2 rad X 10-2 rad X lQ-fl rad X I0- 2 
surface, 

em watt-min watt-min watt-min watt-min watt-min 

E-1 jast G-fast E~ 1 fast G-fast 

+2.0 1.73 0.46 1.18 1.417 0.810 1.99 2.23 

+5.0 1.02 0.27 0.624 0.700 0.740 1.36 1.44 

8.0 0.53 0.14 0.362 0.420 0.550 0.92 0.97 
14.0 0.22 0.06 0.155 0.179 0.370 0.53 0.55 
16.0 0.18 0.05 0.128 0.146 0.290 0.41 0.44 

Table 8. Free Field, Surface, Midline, and Exit Dose Ratios for Different Phantoms* 

Free field 
Phaptom at midline 

' of phantom 

N y 

Homogeneous 
tissue 
equivalent 
liquid 1.56 0.218 

I nhomogeheous 
Alderson 
.Beagle 1.56 0.218 

" .. 

*Interpolated values from figure 5. 
N = fast + thermal neutron tissue dose. 
y = gamma tissue dose. 

Dose 
rad X 10-2 

watt-min 

Phantom Phantom 
surface midline 

N y N y 

2.10 0.80 0.60 0.60 

2.38 0.72 1.35 0.70 

Dose ratio 

Phantom Phantom 

Phantom midline midline ---
exit free field surface 

N y N y N y 

0.50 0.32 0.38 2.8 0.28 0.75 

0.96 0.39 0.86 3.2 0.57 0.97 

Total dose 
TE ionization 

chamber 

rad X 10-2 

watt-min 

-

'2.60 
1.95 
1.33 
0.83 
0.80 

Phantom 
exit 

surface 

N y 

0.24 0.40 

0.40 0.54 
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FIG. 7. LET distribution of the proton component of neutron tissue dose for free 
field conditions. 

are also shown. These data clearly show the 
importance of assigning a dose to the region of 
interest for the correlation of biological effects. 
In the case of the homogeneous phantom the 
midline and free field (at the phantom midline) 
neutron values differ by a factor of 2.6 whereas 
the total dose ( N +Y) would differ by a factor 
of 1.5. In the inhomogeneous case the difference 
is a factor 1.2 for the neutrons alone and 0.9 for 
the total dose.* 

phantom. The LET distributions (Fig. 7 and 
8) were calculated using both the dE/E and 
Godiva fiuence to dose conversion coefficients 
and were normalized to an area of 0.9 to com
pensate for the fraction of total dose contained 
in the heavy recoil region. An analysis of the 
LET distributions for the monoenergetic neu
trons. used in our calculations indicated that 
the 0.3 MeV distribution contained approxi
mately 65% of the dose to 90 keVfp., whereas 
the other distributions contained a fraction 

D. Distribution lif neutron dose with LET nearly equal to 1. It has previously been indi-

The LET distribution of dose as calculated cated by Boag (l7) and Biavati et al. (lS) that low 
by the method of Hurst et al. (20) is shown in ' energy neutrons may contain a significant frac
Fig. 7 for free field conditions. Also shown is the tion of the dose near the Bragg peak. In our 
LET spectrum as measured with a tissue equi- summations of the LET distribution for the 
valent LET proportional counter. In Fig. 8 are cases under consideration it was observed that 
shown the LET distributions for the surface of the.. approximately 15% of the total proton recoil 
phantom and for those calculated in depth for an· dose is contained in the LET region near the 

averagevalueofneutronspectrumthroughou~ the Bragg peak. 
·An examination of Fig. 7 indicates that the 

* Total dose at midline of phantom is: greatef thah · 'LET spectrum obtained by the LET propor-
the free field value. tional counter differs markedly in the region 
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greater than 40 keVff£· The difference is attri
buted to the protons produced by thermal neu
trons as a result of the N 14(n,p)C14 reaction in 
tissue, again, a LET component not taken into 
consideration in the calculations with the thres
hold detectors. This interpretation was partially 
confirmed by obtaining the response of the 
counter in radiation fields containing a different 
proportion of fast to thermal neutrons and ob
serving a decrease in this component as the 
number of thermal neutrons relative to the 
fast neutrons decreased. <11> As a second differ
ence. the proportional counter distribution did 
not ·exhibit the large fraction of dose near the 
Bragg peak as theoretical calculations have 
indicated. 

E. Comparison with other depth dose studies with 
fission neutrons 

The results of the present investigation have 
been compared with other studies carried out 
with fission neutrons. Figure 9 illustrates ex
perimental depth dose relations (normalized to 
incident free field fluence) obtained at the 
Godiva II critical assembly (Los Alamos), <21> 

the Sandia Pulse Reactor facility (SPRF) <22> 

and the AFRRI-DASA Triga Reactor at the 
Armed Forces Radiobiology Research Institute 
(AFRRI). <28> In addition, the results of theo
retical studies based upon the work of Snyder <24 > 

and Jones <25 > with a 30 em thick infinite tissue 
equivalent slab and finite cylinder 30 em in 
diameter are included. The experimental stu
dies were carried out with homogeneous tissue 
equivalent, chest-type phantoms, except for the 
Godiva studies of Sayeg and Perrings <21 > in 
which an Alderson phantom containing a skele
ton was used. The recent investigation of Sayeg 
and Dowling <23> shows closer agreement with 
the theoretical studies and both indicate that 
the proton and heavy recoil components of the 
fast neutron dose, from a Godiva-type spectrum, 
can be approximated by the relation·: 

· rad 
D = 3.20 X 10-v e-4f7,a • • (15) 

nfcm 2 (mctdent) 

where d is the depth in the phantom in centi
meters, 3.20 X 10-9 radfnfcm 2 is the surface 
fluence to dose conversion factor, and 7.5 is the 
mean free path in centimeters (absorption co-

efficient fL = /
5 

= 0.13/cm). SayegandDow

ling were also able to support Lehaman and Fek
ula's <22 > observations that in a Godiva-type radi
ation environment the fast neutron spectrum 
through a homogeneous phantom did not change 
markedly and closely resembled the emission 
spectrum of the source. The results of the 
present investigation, however, did not exhibit 
such simple interpretations as indicated in a 
previous discussion (see Section III, B). The 
depth fluence* to dose conversion factor ap
peared to increase from a value of 1.1 X I 0 -u 
radfnfcm 2 (based on dEfE coefficients) at the 
surface to a value of 1.7 X 10-9 rad/nfcm 2 at a 
depth of 5 em, where it appeared to have 
reached an equilibrium value to the back surface 
of the phantom. These values of fluence to 
dose conversion factors can be compared to the 
Godiva spectrum value of 2.4 X 10-u radfnfcm 2 • 

This difference can be understood in terms of 
the percentage of neutrons in the energy range 
0.01-0.60 MeV (50-70% in the present study 
vs. 34% for the Godiva spectrum). 
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Res11D1i--L'utilisation des accelerateurs de particules a de tres hautes energies pose des 
problemes de dosimetric en cas d'irradiation accidentelle. 

Au Symposium sur Ia "Dosimetric Personnelle en cas d'exposition accidentelle" organise 
par l'Agence Internationale de l'Energie Atomique en 1965 a Vienne, une methode originale 
de mesure de Ia dose absorbee lors d'irradiation aux protons de haute energie a ete proposee. 

L'analyse par spectrometric y met en evidence, aussitot a pres I' irradiation, des radio-elements 
de periodes tres courtes, emetteurs fl+, donnant des photons d'annihilation de 511 KeV. Apres 
36 heures, un pic apparait et persiste au niveau de 479 KeV. II traduit !'emission des gamma 
du beryllium-7 dont Ia periode est de 53,6 jours. 

Ce beryllium-7 est produit par des reactions de spallation provoquees parIes protons de tres 
haute energie StU" les noyaUX des tissus. 

L'activite rapportee au jour de !'irradiation en utilisant Ia periode physique du 7Be, est reliee 
a Ia dose absorbee par un coefficient de proportionnalite independant de l'energie des protons 
utilises dans l'intervalle 600 MeV-2,8 GeV et egal a 0,023 ± 0,003 pCijg.rad, en tenant compte 
de Ia valeur Ia plus recente du rapport de branchement des y du 7Be. 

La sensibilite de Ia methode par spectrometric gamma est suffisante pour que cette dosimetric 
biologique soit utilisable en cas d'irradiation accidentelle partielle ou totale. 

Une serie d'experimentations a ete realisee pour verifier les possibilites de cette methode dont 
!'application pratique presente des difficultes inherentes a Ia repartition de Ia dose absorbee 
dans l'organisme eta Ia diffusion du 7Be forme. 

INTRODUCTION 

L'irradiation de rats avec des protons de 
600 MeV du Synchrocyclotron du CERN a 
Geneve et avec les protons de 2,8 GeV du 
Synchrotron Saturne du CEN-Saclay, nous a 
permis d'etablir le coefficient reliant l'activite 
correspondant au beryllium-7 forme dans les 
tissus a la dose absorbee. 

On sait en effet qpe les interactions des protons 
de haute energie avec les tissus sont de deux 
types: 

-des collisions avec les electrons atomiques 
se traduisant par une ionisation directe: 

* De tache par le Service Biologique et V eterinaire 
des Armees. 

-des interactions nucleaires de spallation qui 
conduisent a un eclatement du noyau en frag
ments de basse energie, apres emission d'un ou . 
plusieurs nucleons de haute energie et de 
mesons. 

Le nombre d'elements radio-actifs qui peu
vent etre formes dans le second cas est tres 
limite pour les noyaux legers constituant les 
tissus vivants. L'un d'eux est le beryllium-7. 

Nous rappellerons brievement les conditions 
dans lesquelles nous avons etabli cette relation 
activite-dose que nous avons exposee dans une 
communication a l' Agence Internationale de 
l'Energie Atomique a Vienne en 1965. <tl 

Nous comparerons ensuite les resultats experi
mentaux a ceux previsibles a partir des donnees 
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physiques. Nous exposerons enfin les resultats 
d'un certain nombre d'experimentations entre
prises pour explorer les possibilites de cette 
methode dans le cas d'une exposition acciden
telle de l'homme aux protons de haute energie. 

I. ETABLISSEMENT DE LA RELATION 

EXPERIMENTALE ACTIVJTE-DOSE POUR 

LES RATS IRRADIES "IN TOTO" 

I. 1. Dosimetric 

Les difficultes inherentes a la mesure de la 
dose absorbee lors d'une irradiation par les 
protons de haute energie exigent des precisions 
sur la dosimetric. 

Pour les protons de 600 MeV, BAARLI plac;ait 
des chambres d'ionisation Baldwin de 0,6 em 3 

au centre des fantomes en polyethylene, dans 
lesquels une variation de ± 4% de la dose a 
ete notee entre 1 et 11 g/cm 2 de profondeur. Il 
integrait dans une capacite un courant propor
tionnel au courant d'ionisation produit dans 
la chambre par les protons. Le dispositif etait 
etalonne avec une chambre en materiau equi
valent au tissu de ROSSI et FAILLA et la 
quantite d'electricite integree dans la capacite 
correspondait a la dose en rads. 

Pour les protons de 2,8 Ge V, une chambre de 
0,6 cm3 identique a celle utilisee a 600 MeV 
servait a mesurer la dose absorbee dans l'air 
devant l'animal irradie. Le rapport des pou
voirs d'arret respectifs de l'air et des tissus pour 
ces protons etant de 0,89, une dose de 1 rad 
dans une epaisseur mince de tissu correspondait 
a 0,89 rad mesure dans l'air. 

Ces resultats etaient compares a ceux obtenus 
par activation grace aux reactions 12C (p, pn) 
11C et 27Al (p, 3pn) 24Na de sections efficaces 
respectives 27mb et 9,1 mba 2,8 GeV. Sachant 
qu'une fluence de 3,05.107 pfcm 2 correspond 
a I rad dans un echantillon mince, nous avons 
pu verifier que l'ecart entre la dose calculee a 
partir des fluences et la dose mesuree n'excedait 

pas 8%. 
Le bon accord entre les resultats obtenus a 

permis de limiter l'erreur sur la mesure a 
l'erreur statistique sur' l'une ou l'autre des me
thodes de mesure, soit environ I 0%. 

I. 2. Spectrometric y et risultats 

Les spectres d' actiuite recherches sur les rats 
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vivants evoluent de la mamere suivante en 
fonction du temps (figures 1 et 2). 

--celui effectue 1 h 20 apres !'irradiation 
montre !'existence d'un pic a 511 KeV. Celui
ci correspond aux gammas d'annihilation des 
trois emetteurs fJ+ identifies comme etant le 
11C, le 18N et le 150. 

--celui effectue 35 h apres !'irradiation mon
tre que le pic precedent a diminue considerable
ment. Par contre on observe un pic a 479 KeV 
correspondant a des gamma de transition du 
7Be dont le rapport de branchement est de 
10,3% si l'on se refere aux derniers documents 
publies. <2l* 

Des traces d'autres radioelements apparais
sent, notamment le 24Na. 

--celui effectue le 5eme jour apres !'irradia
tion montre essentiellement un pic de 7Be; 
celui-ci peut etre observe assez longtemps en 
raison de sa periode physique de 53,6 jours. 

Les mesures de l'activite y du 1Be furent effec
tuees sur les cendres de rats irradies par des 
protons de 600 MeV et de 2,8 GeV a des doses 
de 200 a 1000 rads. Le Laboratoire de Mesures 
des Radio-elements du CEN-Saclay a effectue 
la mesure absolue a 7% pres d'un etalon d'eau 
berylliee, obtenu par irra-diation d'eau dis
tillee avec des protons de 2,8 Ge V. 

L'activite rapportee au jour de !'irradiation 
en utilisant la periode physique du 7Be est 
reliee a la dose absorbee par un coefficient de 
proportionnalite independant de l'energie des 
protons utilises et egal a 0,023 ± 0,003 pCifg. 
rad (tableau 2). Ce coefficient experimental et 
le coefficient calcule a partir des donnees 
figurant dans la litterature ont fait l'objet de 

* Cette valeur de 10,3% a ete utilisee dans !'evalua
tion theorique ( cf. II.l) et les comparaisons sont ainsi 
independantes de cette valeur. 

recherches dont nous allons maintenant exposer 
les resultats. 

U.CALCULSDESVALEURSTHEORIQUES 

D'ACTIV ATION 

II. 1. Relation activite-dose dans un lchantillon mince 
de tissu 

La dose experimentale de 0,023 ± 0,003 
pCifg pour une dose absorbee au milieu du 
rat egale a un rad ayant ete confirmee, nous 
avons ete conduit a preciser les previsions 
theoriques. 

Dans notre communication a l'A.I.E.A., 
notre interpretation theorique de la production 

0,1 

..... ----- .............. --

Energie des protons, GeV 

FIG. 3. Creation de Be7 par des protons de haute 
energie dans un echantillon mince de tissu 

biologique. 

Tableau 1. Donnees sur les reactions previsibles 

Nombre Sections efficaces en mb. 
Element Concentration d'atome-gramme Reaction 

en% par g. de tissu. Ep = 0,6GeV Ep = 2,8 GeV 

c 12,3 1,02.10- 2 ac (p, 3p, 3n) 7Be 11,2 ± 1,1 10 ± 1 
N 3,5 0,25.10-2 14N (p, 4p, 4n) 7Be 10,4. ± 2 9,9 ± 2 
0 72,9 4,55.10- 2 180 (p, 5p, 5n) 7Be 10,4 ± 2 8,7 ± 1 
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Tableau 2. Comparaison des mesures in toto et sur cendres chez le rat. 

(Dose absorbie: 665 rads.) 

Date Activite mesuree Activite mesuree Coefficient de 
de sur les cendres* in toto* proportionnalite 

sacrification en pCi/g en pCi/g activite-dose t 
en pCifg X rad 

1+6 15,4 10,2 0,25 

1 +8 15,3 9,4 0,25 

1+9 15,7 7,1 0,26 
1 + 12 14,6 7,6 0,25 
1 + 13 14,6 7,1 0,25 
1 + 15 11,3 7,3 0,20 

* Activite rapportee au gramme de poids de !'animal sacrifie, ramenee au jour de 
!'irradiation, en tenant compte de Ia periode physique du 7Be. 
t Corrige en tenant compte de Ia periode biologique Tb = 70 1· 

de 7Be, a partir d'une dose absorbee par les 
tissus, se fondait sur des valeurs de sections 
efficaces connues a 20 ou 30% pres. Des me
sures plus recentes ont apporte des rectifications 
sur les trois constituants principaux (0, N, C). 

Le tableau I donne les sections effi.caces de 
production de 7Be pour le carbone, !'oxygene 
et !'azote; la contribution des autres elements 
des tissus est negligeable en raison de leur faible 
concentration, mais les sections efficaces de 
formation du 7Be sur ces elements sont tres voi
sines. 

Ceci no us conduit aux equivalences suivantes: 
12,8 ± 1,8 pCi/g pour 1010 protonfcm 2 de 3 
GeV correspondant a 0,039 ± 0,005 pCifg. rad. 
Sur la figure 3 est representee la courbe de 
variation de cette activite en fonction de l'ener
gie entre 0, I et 3 Ge V, avec les limites' extremes 
de precision des calculs. 

L'activite ainsi calculee correspond a une 
dose absorbee dans un echantillon mince de 
tissu place dans l'air. 

II. 2. Variation de la dose et de l' activite en fonction 

de la prcifondeur 

Dans toutes les experiences precedentes, la 
dose absorbee est mesuree dans la partie mediane 
("midline dose") d'un fantome de rat en Mix D. 

Au cours de nos experiences sur les protons 
de haute energie, nous avons montre que la 
dose absorbee varie en fonction de la pro-

fondeur. (8> Pour le rat, nous avons determine 
le rapport entre la dose absorbee au milieu 
de !'animal et la dose dans un echantillon 
mince de tissu: la valeur moyenne determinee a 
la suite de plusieurs experiences est egale a 
1,4 avec un ecart quadratique moyen de 0,1. 
La formation de 7Be est due non seulement aux 
interactions produites par les protons primaires, 
mais aussi aux particules secondaires d'energies 
superieures au seuil de production. 

Cette formation du 7Be en fonction de la 
profondeur a ete etudiee dans les deux experi
ences suivantes: 

-une dose de I 0.000 rads fut administree a 
un cylindre de tissu mou de 30 em de longueur 
sur 9 em de diametre dans le faisceau de pro
tons. Fractionne de 5 em en 5 em, chaque 
morceau fut mineralise et son activite mesuree. 
Celle-d demeure sensiblement constante dans 
une epaisseur de 25 em (tableau 3) 

-un cylindre de Mix-D de 22,4 em de lon
gueur sur 6,5 em de diametre, constitue de 16 
disques identiques, fut irradie dans les memes 
conditions. Nous avons constate une Iegere 
augmentation de la quantite de 7Be formee, de 
l'ordre de 5% pour une traversee de 14 em de 
Mix-D. 

En ce qui concerne la formation de 7Be et 
pour les profondeurs qui nous interessent, il 
semble done qu'il se produit une compensation 
entre la disparition des particules primaires 
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Tableau 3. Activite en 7 Be en fonction de la profondeur 

dans les tissus nwus 

Profondeur em 

0-5 
5-10 

10-15 
15-20 
20-25 
25-30 

Activite en pCifg frais 

208 
212 
207 
194 
199 
144 

avec un libre parcours moyen de 60 g.cm -z 
et la creation de particules secondaires d'ener
gies superieures au seuil de creation du radio
nuclide. 

II. 3. Relation activite-dose au milieu du rat 

La dose absorbee au milieu du rat etant de 
40% superieure a la dose absorbee dans un 
echantillon mince, la valeur calculee en II. 1. 
peut etre corrigee pour la rapporter a la dose 
mesuree au milieu de l'animal, ce qui donne 
alors 0,028 pCifg. rad a ± 15% pres. 

On observe done un bon accord entre les 
valeurs experimentales et les previsions theo
riques. 

m. vtluFICATIONS DES DONNEES 

EXPERIMENT ALES 

III. l. Controle des pertes de 7 Be au cours de la 

mineralisation 

La difference constatee entre les previsions 
theoriques et les resultats experimentaux pour
rait etre imputable a ces pertes car nous ign,o
rons la nature des composes du beryllium qui 
se forment dans les tissus. 

Le compose le plus probable est l'oxyde de 
beryllium dont le point d'ebullition est voisin de 
4.000°C sous une pression normale. La mine
ralisation a 800° ne doit done pas le volatiliser. 
Nous l'avons verifie en i~ectant 300 cm 3 d'eau 
distillee irradiee possedant une activite de 
4,4.10-4 /LCifcm 3 dans une masse de viande de 
2,5 kg que nous avons ensuite mineralisee. 95% 
du beryllium , i~ecte fut retrouve dans les 
cendres ce qui permet-aux erreurs experi-

mentales pres-de considerer qu'il n'y a pas 
de pertes. 

L'existence possible de composes plus volatils 
du beryllium nous a conduit a realiser !'expe
rience suivante. Un rat irradie fut entierement 
reduit en une pate a l'aide d'un broyeur. 
L'homogeneite de celle-ci fut verifiee sur plu
sieurs echantillons. Deux echantillons furent 
ensuite mesures, l'un frais, l'autre mineralise 
sous une geometrie identique. Le rapport des 
activites fut de 5,42 pour un rapport de poids 
de 5,56. La difference des rapports n'etant 
pas significative, nous devons done admettre 
que la methode de mineralisation mise en 
ceuvre pour determiner le coefficient reliant 
l'activite ala dose n'etait pas une cause d'erreur. 

III. 2. Mesure de l'activite y du 7Be sur le rat "in 

toto" 

Nous avons effectue une comparaison entre 
les mesures d'activite "in toto" sur les rats, pre
alablement sacrifies, et celles sur leurs cendres. 

La geometrie des mesures sur les cendres 
correspondait a un disque de 50 millimetres 
de diametre et de 10 a 12 mm d'epaisseur. Pour 
les mesures in toto, le rat fut place dans une 
bolte cylindrique de 10 centimetres de hauteur 
et de 6,5 centimetres de diametre. L'etalon
nage etait effectue avec une boite analogue 
contenant de la gelatine irradiee avec les pro
tons, elle-meme etalonnee avec notre etalon 
habitue! (voir I. 2.) 

Les resultats de cette comparaison (tableau 2) 
montrent que le rendement de la mesure in 
toto par rapport a la mesure des cendres est de 
75%. L'erreur de comptage avec la geometrie 
des cendres n'excede pas 5% si on ad,met que 
tout le 7Be s'y retrouve. Elle est beaucoup plus 
elevee pour un comptage in toto, ce qui neces
site des corrections pour appliquer la relation 
activite-dose. 

III. 3. Mesure de l' activite sur un singe in toto 

Les caracteristiques du faisceau de protons 
de 2,8 GeV nous ont permis une irradiation 
globale d'un singe de 1,8 kg a la dose de 200 
rads. Les comptages effectues 20 jours apres 
I' irradiation avec un crista! de 20 em de diametre 
et 10 em de hauteur ont montre que les mesures 
d'activite en 7Be etaient encore possibles. 
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IV. DIFFUSION ET ELIMINATION DU 
7BE DANS L'ORGANISME 

L'irradiation locale entrainant une formation 
de 7Be tant dans les cellules que dans les milieux 
extra-cellulaires, ii nous a semble necessaire 
d'effectuer un certain nombre d'experimenta
tions concernant sa diffusion. Celle-ci comporte 
un transfert au cours de !'irradiation par la 
voie sanguine, puis des echanges entre les espaces 
intra- et extra-cellulaires. Par ailleurs, comme 
tout radio-element introduit ou forme dans 
l'organisme, le 7Be est soumis aux processus 
d'elimination biologique et de decroissance 
physique qui aboutissent a la notion de periode 
effective. 

IV. 1. Diffusion du 7 Be de la tete vers le corps apres 
une irradiation dphalique du lapin 

L'irradiation locale etant la plus probable 
lors d'un accident aupres d'un accelerateur, une 
mesure localisee ne pourrait qu'accroitre la 
sensibilite de la methode. Mais, auparavant, 
il faut s'assurer de !'importance de la diffusion 
dans le temps du beryllium forme. 

Compte tenu de la section du faisceau de 
protons dont nous disposions, la tete du lapin 
se pretait le mieux a une irradiation locale. 

Une premiere serie de lapins re~ut des doses 
allant de 900 rads a 9000 rads. La mort par 
hemorragies meningees qui se produisit du 2eme 
au lOeme jour limita nos observations. Elles 
montrerent cependant une diffusion non neglige
able du 7Be forme dans la tete vers le reste du 
corps. 

Une deuxieme serie de lapins fut irradiee a 
des doses de 600 rads dans une section de fais
ceau a bordure nette permettant une limitation 
exacte de !'irradiation de la tete du lapin. Le 
tableau 4, colonne 1, montre le protocole suivi. 

Cas des animaux irradiis morts. Sur les trois 
animaux de ce lot, le corps presentait une acti
vite to tale egale a 30% de celle de la tete. L'etude 
du faisceau par autoradiographie a permis de 
mettre en evidence !'existence d'un halo de 
particules autour du faisceau principal en
trainant une irradiation de !'ensemble du corps 
a une dose moyenne egale a 3% de celle re~ue 

Tableau 4. Evolution de l'activite dans la tete et dans le corps enfonction du temps apres irradiation 

Date 
de 

sacrification 

Avant !'irradiation 

Apres !'irradiation 

J 

J 

J 
J 
J 
J 

+ 0,5 

+I 

+2 
+5 
+II 
+ 15 

Po ids 
eng 

ala sacri-
fication 

190 
190 
185 
210 
215 
260 
290 
230 
190 
300 
250 
275 
260 
250 
250 
280 

TNe 

Activite m 
en pCifg 

15,6} 
13,0 14,5 
15,0 

10,6} 
11,6 9.8 
7,2 

9,3} 
10 9,8 
10,3 

ll,2} 
9,3 9,8 
9,1 

10,4 
9,3 
7,8 
7,8 

Corps 
Rapport des 

Poids activitesfg 
eng Activite m T~tefCorps 

ala sacri- en pCi/g (moyenne) 
fication 

1890 0.59} 
1740 0.32 0.49 29,6 
1710 0.55 
1670 0.69} 
1985 0.68 0.60 16,3 
2490 0.44 
2855 0.67} 
2310 0.80 0.69 14,2_ 
2080 0.60 
2820 1.00 } 
2430 0.62 0.74 13,2 
2395 0.61 
2550 0.46 22,6 
2540 0.85 10,9 
2130 0.56 14 
2860 0.64 12,3 
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par la tete. Ceci a permis d'expliquer une 
activite du corps qui ne pouvait resulter d'une 
diffusion biologique. 

L'activite due au 7Be forme dans la tete de 
ces lapins (tableau 4) peut etre reliee .ala dose 
grace au coefficient determine experimentale
ment sur le rat, ce qui s'explique du fait que 
les geometries d 'irradiations etaient voisines. 

Cas des animaux sacrifies apres ['irradiation. L'ac
tivite specifique de la tete des lapins sacrifies 
immediatement apres !'irradiation est inferieure 
de 30% a celle des lapins irradies morts. 

Cette decroissance rapide traduit le transfert 
par voie sanguine du 7Be forme dans les espaces . 
extra-cellulaires durant !'irradiation. 

Pour les lapins sacrifies apres !'irradiation, la 
loi de decroissance de l'activite specifique de la 
tete en fonction du temps separant !'irradiation 
de la sacrification (figure 4)-en corrigeant la 
mesure avec la periode physique du 7Be en vue 
de rapporter tous les resultats au meme instant 
-est de caractere exponentiel, la ·periode de 
diffusion biologique est T = 32 ± 3 jours. 

Nous avons verifie par ailleurs, pour des doses 
absorbees proportionnelles entre elles, que le 

2~ 
·r 
IOxxx~x 

__ x_x ______ 

1 o~------~10 _________ ~2~0-------

Temps, jours 

FIG. 4. Activite de la tete en 7Be en fonction du 
temps apres sacrification. Recherche de la 
periode biologique. Les activites sont rame
nees au jour de !'irradiation (correction de la 

periode physique). 

* animal sacrifie avant irradiation. 

meme processus se produit au facteur de pro
portionnalite pres. 

IV. 2. Nriode effective du 7Be pour le rat irradie in 
toto 

La valeur 0,024 pCi/g. rad a constamment 
ete retrouvee sur les mesures faites les premiers 
jours suivant !'irradiation. Pour effectuer des 
.corrections exactes sur des mesures faites ensuite, 
il est necessaire de connaitre la periode effective 
du 7Be. 

·La Commission Internationale de Protection 
Radiologique <4> indique, pour l'homme, une 
periode effective de 41 jours, la periode bio
logique etant de 180 jours. 

N ous avons recherche, grace aux mesures in 
vivo sur le rat et le singe apres irradiations 
globales, les valeurs correspondantes. · 

Sur 16 rats irradies a 400 rads, la periode 
effective est de 30 ± 5 jours. Ceci correspond 
a une periode biologique de 70 jours environ 
compte tenu de la dispersion des resultats. 
U tilisant cette valeur moyenne nous avons 
effectue sur le tableau 2 les corrections de 
periode biologique ce qui nous a permis de 
retrouver le coefficient de proportionnalite 
de 0,025 ± 0,003 pCifg. rad absorbe au jour 
de !'irradiation. 

Pour !'unique singe irradie a 200 rads, nous 
avons trouve une periode effective de 35 jours, 
soit une periode biologique de 100 jours: cette 
valeur est donnee a titre indicatif. 

V. DISCUSSION 

Nul n'ignore les difficultes que pose la deter
mination de la dose absorbee par un individu 
lors d'un accident. La dosimetric physique 
est trop souvent imprecise du seul fait que le 
dosimetre ne se trouve pas toujours place en 
indicateur de dose en surface sur le sujet irradie 
par rapport ala source de rayonnements. 

La dosimetric biologique par activation offre 
a priori l'avantage de fournir directement la 
dose absorbee. Celie que nous proposons pour 
les protons de haute energie n'est pas sans 
analogie avec la methode de dosimetric des 
neutrons par· activation du sodium que nous 
avons d'ailleurs releve egalement dans nos 
spectres. 

Le 7Be peut se former .dans tous les tissus, 
aussi bien dans les espaces intercellulaires que 
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dans les cellules. Sa periode effective permet 
d'effectuer des mesures d'activite avec toute la 
liberte de temps desirable. 

Nous avons determine le coefficient de pro
portionnalite entre l'activite et la dose. II est 
independant de l'energie des protons incidents 
dans l'intervalle explore (600 MeV - 2,8 GeV) 
et pour les conditions de geometric dans les
quelles nous avons experimente. Nous avons 
enfin mis en evidence une periode de diffusion 
dans le cas d'une irradiation locale particu
liere. 

Les possibilites actuelles de la spectrometric 
permettent de detecter les photons gamma emis 
a des niveaux d'activite suffisants pour etre d'un 
interet reel en cas d'accident. 

La mesure de l'activite in toto sur un singe 
irradie a 200 rads permet d'estimer que sur un 
individu standard, absorbant une dose de 5 
rads uniformement distribuee dans l'organisme, 
l'activite correspondante de l'ordre de 10- 2 p.Ci 
serait decelable. 

Mais nous connaissons les difficultes que 
presente la mise en reuvre d'une dosimetric 
biologique par activation. Pour etablir l'acti
vite en 7Be forme dans l'organisme, nous pen
sons qu'il est indispensable d'effectuer, paralle
lement aux mesures locales et in toto sur 

· l'individu irradie, des mesures analogues sur 
fan tomes con tenant des· taux d'activite en 7Be 
conn us. 

La possibilite de produire celui-ci par irradia
tion de l'eau permet de resoudre aisement le 
probleme de l'etalonnage. Signalons au passage 
la necessite de saturer l'eau a irradier de beryl
lium stable afin d' eviter une concentration par. 
adsorption du 7Be sur les parois des recipients. 

Nous estimons, par ailleurs, que si des mesures 
locales-notamment celles sur les gammas d'an
nihilation des emetteurs f3+ a vies tres courtes
ont permis de preciser Ia region de l'organisme 
irradie, il peut etre utile de realiser un modele 
en tissu mou de Ia zone atteinte. Son activation 
par irradiation, son utilisation pour des mesures 
locales et in toto dans le fantome precedent 
ainsi que la determination exacte de son activite 

permettraient de completer les bases d'infor
mation. 

Les corrections a I' aide de la periode effective 
pour le sujet irradie, de Ia periode physique 
pour les mesures du fantome, !'introduction du 
facteur de diffusion qu'il est possible de preciser 
par des mesures d'activite relatives locales, doi
vent permettre d'etablir Ia dose absorbee avec 
une approximation relativement bonne. 

CONCLUSION 

L'irradiation de la matiere vivante par les 
protons de haute energie offre done la possibilite 
de realiser une dosimetric biologique. 

Celle-ci est possible pendant un temps rela
tivement long du fait de la periode effective du 
7Be; Ia relation entre l'activite et la dose est 
simple dans l'intervalle 0,6-2,8 Ge V; la sensibi
lite de la methode par spectrometric gamma est 
suffisante pour que cette dosimetric biologique 
soit utilisable en cas d'irradiation accidentelle 
partielle ou totale. 

Comme pour toutes les methodes de dosi
metric biologique, !'application pratique pre
sente des difficultes inherentes a Ia repartition 
de Ia dose absorbee dans l'organisme et a Ia 
diffusion du 7Be forme. Ce sont ces difficultes 
que nous avons explorees dans cette etude. 
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THE DOSIMETRY OF sspe* 

McDONALD E. WRENN 
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Abstract-Recent detection in human blood of radioactive 66Fe produced in nuclear weapon 
tests has led to a re-evaluation of the dosimetry for this radionuclide which decays exclusively by 
electron capture. The revised dosimetric estimates for blood are approximately twice those 
previously calculated. Approximately 3/4 of the decay energy capable ofproducing ionization 
is emitted in the form of Auger electrons which have a range of 0.31'- in water. In blood the 
dose from these Auger electrons is delivered primarily to the erythrocytes which contain rela
tively large concentrations of stable iron uniformly distributed as hemoglobin. The dose to the 
erythrocytes is approximately twice that previously calculated for whole blood. 

As a consequence of the concentration of 56Fe within the erythrocytes, the short range ot the 
characteristic Auger electrons emitted, and the frequency of Auger electron emission relative 
to X-ray emission, the dose to the erythrocytes is 10 times the dose to the rest of the blood, so 
that this form of exposure is primarily intracellular. 

A specific activity of 1 pCi of 55Fe per mg of stable iron results in a dose rate of 2 JLradfweek 
to the erythrocytes. This same specific activity in iron rich aggregates offerritin molecules may 
deliver local dose rates up to 800 JLradfweek. 

Although estimates of the amounts of iron in the erythrocyte precursor cells are not suffi
ciently quantitative to permit accurate dosimetric calculations, the presence ·of significant 
concentrations of iron in cells from all stages of erythropoiesis has been reported for rat bone 
marrow indicating that irradiation of the more sensitive erythrocyte precursors may be 
significant. 

INTRODUCTION 

56Fe produced in nuclear testing has been 
reported in the environment since 1959 <1 > and 
has since been reported in human blood from 
United States residents on the East and West 
coasts <2> and in Finnish samples. <3 > In the 
groups reported by Wrenn and Cohen in 1965, 
women generally had higher concentrations of 
66Fe than men. <4 > 

A group of fish eaters has been identified in 
the East coast U.S.A. study having significantly 
higher burdens of 65Fe in blood than non-fish 
eaters. Subsequently, samples of tuna meat were 

*This investigation was supported by a project 
grant from the United States Atomic Energy Com
mission Contract AT(30-l) 3086, and is part of a 
core program supported by the United States Public 
Health Service, Bureau of State Services grant 
ES 00014 and the National Cancer Institute grant 
CA 06989. 
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found to have a much higher specific act1v1ty 
than terrestrially based food items. <2 .•> 

In view of the widespread presence of 66Fe 
in humans and in view of the possibility that 
fish eating populations may have significantly 
higher burdens than other groups it was felt 
that the dosimetry should be critically examined. 

This paper reports several aspects of this 
dosimetry of this nuclide which have not been 
adequately appreciated before. Only the dis
tribution of absorbed energy will be dealt 
with here. The biological implications are pre
sently under investigation in our laboratories. 

PROPERTIES OF THE DECAY OF 55 F~ 
56Fe decays exclusively by electron capture 

since the total energy difference between initial 
and final states, 0.214 MeV, makes positron 
decay energetically ·impossible. Most of the 
energy is carried off by a monoenergetic neu-
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trino, but the resulting excited state of 55Mn 
which usually has a vacancy in the K shell has 
6.5 ke V residual energy of excitation, an amount 
equal to the binding energy of a K shell electron 
of Mn. About 10% of the disintegrations of 
56Fe proceed by L capture rather than K, re
sulting in 55Mn atoms with one vacancy in the 
L shell. In this case the excitation energy of the 
resulting Mn atom is 0.65 keV, the highest ion
ization energy for an L shell electron. <5 - 7 > 

LXroy [] f •W 

'----.,----' K-< L 

1~-+) 

OTHER AUGER EMISSIONS AND DEEXCITATION PROCESSES 

Fm. I. Simplified de-excitation scheme for 
55Fe-55Mn. 

A very small portion of the capture processes 
are accompanied by the· emission of internal 
bremsstrahlung which occurs with a probability 
of 0.8 X 10 -o per disintegration. <8> The whole 
process can be summarized as : 

MFe- MMn = E(K, L) + Ev + Ey (l) 

where M Mn, MFe is the energy equivalent of the 
atomic mass of 56Mn and of 
~>•Fe, 

Ey is the energy of the internal 
bremsstrahlung emitted, 

Ev is the energy of the neutrino 
emitted, 

E(K, L) is the binding energy in Mn 
of the appropriate K or L 
shell electron, depending on 
the capture process. 

After electron capture the atom is left in an 
excited state. The process of de-excitation must 
be considered in detail in order to arrive at the 
proper formulation of the dosimetry for electron 
capture nuclides. Figure 1 diagrams decay and 
de-excitation processes followed by 56Fe and 
55Mn. Each rectangle represents a different 
state of the atom and letters in parentheses 
represent holes in the shell of that designation. 

On this diagram vertical transitions represent 
changes in the electron configuration without 
the emission of an X-ray whereas horizontal 
transitions represent a change in the orbital 
electron configuration accompanied by X-ray 
emission. Table 1 summarizes the data on the 
relative frequencies of the most important de
excitation modes and also the energies involved 
in the various stages of de-excitation. 

The total energy per disintegration available 
for deposition in surrounding material includes 
all forms of energy except that carried away by 
neutrinos. The average energy per disintegra
tion which is available for absorption in tissue 
(EA) is given by: 

where: E A is the average energy of de-excita
tion of an excited daughter atom 
initially formed by electron cap
ture, 

E11 is the average energy emitted in the 
form of bremsstrahlung, 

E11-c is the average energy of orbital 
electrons "converted" as an alter
nate to bremsstrahlung emission, 

P11 is the probability of bremsstrahlung 
emission per disintegration, 

P11-c is the probability of orbital elec
tron ejection in the process of elec
tron capture. 

Since Pb -c < Pb and P11 is negligibly small, 
the two terms of equation (2) on the far right 
can be neglected. Then the energy of de-exci
tation available for deposition (EA) which re
sults from either K or L capture can be closely 
approximated by: 

EA = Px E(K) + PL E(L) (3) 
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Table 1. Physical Constants Pertinent to the Dosimetry of 55 Fe 

Term Symbol 

K fluorescence yield (Mn) WK 
L fluorescence yield (Mn) W£ 
Ratio of probabilities of 

L to K capture (Fe) PL/PK 

K binding energy (Mn) Ez(K) 
L binding energy (Mn) Ez(L) 
M binding energy (Mn) Ez(M) 
L binding energy (Fe) Ez+1 (L) 
prob. of emission of Ka X-ray (Mn) fKa 
prob. of emission of Kf3 X-ray (Mn) fKf3 
pro b. of bremsstrahlung emission 

per disintegration pb 

In the case of 56Fe, EA is equal to 5.97 keV. 
The ICRP conservatively overestimates the 
effective energy as 6.5 keV. <13> Other investi
gators have used the energy of the K X-ray as 
the effective energy. <14

-
18 > Although concep

tually incorrect, the K X-ray has an energy of 
5.9 keV which is numerically close to the value 
of the available energy derived above. 

The energy available from de-excitation must 
be considered in two parts, that resulting in 
"short range" emissions and' that resulting in 
"longer range" emissions. In this case, short 
range refers to all the de-excitation processes 
except the emission of the K X-rays. Then re
ferring to Fig. 1 the fraction, F, of the available 
energy of de-excitation emitted by the K X-rays 
is: · 

PKwK[ {E(K) - E(L)} jKa + {E(K) - E(M)} jKp] 

PKE(K) + hE(L) 

Substituting numerical values from Table 1 
leads to F = 0.226. ·The fraction of the total 
energy emitted in short range emissions is 
I - F, so that 0. 774 of the de-excitation energy 
is deposited by short range emissions. Now let 
us examine the range of the short ranged emis-

Value Source 

0.251 Burhop, 1952 (9) 

0.006 Burhop, 1952 

0.107 Manduchi and Fannoni, 1962 (10 > 

Scobie et al., 1959<11 > 

Fink, 1961 <12 > 

6.54 keV Fine and Hendee, 1955<7 > 

0.650 keV 
" 0.052 keV 
" 0.849 keV 
" 0.872 ,, 

0.128 
" 

0.8 X 10-• Biavati, 1964<8 > 

sions. The highest energy Auger electron emit
ted will have an energy giver by: <9 > 

£Auger (Max) = E(K) - E(L, L) (4) 

Removing one electron from the L shell re
quires an energy of Ez(L). The removal of a 
second electron requires approximately Ez+1 (L) 
because one less electron is present to shield 
the total nuclear charge. The maximum kine
tic energy an Auger electron can have occurs 
when an L shell electron is emitted following K 
capture. In this case the energy is given by: 

EAuger (Max) = Ez(K) - Ez(L) - Ez+t(L) (5) 

Using the data from Table 1 the highest 
energy Auger electron emitted has an energy 
of 5.04 keV. 

CALCULATION OF THE PATH LENGTH 

OF ELECTRONS IN BODY TISSUE 

The range of low energy electrons has been 
measured in several gases. (17 > The range (R) 
may be loosely defined as the thickness of an 
absorber which the ele'Ctron can penetrate. 

The total path length (S) which electrons 
traverse in going through an absorber is of course 
longer than the range because the electrons 
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will change direction when scattering. S is 
nevertheless proportional toR. <18 > For 19.6 keV 
electrons in oxygen the average range, R, which 
one-half of the electrons will exceed is ! the 
average mean path length, S. In this case only 
3% of these electrons have sufficiently straight 
paths to penetrate an absorber thickness equal 
to the mean path length. 

The range rather than the path length is a 
more appropriate index of the distance within 
which most of the energy will be deposited, 
and therefore is the more appropriate quantity 
to use for dosimetric purposes. 

The range of the Auger electrons from 56Fe 
in tissue has not been studied experimentally, 
but it can be inferred from both theoretical 
and other experimental data. The average 
path length of monoenergetic electrons m 
oxygen and hydrogen has been measured by 
Williarns<17 > and values are abstracted m 
Table 2. 

The path lengths at different energies can 
be inferred from the Thompson-Whiddington 
Law: <18> 

k E 2 

S=-
NZ 

where: N = atoms fcc, 
Z = atomic number, 

k = a constant, 
E .....:. kinetic energy of the electron. 

(6) 

By applying this relationship to the data in 
Table 2 the path lengths of 5.04 keV Auger 
electrons in hydrogen and oxygen at standard 
temperature and pressure are found to be 0.05 
and 0.4 em respectively. 

If the gas under consideration were a mixture 
of hydrogen and oxygen in the ratios found in 
water then the effective average path can be 

found using equation (6) and noting that the 
inverse ofthe average path length is proportional 
to the electron density. Then adding electron 
densities and inverting leads to an expression 
for the effective path length: 

(7) 

where the subscript H refers to the element 
hydrogen and the subscript 0 to the element 
oxygen. 

Then for a gaseous combination of H 2 and 
0 2 in the molecular ratio of 2 to 1 as found in 
water at 0°C and a pressure of 76 em Hg, Berr = 
0.0754 em. Since the density of this gas is 
0.804 X 10 -a gjcc, conversion to unit density 
leads to an average path length of 0.62 microns 
in water and an average range of 0.3 micron. 
This important result is consistent with other 
data on electron ranges. Lea using theoretical 
expression for electron collisions developed by 
Bethe estimates the path length of a 5 keV 
electron in water is 0. 74p., <19> and recent experi
mental determinations of energy loss by elec
trons in thin films gives results consistent with 
the estimate made here. <00 > For purposes of this 
paper the range derived from experimental data 
in gases will be used. 

Since the number of L X-rays emitted are 
negligible (wt = 0.006) in terms of energy 
transport we may safely assume that all short 
range emissions of 56Fe have ranges less than 
0.3p. in water or tissue. 

DOSIMETRY OF 55Fe IN MAN 

Iron in humans is found in greatest concen
trations in the blood. The particular loci of 
iron are the red blood cells (erythrocytes) and 
consequently in the dosimetry of radioiron we 

Table 2. Average Path Length, S,jor Electrons in Gases at 0° and 76 em Hg 117 l 

Gas 

Oxygen 
Hydrogen 
Hydrogen 

• 

Initial energy (keV) 

7.56 
7.56 
4.80 

I Average path length (em) 

0.117 
0.72 
0.35 
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may consider that the iron is distributed in the 
blood only inside the erythrocytes. Effectively 
the erythrocytes are floating concentrations 
of iron in a fluid, the plasma, itself relatively 
devoid of iron. 

Normal erythrocytes are biconcave discs with 
a mean diameter of7.5 microns. Most cells have 
diameters between 6.9 and 8.1 microns in adult 
humans. The ·mean thickness ranges from 1.84 
to 2.05 microns. The mean corpuscular volume 
in adults is 86 cubic microns with an experi
mentally determined range (2 u) from 78 to 96 
cubic microns. <21 • 

22 > 
These dimensions have interesting dosimetric 

consequences. Since the range of the Auger 
electrons emitted are all small compared with 
normal cell dimensions, most of the energy 
from any one decay is deposited in the same 
cell in which the decay occurs. In short, the 
dose is primarily delivered intracellularly to the 
erythrocytes. 

The appropriate mass for dosimetric calcula
tions in blood for 65Fe is the red cell mass for 
that fraction of the energy liberated in short 
range emissions and the whole blood for the 
longer ranged X-ray emissions. Previously the 
mass of the whole blood has been used for dosi
metric calculations. (14 - 16> 

The dose to whole blood from 55Fe is delivered 
by that part of the decay energy emitted in the 
form of K X-rays. Since the mean free path 
of a K X-ray in tissue is approximately I mm <28 > 
we can assume that most of the K X-rays will 
be absorbed in the blood and can neglect the 
deposition of energy in tissues adjacent to the 
blood. In the capillaries, however, this will 
overestimate the dose to the whole blood. As
suming a specific activity of iron of I pCifmg 
of stable iron the dose rate of the whole blood 
from the X-rays can be calculated as follows: 

1 pCi X 0.503mg* (Fe) X 0.95 ml (blood) 
mg ml (blood) g 

dpm 104 min 
X 2.22 -C. X X 5.97 

p 1 week 

* 0.503 mg arises from the means of the average 
adult male and female values. (24) 

I.lt.P. VOL. Jl-c 

X 10 3 eV X 0.226 EX-ray X 1.61 
KX-ray EA 

10
-12 erg 1 rad-g 106 wad 

X -X--X -
eV 100 erg rad 

= 0.23 ttradfweek 

The dose rate to the red cells can be calculated 
as follows:-

Dred cells = ( K X-ray dose rate) 
+ Auger dose rate 

Auger dose rate = (K X~ray dose rate) 

X ( E of short range emissions/ dis) 

(E of X-ray emissions/dis) 

(blood mass) 
X 

(red cell mass) 

= 1. 77 ttradfweekfpCi/mg (Fe) 

Adding the dose to the erythrocytes from the 
Auger electrons and X-rays gives: 

Dred cells = 0.23 + 1. 77 
= 2.00 ttradfweekfpCifmg (Fe) 

The erythrocytes may be relatively radioin
sensitive, since they will not undergo any more 
divisions. For this reason other tissues may in 
fact be more important and with this in mind 
the marrow, therefore, becomes the next tissue 
of concern. Although studies of the uptake of 
iron by marrow in humans have not been made 
in sufficient detail to permit good, quantitative 
calculations of the dose, uptake has been studied 
in rats. Although the intracellular synthesis of 
hemoglobin does not start when the stem cell 
precursors of the red cells are dividing, never
theless iron enters into the immature cell pre
cursors and is present in most of the earliest 
stages of erythropoiesis in the rat. <25 > For 
this reason it is apparent that radioiron uni
formly distributed in the body pools of stable 
iron will irradiate the blood forming cells. 
Although the presence of iron in fairly large 
amounts has been verified in the pre-erythro
cytic cells, accurate, quantitative estimates of 
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the concentrations of iron present are not avail
able. 

Since the details of each stage of erythro
poiesis such as cell volume, intracellular iron 
concentration, and time and number of divisions 
are not well known, the dose calculation for the 
bone marrow cannot be performed as accu
rately as that for red cells. Bothwell and 
Finch <16 > estimate that the stable iron concen
tration in- marrow is 1{3 that in whole blood. 
Assuming the ratio of intracellular to extra
cellular mass is the same in marrow and blood 
the dose calculations for marrow cells lead to 
values approximately l f3 those for the ery
throcytes. For osFe uniformly distributed in 
the body pools the dose rate to marrow is con
tinuous at approximately 0. 7 p.radfweekfpCi/ -
mg (Fe). 

The highest local concentrations of iron and 
also the highest dose rates are found in aggre
gates of ferritin molecules present in liver, spleen, 
and even within reticulocytes. The ferritin 
molecule consists of a core, probably containing 
6 micelles of iron, surrounded by a protein 
shell. The iron comprises 20% of the ferritin 
although some variation is found due to in
homogeneity of the iron and protein moities. <12> 
For ferritin aggregates infinite in extent the 
dose rate from l pCi/mg of stable iron can be 
calculated as follows: 

5.9 x 10-a MeV 2.22 dis 

~X pCi-min 

I pCi 
X-

mg 

200 mg(Fe) X 1.6 X 10 -e erg x 1.01 

X g (tissue) MeV 

x 104 min 1 
X -:-:--:----:---

week 100 ergsfrad-g 

= 0.44 mradfweekfpCifmg 

Assuming no biological turnover leads to a 
mean life of 203 weeks and dose to infinity of 

D = 90 mradfpCi/mg 

This represents an upper limit to the true 
dose to ferritin aggregates, due to their limited 
sizes. Since only 77% of the energy is deposited 

by short range emtsswns and since the short 
range Auger electrons will deposit some of their 
energy outside of the aggregate, the dose from 
1 pCijmg(Fe) to an aggregate of finite size 
would be: 

90 mrad X .77 xf 

where f is the fraction of short range energy de
posited inside the aggregate. 

Of course f depends on the geometry, and 
should be evaluated in detail for pertinent geo
metries, suggested by the observed biological 
distributions of stable iron. The problem of 
finding the fraction of energy deposited as a 
fraction of size and shape of the aggregate is 
presently under investigation. 

The dose calculations presented here for 
blood are compared to those of other authors in 
Table 3. The details of the dose calculations 
are given in the Appendix. Note that the high
est dose is delivered to ferritin aggregates. The 
integral doses are all approximately equivalent. 
Which of the formulations is radiobiologically 
most significant, is still a controversial subject, 
but it is clear that 55Fe offers a tool for such an 
investigation. 

55Fe, DOSES TO ADULTS IN NEW YORK 

AREA IN 1965 

The dose commitment to a population of 
twelve New York residents which has been 
reported elsewhere <4> is summarized in Table 
4. The dose to all regions of interest is small 
compared with that from several years of back
ground radiation with the exception of that to 
ferritin which roughly equals that from two 
years of background. 

SUMMARY 

For uFe the energy available for deposition 
in biological systems averages 5.97 keV per 
disintegration, and not 6.5 keV which is con
servatively used by the ICRP. <9> The energy 
is emitted either as X-rays or as short ranged 
Auger electrons. The short range emissions 
account for 77% of the available energy, so 
that for cells containing high concentrations 
of iron the irradiation from 55Fe is primarily 
intracellular. 

The dose to the erythrocytes calculated by 
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Table 3. Dose Calculations by Several Investigators-65Fe Infinity Dose to Various Organs and Tissues in Man 

Organ of reference Dose Integral dose 
Source 

mass (g) mradfpCifmg rad-gfpCifmg 

Whole body (70,000) 0.0236 1.65 Seltzer et al., 1964 < 26) 

Blood (5000) 0.197 1.00 Peacock et al., 1946(14) 

Blood (5000) 0.214 LOB Bothwell and Finch, 1962 (16) 

Quimby et al., 1958(15) 

Red blood cells (2500) 0.406 1.02 This paper 
Red marrow (1500) 0.135 0.202 This paper 
Ferritin (2) 69.3 0.180 This paper 

Assumptions: 1. No biological elimination of iron. 2. Radioiron uniformly mixed in the iron pools of the 
body. 3. Ferritin content of the body is 2 g, containing 400 mg of stable iron. 

taking the short range of the Auger electrons 
into consideration is approximately twice that 
previously reported. However, the integral 
dose remains the same. Because of the short 
range of the Auger electrons the highest dose in 
humans is delivered to ferritin aggregates. The 
dose to ferritin aggregates is two orders of mag
nitude greater than that to erythrocytes, but 
the integral dose to ferritin aggregates is less 
than that to erythrocytes. 
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APPENDIX 

66Fe Dosimetry Calculations 

Whole Body 

Source: Quimby et al., 1958 
D 11 = 73.8£11 CoT 

where: E11 is average f3 energy in MeV, 
C0 is concentration of the radionuclides 
in tissue in p.Cifg, 
Tis half-life in days, 
D 11 is the infinity dose in rad. 

Source: Seltzer et al., 1964 
5.9 mrad/microcurie 

Source: Standard Man; ICRP II, 1959 
4 g stable Fe 

5.9 mrad 
4000 

lOG pOi X mg 

= 0.0236 mrad/pCifmg 

Table 4. Infinity Dose* to Various Biological Loci from the Average 3.4 pCi-mg Concentrations of 
55 Fe in Blood of New York Residents, August 1965 

Biological Locus (g) 
Dose Integral dose 

(mrad) (rad-g) 

Erythrocytes 2500 1.4 "3.5 

Red marrow 1500 0.46 0.69 
Ferritint 2 235 0.60 

* Assumes no biological elimination of iron. 
t Ferritin aggregates assumed much larger than 0.3p. in all dimensions. 
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Whole Blood 

Source: Quimby et al., 1958; Bothwell and Finch, 
1962 

Source: 

X 

Assume: concentration of 1 pCifmg 
stable iron: 
Specific activity: 

I pCi 0.5 mg I 0 -s p.Ci 
-- X X ---:=:-:--

mg g (blood) pCi 

= 0.5 X 10-6 p.Ci 
g 

Dec = 73.8 X 0.0059 X 0.5 X I0-6 

X 985 = 0.214 mradfpCifmg 

Peacock et al., 1946 
40,000 dpmfml is equivalent to 0.04 

rfweek, where I r in tissue is equiva
lent to 84 ergs. 

0.04 r 84 rad 1 
--- X ---- X ~77~-~~ 
week 100 r 40,000 dpm/ml 

1 2.22 dpm 0.5 mg 
0.95 ml X pCi X -g-

= 0.197 mradfpCifmg 

Red kfarrow* 

Source: Marrow composition from Bothwell 
and Finch, 1962 

(0.406 mradfpCifmg)RBC 

200 mg( ) 5000 ml (bl d) 
X marrow X oo 

1500 ml 2000 mg 

= 0.135 mradfpCifmg 
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EFFECTIVE ENERGY AND ENERGY SPECTRUM OF 

"{-RADIATION BEHIND THICK SHIELDS 

P. F. SAUERMANN and K. SCHNEIDER 

Zentralabteilung Strahlenschutz, Kernforschungsanlage, Jtilich, F.D.R. 

Abstract-The dose rate caused by the y-radiation of a monoenergetic y-source behind a 
shield can be divided into two parts: 

1. The y-radiation of the original energy E0 (primary radiation) penetrating the shield is 
given by the basic equation for the absorption of y-radiation in matter 

ly = ly ·exp ( -p.X) 
and ~ o 

2. The scattered radiation arising in the shield by Compton scattering, given by the equation 

JY = ly (B- 1) 
o a 

The dose rate of the scattered radiation behind thick shields can amount to many times the dose 
rate of the primary radiation as the above equation makes evident. The dose rate, for instance, 
caused by the primary radiation of a 8°Co-source with an activity of 104 Ci behind a 100 em 
shield of normal concrete is 8 mRfhr, while the dose rate of the scattered radiation amounts to 
195 mR/hr. 

The attenuation of the dose rate of this source to the permissible dose rate of 2.5 mR/hr 
requires about 136.5 em of normal concrete according to the attenuation equation 

ly = ly ·B·exp (-fiX) 
0 

It is possible to reduce considerably the costs of shielding by using a material of high density 
(lead for instance) for the attenuation of the scattered radiation of low energy behind a concrete 
shield of high thickness ( > 10 relaxation lengths). To calculate the thickness of this second 
shield of high density material it is necessary to get information about the energy of the scat
tered radiation. 

The energy spectrum of the scattered radiation is comprised of y-energies from several keV 
to the original energy E0, but it is possible to determine an effective energy of this radiation 
allowing the thickness of the shield to be calculated with sufficient accuracy. 

This paper gives a report on the measurement of the effective energy and the energy spectrum 
of the scattered radiation behind concrete shields of various thicknesses. 
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NEUTRON CROSS-SECTIONS AND REACTION PRODUCTS 

FOR H, C, N, AND 0 FOR THE ENERGY RANGE 

FROM THERMAL TO 15 MEV* 
J. A. AUXIER and M.D. BROWN 

Health Physics Division, Oak Ridge National Laboratory, Oak Ridge, Tennessee 

Abstract-The accurate calculation of neutron dose must be based on definitive cross-sections 
and a precise knowledge of the reaction products m tissue. Although there are still several un
certainties m these parameters, a compilation has been made of the most detailed cross-section 
data available and reaction products for the four major elements in tissue (i.e. H, C, N, and 0). 
The compilation is for neutron energies below 15 MeV, but the energy mterval requirmg the 
most study and analysis was that from 2.5 to 15 MeV. Particular attention was directed to the 
non-elastic reactions [e.g. the C(n,n1)3a reaction]. Average values for the energies of the 
various charged particles as a function of the energy of the mcident neutron have been com
puted. These values were compiled to provide a basis for revision of the dose-distribution 
functions for neutron exposures of man and of animals used m radiobiological studies. An 
analysis of the results of various measurements are compared with calculated values based on 
these cross-sections and with the values listed in NBS Handbook 63. 

ANY absolute measurement of neutron fluence 
or any calculation of "dose" from fluence re
quires a knowledge of neutron cross-sections for 
the materials of interest. For some applications, 
only an activation cross section is required, and 
in some instances only elastic cross-sections are 
needed. However, the health physicist must have 
available the best cross~sections for many types 
of reactions because his interests and activities 
are so broad. Of particular interest are the 
cross-sections of the principal elements in tissue: 
hydrogen, carbon, nitrogen, and oxygen, for 
neutrons. The values for the thermal neutron 
cross-sections for these materials have not 
changed greatly during the past ten years, and 
those for the region below 2.5 MeV have 
changed in a few instances only. For higher 
energies the changes have been greater, for 
the neutron energy span from about 6 to 14 
MeV, many uncertainties have been encoun
tered and many changes made in recent years 
and until the present. This has resulted in 

*Research sponsored by the U.S. Atomic Energy 
Commission under contract with the Union Carbide 
Corporation. 

frequent changes in accepted values at most 
laboratories. Similarly, there have been con
siderable uncertainties in the reaction products, 
both in terms of particle or quantum types <1> 

and in values for the energy released by the 
specific reaction products; Q values <2 > have 
been known generally for about a decade. The 
formation of nuclear data information centers 
such as those at Oak Ridge National Laboratory 
and at Brookhaven National Laboratory has 
made the compilations easier; in the future, 
they may provide most of the information in 
the form needed. However, due to the special 
nature of the dosimetry requirements, the 
information presented here was taken from 
many sources and averages and interpolations 
made as required for a computation of absorbed 
dose in the energy range below 15 MeV. For 
neutron energies of 2.5 to 15 MeV, a smooth 
curve based on extrapolation between the 
available data points is generally a good approx
imation of the cross-section curves for dosimetry 
applications. Figure 1 shows the elastic scatter
ing cross-section <8 > of the four principal ele
ments in tissue for the energy range below 
14 MeV. The relative macroscopic cross-section 
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N 

3 4 8 9 10 II 12 13 14 

FIG. I. Macroscopic elastic scattering cross
sections for the H, 0, C, and N in tissue for the 
neutron energy range from thermal to 14 MeV. 

~~·.-----------------------------------, 

lH tn,y) fH IW TISSUE 

14N (n,p)
1"c IN TISSUE 

~~~01~--~~L-L_~~~~~~~---k--L-~~-L~I~· 

E
11 

(eV) 

FIG. 2. Macroscopic capture cross-sections for 
the H and N in tissue for the thermal and near

thermal neutron energy range. 

has the advantage here that the relative 
number· of interactions with each element can 
be seen readily. The relative contribution of 
the C, N, and 0 recoils to dose equivalent is 
greater than for absorbed dose because of the 
higher average values of LET (i.e. greater 
QF's). The elastic cross-sections are generally 
decreasing functions of neutron energy to 
15 MeV. 

Two of the cross-sections for neutrons of ther
mal and near-thermal energies are shown in 
Fig. 2. <3 > These cross-sections, decreasing with 
neutron energy as If V, have been accepted 
generally for some time. The only important 
reactions are the ~H(n,y) ~Hand the 1 ~N(n,p) 1 :c 
reactions [e.g. all other (n,y) reactions total 
about 0.5% of the ~H(n,y)~ reaction]. 

All significant nonelastic cross-sections for 
neutrons incident on tissue are shown in Fig. 
3. <3 > These are relative macroscopic values with 
all proton-producing reactions, all alpha-pro
ducing reactions, etc., summed. These thres
hold reactions are generally increasing functions 

lo"'c--------------------------------, 

-- ,,.,y 

A 

" ,, 1 \ ,-- cr11,P 

' ' , : \ / ! 1J, 

I 
I 
I 
I 
I 
I 

-------- ______ ) 

~~O~IL_2~~3~4~~5~6--~7-tB~9~1~0-ill-o1~2-&\3~14 
En (MeV) 

FIG. 3. Total macroscopic nonelastic cross
sections for tissue for the energy range from 

thermal to 14 MeV. 
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FIG. 4. Total oxygen cross-sections for alpha-producing reactions in tissue for the neutron 
energy range from 3 MeV (below the lowest threshold) to 14 MeV. 

600 <D 1Zc(n,n'l 
1Zc• Ey= 4.43 MeV 
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9
Be 

(3> 1 ~(n,a,l 9Be* Ey= 1.75 MeV 

500 ® 1 ~(n,a )9Be* 98e"-5He*+a 5He"-a+n 

S 12C(n,n')l~* 12C*-8Be*+ a 8Be*-a +a 

IE> 1 Zc(n,n') 1 ~* Ey• 6.8 MeV 

400 <D 
cr 

(mb) 

300 

7.0 12.0 13.0 14.0 

FIG. 5. Microscopic cross-sections for inelastic and nonelastic reactions in 12C for the 
neutron energy range from 5 MeV to 14 MeV. 
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.-----------------------------------------------------------, 
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<D 14N(n,pl 14c 
(Z) 14

N(n ,a.,)11 B 

® 14N(n,aJ 11 B" 

E(MeV) 

a • 0.63 Mev 

a =-0.16 MeV 

Ey• 214 MeV 

---------------

FIG. 6. Microscopic cross-sections for the three reactions, 14N(n,p) 14C, 14N(n,a0 ) 11B, and 
14N(n,a1 ) 11B*, for the energy range from thermal to 14 MeV. 

of energy to 15 MeV. The sum of the macro
scopic (n,y) reaction cross-sections is shown as 
a separate curve; the sum includes the cross
sections of charged particle reactions which 
yield de-excitation gamma-rays [e.g. 12C(n, 
n') 12C*]. This curve is not the sum of the other 
curves because some charged particle reactions 
do not yield gamma-rays [e.g. the 18C(n,n')3a]. 
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Q •- 4.0 MeV 

Some of the reactions [e.g. 14N(n,p)14C] yield 
greater energy for local deposition than the 
incident neutron (i.e. they have positive values 
ofQ). 

Cross-sections for reactions which cause al
pha-particle emission from oxygen nuclei are 
shown in Fig. 4. <3

-
131 Although these general 

values are convenient for estimating dose or 

E
0 

(MeV) 

FIG. 7. Microscopic nonelastic cross-sections for the three reactions, 14N(n,a 2) 11B*, HN(n,a
3
)HB*, 

and 14N(n,t)1 2C, for the neutron energy range from 5 MeV to 14 MeV. 
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FIG. 8. Microscopic inelastic cross-sections for five (n,n') and one (n,2n) reactions in 14N 
for the energy range from 4.75 MeV to 14 MeV. 
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FIG. 9. Microscopic inelastic and nonelastic cross-sections for 160 for the neutron 
energy range from 3 MeV to 14 MeV. 
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En= 14 MeV El= 7MeV 

Reaction 
Q Value 
(MeV) Emo,x R= Emax Rmax 

(MeV) (em) (MeV) (em) 

12C(n, a) 9Be -5.70 7.89 6.5 X 10-3 1.28 3.8 X 1024 

10N(n,p) 14C 0.63 14.6 2.23 X 10-1 7.62 6.90 X 10-9 

14N(n, t) 12C -4.01 9.67 4.5 X 10-2 2.98 6.3 X 10-a 
14N(n, a) 11B -0.16 12.8 1.5 X 10-2 6.30 4.5 X 10-3 
IBQ(n, p)IBN -9.63 4.19 2.38 X 10-2 0 0 
lBQ(n, d)'5N -9.90 4.03 1.34 X 10-2 0 0 
16Q(n, a)•ac -2.21 11.04 1.17 X 10-• 4.57 2.6 X 10-3 

I 
FIG. 10. Charged particle reactions in tissue with maximum ranges for 14 MeV and 

7 MeV neutrons. 

dose equivalent, an extensive set of cross-sec
tions are required for detailed calculations; the 
detailed non-elastic and inelastic cross sections 
are given in Figs. 5 through 9. <3 - 18> Figure 10 
shows a list of the most important charged par
ticle reactions by neutrons in tissue. The 
maximum ranges for the charged particles for 
7 and 14 MeV neutrons are shown as are 
the accepted Q values. The equation used 
to compute the average energy deposited by a 
charged particle is given below. This equation 
is based on an assumed particle emission with 
equally probable energies between zero and 
maximum. 

E. = 2 M, M. E1 + M 3 Q + E 1 (M3 - M 1) 

(Mz + Ma) 2 M. + M 8 

where: M 1 = mass of incident particle, 
M 2 = mass of reaction product with 

energy E2, 

M 3 = mass of reaction product with 
energy E 3 = E1 + Q - E2, 

Q = Q value of reaction, 
E1 = energy of incident particle, and 
E2 = average energy of reaction pro

duct with mass M 2• 

A more comprehensive presentation and 
analysis of the calculational results will be pre
sented in a paper by Jones et al. (14) 
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DISCUSSION 

G. jOYET (Switzerland): 

Ich mochte fragen ob Sie mit dengleichen Koeffi
zienten die Gonadendosis flir den Mann und ftir die 
Frau bestimmen konnen und wo Sie ihr Dosimeter 
anbringen. 

E. PmscH (Gennany): 

Das beschriebene Phosphatglasdosimeter II zeigt 
an der Phantom-OberfHiche einen in gleicher Weise 
zur Energiedosis in den Gonaden (Roden) und zur 
Energiedosis im Knochenrnark proportionalen Mess
wert an. Nach Messungen von Jones erhii.lt man ftir 
die weiblichen Gonaden (Eierstocke) dieselbe Energie
abhii.ngigkeit der Energiedosis wie fti.r das Knochen
mark. Der Messwert des Personendosimeters ent
spricht daher den Energiedosen in den mii.nnlichen 
und weiblichen Gonaden sowie der Energiedosis im 
Knochenmark. Die Phantombestrahlungen wurden 
im Strahlungsfeld einer hartgefilterten Rontgen
bremsstrahlung durchgefiihrt. Das Personendosi
meter wurde hierbei auf der Phantomvorderseite in 
Brusthohe aufgehii.ngt. Die Messwerte beziehen sich 
nur auf eine frontale Strahleneinfallsrichtung. 

D. NACHTIGALL (Euratom): 

Konnen Sie noch einige Angaben zum transport
ablen Gerii.t machen: wie ist das Gewicht, der 
Gasdruck und die Richtungsabhii.ngigkeit? Welche 
mittleren QF sind in der Umgebung von Hoch
energiebeschleunigern gemessen worden? 

H. ZARNowmcKI (PolaWJ) : 

1. Bis heute ist nur ein Prototyp konstruiert. Das 
Gewicht des Gerii.tes wird 3-4 kg sein; Der Gasdruck 
hii.ngt von dem Modell ab. Der mittlere Gasdruck ist 
6 Atii. Die Richtungsabhii.ngigkeit ist Funktion des 
Modells. Es kann nach Wunsch fast isotropisch sein. 
Mehrere Messungen sind am Phantom gemacht 
worden. 

2. Die QF wurden in der Umgebung von Hochen
ergiebeschleunigern gemessen und sind publiziert. 
Ich kann Ihnen die Literatur dazu angeben. 

D. BLANC (France) : 

Je voudrais faire un commentaire. Les chambres 
d'ionisation a remplissage de dielectriques liquides 
constituent, a mon avis, d'excellents detecteurs a 
recombinaison. Les points de concours des paliers 
s'alignent, sur l'axe des abscisses, dans l'ordre d~s 

transferts lineaires d'energie, qu'il s'agisse de rayonne
ments purs ou mixtes. Nous avons realise, en liaison 
avec le Commissariat a l'Energie Atomique, des 
detecteurs cylindriques, parfaitement stables en 
fonction du temps, dont nous avons d'ailleurs parle 
lors de notre communication a ce Congres. J e pense 
qu'il y a la une voie de recherche tres fructueuse. 

G. CowPER (Canada): 

What is the upper limit of dose rate which may be 
detected without ambiguity of LET and rate effects? 

K. ZARNOWIECKI: 

The upper limit of dose when volume recombina
tion does not exist depends on QF and ranges from 
10 to more than 200 rem/hr. 

J. A. AUXIER (U.S.A.): 

Did you use the threshold detector system complete 
with boron ball ? (Answer: Yes.) 

Due to the relatively large size of the boron ball 
compared to the phantom, I would expect the type 
divergence you observed due to the highly different 
composition and consequent shift of the effective 
center of detection. 

R. E. SIMPSON: 

The center of detection, in this small phantom, of 
the threshold foils shifts with depth. This is significant 
when compared with the small center of mass of the 
ion chamber. Therefore a divergence in depth dose 
measurement would be expected. The threshold foil 
system is not the most satisfactory system for depth dose 
measurements of neutrons. 

M. E. WRENN (U.S.A.): 

Have you looked at the long term retention of Be 7 ? 
Workers in the 40's found tenacious retention in bone, 
which may show a longer half-time than that in the 
whole body. Have you followed the body burden for 
a longer period to see if the retention curve might 
show two compartments? 

G. LEGEAY: 

Notre etude ne concernant que la formation du Be7 

en vue d'une investigation dosimetrique apres acci
dent, nous n'avons envisage son devenir que pendant 
un temps relativement court. Une etude du meta
bolisme du Beryllium in vivo apres irradiation proto
nique est envisagee. 
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Abstract-Passengers and crew of a supersonic transport (SST) will be exposed to more intense 
fields of cosmic radiation than are usually encountered in commercial flights at the present 
time. The assessment of the radiation hazard posed by this new development must take into 
account the intensity of the radiation fields in the cruising altitude of the SST (60,000-80,000 ft), 
the quality factors appropriate for these radiations, and the many factors which determine the 
frequency and duration of exposure and the age distribution of the exposed as members of the 
population. 

Using presently available data on the relevant radiation fields, the dose rate and dose 
equivalent rate to occupants of the SST are estimated separately for solar cosmic radiation 
and for galactic cosmic radiation. These dose rates would be considerably higher in the case of 
planes flying a polar route than for those following a route at lower latitudes. Unusually high 
dose rates may occur during periods of a major solar flare, and it seems possible, in very excep
tional cases, some change in flight plans might be desirable to reduce the dose from solar cosmic 
radiation. · 

The cumulative exposure of a crew member who is constantly flying on polar routes might 
well be in the range of the present recommended levels for occupational exposure. The dose 
for the vast majority of passengers would be expected to be well within the permissible limits 
on population exposure. Extrapolating present data on passenger miles flown per year, it 
appears that the total contribution to the genetic dose would be well below I% of the recom
mended limit of 5 rem per generation. 

INTRODUCTION 

The supersonic transport aircraft, hereafter 
referred to as the SST, is being designed to 
cruise at altitudes of 60,000 to 80,000 ft. At 
these heights, passengers and crew will be ex
posed to somewhat higher levels c;>f cosmic 
radiation because the overlying absorption 
thickness (g/cm 2) of air is less than half what 
it is at 30,000 or 40,000 ft, the heights used by 
many present commercial aircraft. Undoubted
ly, the problem of solar flares, which produce 
radiation fields with intensity much above the 
average levels, has served to call attention to the 
general problem of radiation exposure entailed 
by the use of the SST. Consequently, there 
have been a number of studies of the problem 
(for example, refs. 1-5), including one by an 

* Research sponsored by the U.S. Atomic Energy 
Commission under contract with Union Carbide 
Corporation. 

ICRP Task Group, <6 > and this paper is, in a 
sense, a summary of these reports and an up
dating with what new information has been 
found during the last year. 

The British and French governments are co
operating to produce an SST which is termed 
the Concorde. Several U.S. firms are also 
actively at work on design, but it appears the 
American planes may not be ready for commer
cial use as soon as the Concorde which is ten
tatively scheduled for service in 1971. The 
Concorde is designed to fly from New York to 
Paris, for example, in 3 hr and 15 min, or from 
London to Sydney in 13 hr and 20 min, and 
will carry from 110 to 130 passengers. Nine 
airlines have already placed orders for 45 of 
these planes, and the interest in the American 
version is comparable. An artist's representa
tion of the Concorde is shown in Fig. 1. 

The primary spectrum of cosmic radiation is 
fairly' 'well documented. There is considerable 
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FIG. I. The SST (Concorde). 

absorption due to the 30 to 70 gfcm 2 of air 
above these altitudes so that this primary spec
trum is considerably altered, and there have 
not been many direct measurements of the 
radiation fields within this belt. Thus the radia
tion fields encountered between 60,000 and 
80,000 ft are not as well determined as those 
at lower altitudes or those at higher altitudes. 
It is convenient to consider these radiation fields 

PARTICLES PER M2 ~~ 
PER SECOND Iu-

PER STERADIAN 

under two separate categories: (I) galactic 
radiation, which originates outside the solar 
system, and (2) solar radiation originating with 
the sun, the latter including solar flares which 
are, in fact, only more intense and limited periods 
of solar radiation. 

Galactic radiation consists primarily of ener
getic protons, alpha particles, and to a lesser 
extent heavier nuclei, and it is relatively con
stant in intensity except for effects due to mag
netic fields associated with sun spot activity and 
solar flares. In Fig. 2, which is taken from re£ I, 
the change of the composition of the cosmic ray 
beam with altitude is shown. The height of 
60,000 ft is just beyond the region where the 
"transition effect" occurs and the particle fluxes 
begin to decrease. At lower elevations the dose 
will be primarily due to radiation of low LET, 
i.e. electrons and mesons, but at altitudes of 
60,000 to 80,000 ft, the flux of nucleons increases 
and makes a very significant contribution to the 
dose and even more to the dose equivalent. 

In the upper atmosphere, the total ionization 
increases from the earth's equator toward the 
poles owing to the magnetic field of the earth 
which deflects low-energy particles. Because 
of this screening effect, the number of high
energy primary particles reaching a given height 
above the earth increases with latitude, being 
minimal at the equator. This screening effect 
is less at lower altitudes and is hardly significant 
at sea level. Fowler and Perkins C3> have esti
mated this latitude effect for a height of70,000 ft, 
and their estimate is shown in Fig. 3. It is seen 

12 5 
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0 20 40 60 75 90 100 120 
ALTITUDE ABOVE SEA LEVEL IN 1,000 FT 

FIG. 2. Altitude profile of particle transition of cosmic ray beam in the atmosphere (from 
H.J. Schaefer). 
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FIG. 3. Intensity of ionization at maximum of 
ionization depth curve (.-50 g/cm') for June
December 1965 (Neher and Anderson (1962)) 

that at 60° or more of north latitude the inten
sity of ionization is about three times greater 
than at the equator. Many of the most traveled 
routes pass through these high latitudes, and if 
it appears desirable to reduce dose to passengers 
or crew, one might achieve a substantial reduc
tion by following routes that lie in lower latitudes 
so far as practicable. Crew members might 
be rotated so that the same individual did not 
fly predominantly on the routes through high 
latitudes. However, while these are possibili
ties, it is not at all clear that such practices will 
be required to meet current standards limiting 
exposure of either passengers or crew. 

In years of high solar activity such as 1958-9, 
an interplanetary magnetic field is superim
posed on the earth's magnetic field. This effect 
is represented in Fig. 4 which shows this effect 
for 1954, a year of low solar activity, and for 
1937, a year of high solar activity. In the 
region of 60,000 to 80,000 ft, this effect is only a 
difference of 20-30%. The similar data for 
1954 are, however, practically a factor of 3 
higher than for 1958 in northern latitudes and 
at an elevation of ,...., 90,000 ft according to 
Neher and Anderson. <7 > Thus, this effect can 
account for a very substantial increase or de
crease in the total dose received from galactic 

radiation. 
Fowler and Perkins <3 > have summarized and 

evaluated the dose and dose equivalent using 
the ICRP recommendations to obtain the qual
ity factor (QF) from the linear energy transfer 
(LET). A significant fraction of the total ioni
zation is produced by protons and heavier nuc
lei, but they have rather high energies so that 
the QF only averages 1.5 according to their 
estimate. <3 > This estimate neglects the dose due 
to neutrons which undoubtedly increases the 
value of QF. The ICRP Task Group, using 
data of Haymes, <8 > evaluated the dose from 
neutrons separately. Using a QF of 8 for this 
dose, the QF for all dose from galactic radiation 
averages about 2. However, it must be recog
nized that the measured values on which this 
estimate is based only include neutrons of energy 
above I MeV, and, while allowance has been 
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FIG. 4. Altitude profile of the total ionization in a year of high (1937) and low (1954) solar 
activity (from H. J. Schaefer). 
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made for the neutrons of lower energies, there 
is some uncertainty in the estimate, perhaps 
as much as a factor of 2. Watt et al. <9 > give 
a higher dose estimate based on somewhat dif
ferent assumptions concerning the neutron en
ergy spectrum and the effect of isotropic inci
dence on the depth dose curve. The ICRP 
Task Group estimates a dose rate of 1.3 to 
1.9 mremfhr at heights of 60,000 to 80,000 ft, 
respectively, for polar latitudes and for years 
of a quiet sun. Thus these dose rates are "con
servative" so far as latitude and solar effects 
are concerned. 

Using the spectrum estimated by Fowler 
and Perkins, <3 > one finds that about 5-10% 
of the dose is due to nuclei with mass greater 
than that of an alpha particle, and some of 
these have sufficient energy to produce a broad 
path, perhaps 10 p. in diameter, extending over 
many cell diameters. Schaefer has calculated 
the number of these "thin-down" hits per 
dayfcm 3 , <1 > and they have been mea.Sured by 
Yagoda. <10 > The variations of these hits with 
altitude during years of a "quiet" sun and of an 
"active" sun are shown in Fig. 5. The ICRP 
Task Group recognized the unique problems 
posed by this type of radiation as have other 
investigators. Referring to these "thin-downs", 
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the report notes that "Such tracks of affected 
cells have been observed experimentally in the 
skin of mice exposed to cosmic radiation in 
the upper atmosphere and, although of little 
functional importance in the skin, might be of 
much greater importance in the embryo or in 
vital organs such as the brain. Attempts to 
study this question with microbeam irradiation 
suggest that the observed changes per exposed 
cell are smaller than for the same number of 
ions per cell delivered to a larger volume of 
tissue; however, no RBE value can be cited 
for an effect that is produced by high-LET 
radiation but not by low-LET radiation under 
the conditions of interest. Some other means 
will have to be found, therefore, if such effects 
are to be taken into account in calculation of 
the dose equivalent. Apart from this special 
case, the risk-limiting somatic effects from high
energy radiations are not different from those 
ordinarily considered in protection work." 

The dose rate from solar radiation averages 
somewhat less than that from galactic radiation, 
as is indicated on Fig. 6 which is due to Fowler 
and Perkins. The solar radiation is composed 
largely of fast protons, but as these penetrate 
to a depth of 60,000 to 80,000 ft in the atmos
phere, a spectrum of secondaries is produced so 

FIG. 5. Va;riation of thin-down intensity with altitude for seasons of maximum and minimum 
sunspot activity (from H. Yagoda) 
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that the radiation field has much of the same 
complexity as does galactic radiation at these 
depths. As will be noted from Fig. 6, the average 
intensity does not constitute a severe problem 
as compared with the galactic radiation field. 
However, solar radiation varies greatly in in
tensity, the activity being closely correlated with 
sun-spot activity which follows a rather regular 
cycle of intense and depressed activity, one cycle 
representing about 10-11 years and the inten
sity of a particular burst or "flare" may vary 
over as much as 6 orders of magnitude. There 
have been seven giant flares that have occurred 
during the last two solar cycles, that is, in the 
last 20 years, that have carried substantial fluxes 
of photons of 1 Ge V or higher energies. These 
flares have produced geophysical phenomena 
which could be used as a basis for detection 
soon enough for the SST to descend to a lower 
altitude and have the benefit of the shielding 
of more of the atmosphere. The giant flare of 
23 February 1956 is by far the largest observed 
to date and is estimated to have produced 
doses ranging from 2-20 rad during the first 
hour of the event at the 60,000- and 80,000-ft 
altitudes and over the polar regions. The 
range of values, as estimated by Fowler and 
Perkins, is shown in Fig. 7. The intensity at 
SST altitudes depends not only on the protons 
ejected by the sun but also is markedly influ
enced by the state of the magnetic fields existing 
between the sun and earth which may serve 

Qllerlying air, glcm2 

FIG. 6. Radiation intensity in rems for galac
tic and solar cosmic rays as computed for 

this report. 

40 
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FIG. 7. Estimated dose from the most severe 
solo cosmic ray outburst 0345-0445 23 Feb 
1956. The radiation dose for the one hour period 
0345-0445 UT 23 February 1956 as a fraction 
ofheight or depth in the atmosphere for,\ 2 60°. 
The rest of the outburst produced a further 
irradiation of about 50% of that produced 

during the first hour. 

to deflect much of the radiation or to facilitate 
its passage to the earth. It must be recognized 
that there is considerable uncertainty in this 
estimate, because there was no useful balloon 
flight until 20 hr after the event, and the dose 
estimates depend upon extrapolated data on 
the actual intensities and spectra at SST 
altitudes. 

As Fowler and Perkins <3 > state, "We must 
now ask the question as to whether the sample 
over the last sunspot maximum. is likely to have 
been representative. We estimate that the out
burst of 23 February 1956 was responsible 
for approximately one half of all the solar 
particles of energy > 100 MeV that have 
arrived since 1950, and greater fractions of 
particles of higher energy. Are such outbursts 
to be expected more or less often than once 
in 10 years-or could we expect even more 
severe outbursts-say 10 or 100 times as great? 

"We mentioned earlier that the 53 outbursts 
in the last solar cycle were spread over an esti
mated range of 106 in intensity, and that this 
huge range was due to propagation conditions 
between the sunspot and Earth as well as to 
the intrinsic intensity of the solar flare .... So 
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it seems likely that the probability of experi
encing another solar event comparable to that 
of 23 February 1956, or an even more intense 
one during the course of any II year sunspot 
period is rather high." 

The question of taking evasive action, i.e. 
descending to lower altitudes or, in periods of 
intense activity, flying over routes which lie 
closer to the equator, has been proposed and 
often arouses quite divergent opinions. It is 
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FIG. 8. Cosmic ray indices (pressure corrected 
hourly totals). Record of neutron monitor 
readings for the solar outbursts at Deep River, 
Ontario, for 12-15 November 1960 taken from 

ref. 4 or 5. 

estimated that an SST in flight might have 
some 10-15 min warning before the arrival . 
of the really intense build-up of the field which 
may reach peak intensity in a matter of minutes. 
The time course of neutron monitor readings, 
as observed at Deep River, Ontario, in Novem
ber 1960, are shown in Fig. 8. <3 > The sharp 
rise in intensity shown here, followed by the 
gradual decline in intensity extending over 
hours is fairly typical. In the giant flare of 
23 February 1956, Fowler and Perkins estimate 
that the total dose during the entire day was 

only 50% higher than the dose during the first 
hour. Thus any evasive action must be rather 
prompt. 

It has been questioned whether a very prompt 
change in course might not entail other hazards 
for the occupants of the SST <11 > which would 
be more severe than the hazard posed by the 
radiation fields. Certainly, those who propose 
that such action be taken are not envisioning 
actions which would involve any appreciable 
probability of wrecking the plane or causing 
severe physical distress to the occupants. Those 
designing the SST are well aware of the problem 
of radiation exposure and are investigating the 
desirability and means of taking evasive action. 
Of course, this is not a definite commitment 
to such a policy, but some of the working re
ports discuss in detail the type of monitoring 
instruments to be carried on the plane; and, 
in one case, a "safe" range up to 5 mrem/hr, 
an "alert" or "warning" range up to 50 mremf 

hr, and an "action" range above 50 mremfhr 
have tentatively been selected. None of the 
working papers the author has seen ·mention 
or discuss any hazard that might be involved 
in descending to lower altitudes. Many airlines 
are distributing advance publicity concerning 
the SST in the material they offer to passengers 
in the seat pockets on current flights. A survey 
of this literature reveals that several airlines 
are already educating the public as to the 
presence of these radiation fields and reassuring 
them that adequate measures are being taken 
to meet the problem. Several of these brochures 
mention the possibility of evasive action, and 
all indicate that in the years before commercial 
flights begin, there will be considerable study of 
the problem, and during the year or more of 
extensive testing of the craft, there will be 
much more data on the problem than we now 
have. 

In summary, the average levels of galactic 
and solar radiation do not pose any great prob
lems. The ICRP Task Group report estimates, 
conservatively, that the average dose rate on a 
polar route and at 60,000 to 80,000 ft might 
be as much as 3 mremfhr. For the great bulk 
of travelers who make only a few flights a year, 
this is well within the limits on exposure of 
individuals of the population recommended by 
the ICRP. For the crew, or the courrier who 
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is continually making such trips, it is another 
matter, and they may have to be classed as 
radiation workers. For example, a schedule of 
40 hr/mo of time in actual flight over high 
latitudes might entail about 1.5 remfyr as an 
average, although it must be remembered these 
are generally conservative estimates. .AJ> men
tioned above, some of the present plans provide 
for monitoring instruments on board, and these 
will provide better estimates as flying experience 
accumulates. Also, taking account of the frac
tion of the population likely to be involved and 
of time factors, the contribution to the total 
genetic load is small as noted by the report of 
the ICRP Task Group. 
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Abstract-On October 5,1965, a dosimetry satellite was placed in a rectrograde earth orbit 

with an inclination of 144°. Apogee and perigee were 3460 km and 411 km respectively. 

This orbit was such that virtually all of the inner Van Allen zone was covered. The instrumenta

tion package consisted of seven separate electron and proton spectrometers (0.56 to 5 MeV for 

electrons-10 to 120 MeV for protons), a proton depth-dosimeter measuring absorbed energy 

at three depths in an aluminum shield, an X-ray or bremsstrahlung spectrometer measuring 

secondary dose behind an aluminum shield, and two tissue equivalent ionization chambers. 

Thus proton and electron tissue dose and bremsstrahlung production were measured simul

taneously with both uni- and omni-directional radiation environment data. The material 

distribution of the satellite was experimentally determined and a magnetometer was used to 

relate spacecraft geometry to particle distributions in space. Therefore, a controlled experi

ment was performed to investigate the importance of simplifying assumptions in the calculation 

of proton and electron doses as well as a measurement of the spatial dose and particle distribu

tions. Utilizing this data, representative doses are calculated and compared with the results of 

the on-board dosimetry. 

I. INTRODUCTION 

With the advent of manned spa<:e flight it 
became apparent that space radiations would 
play a significant role in man's ability to success
fully negotiate space. Radiations trapped in 
the magnetosphere (Van Allen Regions), Galac
tic Cosmic Rays, and Solar Flare Radiation 
could presumably limit the duration of any 
space mission. <1 > 

Many computer programs have been devel
oped which use various theoretical models of 
the space radiation environment. Ideally, when 
all relevant factors are known to a high degree 
of precision, only a single computer program 
will be required. Such a program would require 
only two inputs-the shielding configuration of 
the vehicle and its proposed spatial path; the 

*Now at TRW Systems Laboratories, Redondo 

Beach, California, USA. 
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radiation environment being contained within 
the program. Programs such as this have been 
developed for the Air Force by the Boeing 
Corporation <2 > and Northrop Space Labora
tories <8 > and are represented by the flow chart 
in Fig. 1. In any program where information 
is accumulated step by step, the error in the end 
result is cumulative. Therefore, the accuracy of 
the end result can be no better than the accuracy 
of a single input or step, and each of the eight 
inputs or blocks of Fig. 1 must be known to a 
high degree of precision. Extensive experimental 
programs are under way to test the ability of 
these computer programs to predict dosages 
received by space-crew members during an 
arbitrary space mission. It is the purpose of this 
paper to df:scribe one such experiment which 
has been performed. 

Assuming that dose can be measured in bio
logically relevant terms, one experiment would 
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Radiation environment 
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space radiological studies 

Type I input 

Type II input 

® 

FIG. I. Flow chart for space radiological studies. 

be simply to measure the dose at some arbitrary 
spatial location and compare this measurement 
with calculated results. This implies a strong 
reliance on previously gathered environmental 
data (Block 4, Fig. 1). Since the environment 
may change slowly with time and rapidly with 
spatial position, difficulties may arise in com
paring a computed dose for a point or points in 
space with an actual measurement. The experi
ment described herein obviates the necessity for 
reliance on past environmental data by adopting 
the philosophy of simultaneous measurement of 
the radiation environment and absorbed dosage. 
This allows the following goals to be accomplished: 

1. Provide extra measurements of the radia
tion environment for further updating of 
the computer program. 

2. Provide measurements of absorbed dosages 
throughout space. 

3. Provide valid checks on the shielding 
analysis, radiation transport, and dosage 
computation portions of the computer 
program by elimination of the environ
mental portion of the program. 

II. EXPERIMENTAL TECHNIQUE 

A. Instrumentation 

Our experiment was designed with a single 
philosophical ground-rule-that of providing 

simultaneous measurement of the radiation 
environment and absorbed dose in such a 
manner that the results may be used to check 
theoretical calculations. 

To this end, a satellite was instrumented with 
seven separate electron and proton spectro
meters for the complete measurement of the 
entire radiation environment and four instru
ments to measure absorbed dosage. Brief des
criptions of these instruments are contained in 
Tables 1 and 2. 

The flux, energy spectra, and angular dis
tributions of electrons and protons were mea
sured by four directional spectrometers employ
ing scintillation techniques and multichannel 
analyzers. Three instruments, provided by 
Aerospace Corporation, measured the omni
directional flux and energy spectra of electrons 
and protons and employed solid state ioniza
tion techniques.<'> The above instruments 
utilize well-known techniques and will not be 
described in further detail. They provided mea
surements of the radiation environment over 
the energy ranges of0.56 to 5 MeV for electrons 
and 6 to 160 MeV for protons. These instru
ments were well calibrated utilizing Sr00 and 
Cs13

7 beta sources and the 50 MeV proton 
acceleratQr facility at the University of Cali
fornia at Los Angeles. 

For the measurement of absorbed dose, four 
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Table L Environmental Instrumentation 

Instrument 
Number 

Detector Type of measurement Dynamic range 
used 

Electron spectrometer 1 Csl-plastic phos- Electron flux energy 0.5 to 10' counts/sec. 
wich with pulse spectra, angular 0.5 to 5.0 MeV in 
height analysis distribution eight channels 

Proton spectrometer l Same as above with Proton flux, energy 0.5 to 10 8 counts/sec. 
plastic absorber spectrum, angular 49 to 120 MeV in 

distribution four channels 
Delta E proton 2 Thin plastic scintil- Integral proton flux Delta E1 : 5 x 10-1 to 
spectrometers lators with threshold between limits, 5 X 10• counts/sec. 

detection angular distribution (10 MeV <E<20 
MeV) 
Delta E,: 5 X 10-1 to 
5 X 102 counts/sec. 
(20 MeV <E<49 
MeV) 

Omni-directional* 3 Solid state detector Integral proton flux Protons: 6-20, 40-80, 
proton-electron with threshold between limits 100-160, and < 100 
spectrometers MeV I Integral electron Electrons: 0.3 

flux above threshold and 4.5 MeV 

I 

* Provided by Aerospace Corporation, El Segundo, California. 

Table 2. Dosimetric Instrumentation 

Instrument 
Number 

Detector Type of measurement Dynamic range 
used 

Proton dosimeter 1 Solid state detectors Energy deposition at 0.5 to 2 X 10' 
imbedded in AI known depths in MeV {sec (each 
sphere at depths of 0, simple geometry detector) 
4, and 16 g{cm 2 

X-ray or bremsstrahlung I Thin Csi crystal Energy deposition per 1.62 X 10 2 to 
d osimeter behind known unit time caused by 1.62 X I 06 MeV fsec. 

aluminum shield bremsstrahlung from 
electrons striking 
known shield 

T issue-equivalent 2 Small ionization Absorbed dose in 0.2 to 200 radfhr 
chamber constructed rad/hr at depth of 
of Shonka Muscle- 0.17., 3.2 and 8 gfcm2 
equivalent plastic 
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instruments of three types were utilized. They 
are as follows : 

1. Tissue Equivalent Ionization Chambers 
(T.E.I.C.). Two instruments of this type were 
utilized and imbedded in a tissue-equivalent 
material (lucite) at depths of0.17 and 3.2 gfcm 2

• 

Anisotrophy of shielding provided another 
apparent depth of 8.0 gfcm 2 in certain instan
ces. Basically these chambers are constructed 
of Shonka muscle-equivalent plastic and are des
cribed in the literature in numerous places. cs. 6 > 

A thorough calibration was performed utilizing 
Sr90 and Cs137 beta sources as well as the proton 
accelerator facilities at Oak Ridge National 
Laboratory and Harvard University. 

2. Proton Dosimeter Sphere. The proton 
dosimeter is designed to measure, primarily, 
proton dose rates penetrating various degrees 
of shielding material in a simple geometry. This 
measurement is achieved by using solid state 
detectors placed at three different depths in an 
aluminum sphere: 0, 4 and 16 g/cm 8

• To obtain 
a wide dynamic range with good accuracy, the 
instrument alternates between two overlapping 
sensitivity ranges. The solid state detectors pro
duce a signal proportional to the energy deposi
ted by an intercepted proton in the semicon
ductor material. This signal is amplified by a 
charge-sensitive solid state preamplifier and 
fed to a pulse height discriminator which rejects 
noise and signals below a predetermined level. 
The pulse-height discriminator passes signals 
above this level to the pulse-height to pulse
width converter, where each pulse is converted 
to a constant amplitude pulse whose width is 
proportional to its height. These pulses are then 
fed to a log-integrator which integrates the 
signal for a variable-known time. The sensi
tivity of the proton dosimeter is controlled by 
alternately increasing and decreasing the inte
grating period. 

The three solid state detectors were calibrated 
so that the output in volts may be related direct-

. ly to rate of energy deposition in the detectors. 
The parameters which had to be determined 
included detector sensitive area and thickness 
and the relation between detector pulse height 
and energy deposited. 

The PhJPW converters for all three channels 
have a nominal 20 p.secfV conversion factor. 
To establish accurately the integrating time 

versus particle energy, the gain is adjusted 
using a radioactive calibration source to obtain 
pulse widths corresponding to each channel's 
sensitivity. A monoenergetic 5.30 MeV alpha 
source and Cs187 and Sr90 beta sources were used 
as calibration sources to accurately adjust gains 
and to establish the acceptance threshold level 
of the pulse height discriminator at 0.5 MeV. 

Having set the gains of the preamps and elec
tronic thresholds, it was desirable to calibrate 
the system at various dose rates, simulating as 
closely as possible the nuclear environment 
(random rates and pulse heights). It was pos
sible to approximate this condition by genera
ting a random pulse-rate of constant amplitude 
pulses that closely simulated the pulse shape from 
the detectors. The rate and amplitude were 
varied and recorded, along with the dosimeter 
output. 

In addition to the calibration of the various 
electronic assemblies mentioned previously, 
four of the solid-state detectors were calibrated 
at the UniversityofSouthern California 30 MeV 
Proton Accelerator. Calibration consisted of a 
set of identical experiments to determine detec
tor thickness for all four detectors. 

Energy loss in the detector (which is propor
tional to the pulse-height output from the charge 
sensitive preamplifier) is a linear function of 
the energy of the incident particle as long as 
this energy is sufficiently low that it is completely 
absorbed in the detector. If all energy is not 
absorbed in the detector, the energy loss in the 
detector decreases as the incident energy in
creases. The thickness corresponding to total 
absorption may be uniquely determined. 

The final calibration of each detector within 
the system consisted of placing the dosimeter in a 
flight configuration and exposing each detector 
to Sr90 beta particles. The output (in volts) 
of the dosimeter was noted, and the output 
analyzed. The data collected from the multi
channel analyzer can be integrated to yield the 
MeVfsec exceeding the known (0.5 MeV) 
threshold and this measured total dose com
pared with the dosimeter output. The agree
ment among measurements using this technique 
was found to be excellent. 

3. X-Ray Bremsstrahlung Dosimeter. The 
X-ray dosimeter is designed to measure the 
energy per unit time which bremsstrahlun 
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from electrons striking a known shielding will 
produce in a thin Csl crystal. This allows the 
assessment of results of calculations of brems
strahlung . within shielding media. The sensor 
consists of a small Csl crystal (0.25 in. in dia
meter by 0.020 in. thick) cemented to a photo
multiplier tube. The output current from the 
anode of the photomultiplier tube is converted 
into a voltage which is proportional to the 
logarithm of the current. 

Calibration of this instrument was accom
plished in the following manner. The energy 
flux striking the Csl crystal was calculated for 
peak flux in the inner Van Allen belt. This was 
estimated as f-.1 1.08 X 105 MeVfsec. The 
photomultiplier tube saturates near 100 11-A; 
thus the maximum current calculated for the 
peak flux was limited to 20 11-A, to provide a 
factor of 5 for safety. The calibration factor to 
be derived was then 

Feaze= 1.08 x 10
5 

MeV = 5400 MeV 
20 11-A · sec 11-A · sec 

The calibration procedure was to irradiate 
the detector with a 1 mCi Cs137 source (the 
crystal is shielded by 5 gfcm 9 aluminum). Only 
the Cs1 37 gamma and bremsstrahlung would be 
present inside the shield. A multi-channel 
analysis was made of the anode pulses from the 

photomultiplier tube, and the anode current 
was monitored. The energy. calibration per 
channel was done by identifying the 662 keV 
Csl37 gamma peak (3.28 keVjchannel) and 
calculating the area under the spectrum ( 1.02 
X 108 counts X number of channels). There

fore the total energy flux seen by the crystal 
was, for a time of 600 seconds, ET = 557.5 
MeVfsec. The anode current measured was 
0.102 ~'so that 

Fmeas = ET = 5483 MeV/11-A·sec 

fa 

The run was then taken at a high voltage value 
of 820 V. If the measured F did not equal the 
calculated F, the high voltage could be adjusted 
to yield the correct measured F. This is done 
by constructing a curve of anode current versus 
high voltage. The ratio of Fmeas to Feaze deter
mines the fa required to yield the correct factor, 
and the high voltage is adjusted to yield this 
current. 

The anode current is converted to a d.c. 
voltage output by the appropriate electronics. 

B. Satellite System 

The above-described instrumentation was 
integrated into an OVI-2 Satellite built by Gen
eral Dynamics Corporation for the Air Force. 

Fw. 2. OVI-2 Satellite (1965 78A) 
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\ AEROSPACE 
. ~ECTROIIETER 

" ,......._ 

FIG. 3. Layout of instruments. 

+P --"""'" 
" PROTON DOSIMETER\ 

PREAMPS " 

FIG. 4. Layout of instruments (OVI-2). 
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This satellite is shown in Fig. 2. and the in
strument layout is shown in Figs. 3 and 4. 

An additional instrument, a three axis magne
tometer, was provided as an integral part of the 
satellite system. This provided information re
garding the orientation of satellite axes with 
respect to the magnetic field line. This allows 
the measurement of any particle angular dis
tribution which may be present. The ability 
to independently command each instrument 
on and off was also provided. 

The instrument outputs could be stored on 
tape for 120 min and read out on command, 
allowing the accumulation of entire orbits of 
data. A separate command bypassed the tape 
recorder and allowed the instruments to be 
read out in real time. 

C. Spacecraft Material Distribution 

The purpose of the space flight experiment 
was the correlation of dosimetry and radiation 
environment measurements; hence, the material 
distribution surrounding the various dosimeters 
had to be well known in order to calculate 
dosimeter response. Even for the simple spheri
cal geometry where the proton dosimeter is 
located at. the geometric center of the spacecraft 
(Figs. 3 and 4), shielding by other instruments, 
spacecraft structure, etc., introduce perturba
tions which must be considered. 

Since protons and electrons lose energy mainly 
through collisions with atomic electrons (to a 
first order approximation), it will be sufficient 
to specify the areal density of electrons as a 
function of solid angle about the point of 

interest. In general, neither the collision stop
ping power of primary charged particles or 
photon attenuation, in the Compton region, 
is a strong function of attenuator atomic num
ber. It is evident that if the photon attenuation 
throughout the vehicle geometry is determined 
the areal electron density may be easily cal
culated. Aluminum is extensively used in 
space vehicle construction, and since aluminum 
is a representative low Z material, the areal 
density may be expressed in gfcm 2 of aluminum, 
or the aluminum equivalent electron/em 2 of 
path length. 

A 1.0 p.Ci Co 60 source was positioned at the 
center of the aluminum sphere (proton dosi
meter) in the satellite vehicle. The vehicle 
could be positioned accurately through three 
degrees of freedom. A 2 X 2 in. Nai crystal 
was located at a distance where it subtended 
a 1 o half~angle from the source. The remainder 
of the experimental apparatus is shown in Fig. 5. 
At these (Co 60

) energies Compton Scattering is 
the dominant loss mechanism (98%). Thus a 
measurement of the unscattered to scattered 
photons yields the areal density through the 
following relation: 

I= Ioe-•x 

where I = unscattered photons, 
Io = total photons before absorption, 
t =mass absorption coefficient, cm 2Jg, 
x =absorber path length, gfcm 2

• 

Using the above technique over 800 solid angles 
were scanned and translated into equivalent 
aluminum thickness or areal density. 

FIG. 5. Spacecraft material distribution experiment. 
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1.55 

A technique was also developed for utilizing 
this data to specify the material distributions 
about all dosimeter locations. 

m. EXPERIMENTAL RESULTS 

This experiment was placed in orbit aboard 
the OVI-2 Satellite on October 5, 1965. A 
retrograde orbit with an 1865 n-mi apogee, a 
perigee of 222 n-mi, and an inclination of I 44° 
were achieved. This orbit was such that nearly 

all of the Inner Van Allen Zone is swept out 
by succeeding orbits. 

The data reduction has been fully automated 
and computerized. The instrument calibrations, 
temperature calibrations, and tape recorder non
linearities, etc., are removed and the data 
is printed out as raw count rates, dose rates, etc., 
as a function of time and spatial position. For 
convenience in handling, as well as standardi
zation, the spatial position is given in terms of 
the four parameters R, ,\, B, and L. R is the 
radial geocentric distance to the point, ,\ is the 
angular displacement from the magnetic equa
tor, B is the magnetic field strength, and L 
is the "Mclllwain Parameter" <7 > which corres
ponds to the radial, geocentric distance at the 
equator of the magnetic field line which passes 
through the point. 

Four points in space were arbitrarily selected 
for this paper. These points are shown in Fig. 6. 
This figure also depicts the general limits of the 
satellite coverage. Table 3 gives the pertinent 
information regarding the selected points. 

A. Electron Spectra 

The outputs of each electron spectrometer 
channel were plotted as a function of time, 
and the peak fluxes were selected. These peak 
fluxes cmTespond to the instrument aperture 
being aligned at 90° to the magnetic field line 
(i.e. at the maxima of the angular distribution). 
The Greenwich Mean Time of the exact point 
in space was determined, and the data for a four
minute interval of time around the point was 
reduced. 

Figure 7 shows such data for two spectro
meter channels. The modulation is caused as 

Table 3. Points Selected for Ana(ysis 

I R B L .\ 

Point I (Earth radii) (gauss) (Earth radii) (degrees) Date/Orbit 

I 1.20 0.178 1.20 0 9 Oct/29 
14 Oct/100 

2 1.17 0.200 1.20 9.5 12 Octf75 

3 

I 
1.23 0.199 1.30 16 9 Oct/42 

4 1.51 0.120 2.00 30 6 Oct/10 
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m L= 1.204, a =.1785, ~=o.1• 
14 OCTOBER 1965 

<:> L= 1.2os, a= .1783, ~=o.e5" 
13 OCTOBER 1965 

1~~----~--~~----~-----L----~----~~--~ 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

ELECTRON ENERGY (E), MeV 

FIG. 8. Differential electron sp~ctrum, October 13-14, 1965. 
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FIG. 9. Differential electron spectrlifu, October 12, 1965, L = 1.207, B = 0.200, A= 9.46°. 
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FIG. 10. Differential electron spectrum, October 9, 1965, L = 1.30, B = 0.1993, A = 16°, 
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n(El= 2.65X I04 exp(-E/2.34l 
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Fm. II. Differential electron spectrum, October 6, 1965, L = 2.00, B = 0.120, .\ = 29.8°. 
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FIG. 12. Differential proton spectrum, October 1965, L = 1.20, B = 0.178, ,\ = 0°. 
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Fm. 14. Differential proton spectrum, October 9, 1965, L = 1.30, B = 0.1993, .\ = 16°. 

the vehicle tumbles in space and the direc
tional aperture passes in and out of the plane of 
maximum intensity. This modulation is typical 
for all directional instruments. 

Figures 8, 9, 10, and II show the spectra deter
mined for each of the four points. Following 
earlier experimenters, the data have been fitted 
with analytical expressions of the form N(E) = 
A exp ( -E{Eo). These expressions as found 
for the four points are as follows: 

Point 1: N(E) = 1.8 X 108 exp ( -E/0.55) 

Point 2: N(E) = 6.8 X 10 6 exp ( -E/0.46) or 
4.55 X 106 exp ( -E/0.55) 

Point 3: N(E) = 1.55 x 106 exp ( -E/0.70) 

Point 4: N(E) = 2.65 x 104 exp ( -E/2.34) 

There has been postulation by many experi
menters, with some verification, that the elec
tron spectral slope does not change with B (or .\) 
along points of constant L. It should be ob
served that while the best fits are not identical, 

'both points 1 and 2 (L = 1.20} may be fitted with 
the same analytical expression within experi
mental error. The difference in spectral shape 
and/or flux with other spatial positions should 
be noted. 

B. Proton Spectra 

To construct proton spectra the data from 
the two Delta E Spectrometers, the Proton 
Spectrometer, and one of the Aerospace Omni
directional Spectrometers (80 < E < 110 
MeV) <8 > were used. The data from the Proton 
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FIG. 16. Proton dosimeter data-revolution 10, October 6, 1965. 

Spectrometer was sometimes difficult to inter
pret due to saturation and at these points the 
data were considered as lower units only. The 
data furnished by Aerospace described the 
omni-directional flux whereas our spectra are 
in terms of uni-directional fluxes. To convert 
omni-directional fluxes to uni-directional fluxes 
a program developed by Dr. Thomas Farley 
of UCLA was used. The spectrums thus de
rived are shown in the Figs. 12, 13, 14, and 15. 
Again following the lead of earlier experimen
ters, the spectrums were fitted with two power law 
analytical expressions, of the form N(E) = AE-Y 
over separate energy ranges. These are given for 
the four points as follows: 

Point 1 : N(E) = 4.8 X 103 E-t.u 10 < E 
< 35MeV 

N(E) = 2.5 X 10 8 E-1.46 35 < E 
< llOMeV 

Point 2: N(E) =8.4 x 10 2 E-t.4Gl0 < E 
< 50MeV 

N(E) =3.25 X 104 E-2.3°50 < E 
< llOMeV 

Point 3: N(E) = 2.35 X 103 E-t.u1Q < E 
< 35MeV 

N(E) = 1.9 X 107 E-3.9 6 35 < E 
< llOMeV 
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FIG. 17. Proton dosimeter middle detector, method of dose determination. 

Point 4: N(E) = 1.65 X I0 2 E-1.n10 < E 
< 35MeV 

N(E) = 2.5 x Ioe E-&.oa 35 < E 

< llOMeV 

As with the electron spectrums, the change in 
flux intensity and spectral shape with spatial 
position should be noted. 

C. Dose Rate Measurements 

The experimental radiation dose rates at the 
four chosen positions in space were obtained 
for the same time that the spectral determina
tions were made. Six experimental doses were 
obtained at each point in space from: three 
solid-state proton dosimeters, one X-ray detec
tor, and two tissue-equivalent ionization cham-

hers. The radiation dose rate determinations, 
the general dose rate variation with time, and 
the experimental dose rate variation are dis
cussed for the various instruments in the follow
ing paragraphs. 

I. Proton Dosimeters. The proton dosimeters 
are sampled every two-thirds of a second. A 
typical output for I min is illustrated in Fig. I6. 
This shows the roll-modulated output, the range 
switching, and the general fluctuation in the 
experimental data. The dose rate for the de
sired time, corresponding to the desired point, 
was determined by plotting the average of three 
dose rates for two plus minutes and then draw
ing a line through the data. (An example of 
this technique is shown in Fig. I 7) The proton 
dosimeter changes scale approximately every 
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Table 4. Proton Dosimeter Doses for the Four Selected Locations in Space 

Point Dose Rate of % 
Detector in rate change Variation 

space (radfhr) (radfhrfmin) 
Positive Negative 

Surface 1 6.9 5.5 41 4I 
(0 gfcm 2

) 2 1.7 2.I 37 4I 
3 9.4 1.0 35 25 
4 2.8 0.47 26 48 

Middle I 0.64 O.I9 33 35 
(4 gfcm 2

) 2 0.21 0.11 22 I8 
3 0.46 0.08 22 I8 
4 0.066 0.014 71 29 

Center 1 0.49 0.12 32 22 
(I6 gfcm 2

) 2 O.I6 0.08 39 32 
3 0.34 0.06 20 I3 
4 O.I5* - - -

* Indicates an upper limit only. 

Table 5. X-ray Detector Doses for the Four Selected Locations 

Point Dose Rate of % 
in rate change Variation 

space (radfhr) ( radfhr /min) 
Positive Negative 

I 0.80 0.26 10 10 

2 0.25 0.11 26 22 
3 0.50 0.08 23 I4 
4 0.099 0.03 35 23 

Table 6. T.E.I.C. Doses for the Four Locations 

Point Dose rate-T.E.I.C. No. 1 Dose rate-T.E.I.C. No.2 
in (radfhr) (radfhr) 

space 
Peak Minimum Average Peak Minimum Average 

I 4.8 ± 0.9 2.I ± 0.5 3.6 ± 0.8 3.0 ± 1.0 3.6 ± 0.6 4.2 ± 0.8 
2 1.6 ± 0.6 0.7 ± 0.2 1.2 ± 0.3 1.5 ± 0.3 1.2 ± 0.3 1.4 ± 0.3 
3 6.6 ± 1.2 1.9 ± 0.6 4.7 ± 0.6 3.6 ± 0.6 2.5 ± 0.5 3.1 ± 0.5 
4 0.7 ± 0.3 0.3 ± 0.1 0.5 ± 0.2 0.3 ± 0.1 
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minute and may be "off-scale" for one minute 
but may be providing good data both before 
and after that minute. Plotting more than 2 
min centered about the off-scale data provides 
useful dose rate versus time information. The 
dose rate is then determined at the desired 
time (point), the time variation is determined, 
and the percentage variation (roll modulation) 
of dose rate is noted. 

The results for the proton dosimeters are 
listed in Table 4. The center (16 gfcm 2

) dosi
meter was always below its minimum sensitivity 
at L = 2.0, B = 0.122 and only an upper limit 
of 0.015 rad/hr could be determined. 

2. X-Ray Detector. The X-ray detector was 
sampled once every two seconds·. This data was 
plotted against time. As with the proton dosi
meter data, a line was drawn through the data. 
The dose rate was then determined at the de
sired time, the time variation determined, and 
the experimental variation noted. Results for 
the four positions are tabulated in Table 5. 

3. Tissue-equivalent Ionization Chambers 
(T.E.I.C.). The data from the two tissue-equi
valent ionization chambers were reduced in a 
manner similar to that from the other dose rate 
instruments except that the peak rates as well 
as an average over a roll modulation were deter-

mined .. This was done in an effort to further 
evaluate the effect of the material distribution 
of the satellite. The results are shown in Table 6. 
T.E.I.C. No. l is shielded by 0.17 gfcm 2 and 
T.E.I.C. No.2 by 3.2 g/cm 2

• 

IV. COMPARISON OF EXPERIMENTAL 

AND CALCULATED RESULTS 

In the previous sections, an experiment has 
been described the results of which may be used 
to assess the validity of certain assumptions basic 
to computer programs used in predicting dose 
rates which may be encountered in space. In 
addition, the strengths and weaknesses of many 
of the sub-routines, such as radiation transport 
and dose conversions, may be determined. 

Preliminary dose calculations have been 
performed, for certain cases, to provide a 
general comparison of calculated and experi
mental dose at three of the points discussed in 
the previous sections. These calculations have 
been performed only for two detectors of the 
Proton Spectrometer (0.0 gfcm 2 and 4.0 gfcm2) 
and the most thinly shielded ionization chamber 
(0.17 gfcm 2

). 

For the case of the ionization chambers two 
of the available computer programs (Boeing< 2 > 

Table 7. Comparison of T.E.l.C. No. 1 Dose Rate Calculations to Measurements 

Point Type Dose rates in radfhr 
in of 

AMRL-Northrop space dose rate* AFWL-Boeing I 
---1----1-------· 

1 Electron 3.2 

2 

3 

Proton 1.6 
Total 4.8 
Expt. 3.6 ± 0.8 

Electron 
Proton 
Total 
Expt. 

Electron 
Proton 
Total 
Expt. 

1.4 
0.8 
2.2 
1.2 ± 0.3 

3.2 
0.8 
4.0 
4.7 ± 0.9 

3.6 
2.8 
6.4 
3.6 ± 0.8 

0.8 
0.3 
1.1 
1.2 ± 0.3 

7.9 
1.6 
9.5 
4.7 ± 0.9 

'!'The photon dose rate was negligible in'all cases when compared to primary dose rate. 
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Table 8. Comparison tif Proton Dosimeter Dose Rate Calculations to Measurements 
(AMRL-Northrop method only) 

Point Type 
in of 

space dose 
rate 

1 Electron 
Proton 
Total 
Expt. 

2 Electron 
Proton 
Total 
Expt. 

3 Electron 
Proton 
Total 

I 
Expt. 

and Northrop <3 >) were utilized in making cal
culations. Only the Northrop program was 
utilized in calculations concerning the Proton 
Spectrometer. 

The results of the above calculations and com
parisons with the experimental data are pre
sented in Tables 7 and 8. These data should be 
viewed as preliminary serving only as an exam
ple of the results which may be expected from 
such a technique. No effort was expended to 
improve or modifY the existing calculational 
procedures other than to further simplifY the 
computational methods. 

For a detailed discussion of the calculational 
methods involved, the reader is referred to 
refs. 2 and 3. 

Three components of the dose were calculated 
utilizing the particle spectrum obtained by this 
experiment at the spatial locations involved. 
These were: ( 1) dose due to primary protons; 
(2) dose due directly to electrons; and (3) 
dose due to photons produced by the slowing 
down of electrons. Each dose component has 
assumptions peculiar to the calculations which 
yield the dose rate for primary particles versus 
the material thickness for that dose component. 
The material thickness about the dose points. 
was calculated from the results of the gamma 

Dose rates in radfhr 

Surface detector Middle detector 
(0 gfcm2

) (4 gfcm 2
) 

4.6 --0-
3.2 0.4 
7.8 0.4 
6.9 0.6 

1.1 -0-
0.3 0.1 
1.4 0.1 
1.7 0.2 

9.6 --0-
2.0 0.03 

11.6 0.03 
9.4 0.46 

mapping experiment. The material distribu
tion was obtaint:d directly for the Proton dosi
meter sphere and approximated for the ioniza
tion chambers assuming a right circular geo
metry for the satellite experimental bay. Once 
calculated, each material distribution was 
grouped according to thicknesses to determine 
the amount of solid angle having the specified 
ranges of thickness. For each dose point, this 
was then plotted as a histogram of solid angle 
per thickness versus thickness and a smooth 
curve plotted. The dose rates for proton, elec
tron and photon dose components were then 
calculated by integrating the product of dose 
rate and material distribution range. In one 
case (Northrop), the measured spectra were 
extrapolated beyond 'the experimental values 
(using the shape factors present) before they 
were input to the calculations. In the second 
case (Boeing) no such extrapolations were made. 

In general, fair agreement was obtained (in 
spite of the simplifications) at points of thin 
external shielding. This agreement progressively 
worsened as the shielding· thickness increased; 
however, the discrepancies may be explained 
to a large degree by the manner in which the 
material distribution was handled and to a 
lesser degree by the spectral extrapolations. 
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In summary, the radiation transport and dose
conversion portions of the computer techniques 
seen are verified with the environmental and 
material distribution inputs being the most 
critically sensitive. In fact, a separate study 
of the importance of material heterogeneity in 
the calculation of radiation doses has shown that 
the dose rate is underestimated when constant 
mean thicknesses are used for solid angles which 
don't really have constant thicknesses. The 
calculated dose rate can vary. a factor of four 
or more depending on the spectrum, the material 
thickness, and the degree of heterogeneity, if 
one first assumes a constant thickness and then 
takes into account heterogeneities. 
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Abstract-An experiment to measure the absorbed dose distribution and depth-dose distribu
tion in tissue-equivalent material is described. The experiment uses cellular-sized spheres of 
plastic sCintillator to detect the dose deposition, and a pulse-height analysis is performed on the 
signals. 

The sensor consists of a number of 100 micron spheres of plastic scintillator bonded to a lucite 
light-pipe. The lucite is cemented to a photomultiplier tube, and the output signal is processed 
by digital pulse height analyzers. This technique has many advantages over present ion 
chamber systems, including: 

( 1) measurements of absorbed dose with a detector approaching the cellular level, 
(2) negligible dose gradient through the detector and minimum perturbation of the tissue

equivalent sample, and 
(3) excellent resolution and gain stability. 

It appears feasible to measure the absorbed dose distribution spectrum from 0.4 keY/micron 
to > 300 keVfmicron with a single sensor. By utilizing multiple sensors with varying amounts of 
tissue-equivalent pre-filtering, a depth-dose distribution can be obtained. By integrating the 
absorbed dose spectrum, a measure of the total absorbed dose is obtained. In ·addition, the 
experiment provides data on cell hit frequency. 

The removal of particle type-dependent response and geometrical considerations are dis
cussed. One specific application of this technique involving an astronaut-manipulated space 
experiment is described. 

INTRODUCTION 

It has been well established that radiation 
poses a hazard to manned space flight, either 
through early acute effects or longer somatic 
effects. It is essential that dosimetric parameters 
such as the spectrum of radiation energy depo
sition and total absorbed dose be measured for 
small regions of tissue samples. In addition, 
the radiation depth-dose distribution would be 

*Now at TRW Systems Laboratories, Bedondo 
Beach, California, U.S.A. 

important data. The experiment described in 
this paper utilizes very small ( < 100 micron) 
plastic scintilla tors as· tissue-equivalent dosi
meters; and yields measurements of absorbed 
dose distribution, total absorbed dose, depth-dose 
distribution, and cell hit frequency data not 
possible with present space dosimeters. The con
cept is based on unique application of state-of
the-art techniques of scintillation spectroscopy, 
and obtains data which is radiobiologically more 
meaningful than present "LET" devices. The 

·dosimeter has a wide dynamic range, ·and can 

895 
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perform satisfactorily in a variety of space radi
ation environments and missions. It is believed 
that this program represents a very significant 
scientific contribution to the knowledge of 
radiobiological hazards to manned space flight. 

The experiment is particularly suited for 
missions operating within the radiation zones. 
The experiment will perform satisfactorily for 
low altitude (typically 200 n. mi.) missions or 
lunar flights. While it is desirable to utilize 
astronaut capability to modify the instrument 
in space, the experiment is not seriously com
promised if utilized on an unmanned mission. 

S~CBACKGROUND 

The problems involved in investigating radia
tion hazards to living organisms in space are 
very complex. However, specification of the 
"LET" or absorbed dose spectrum, total ab
sorbed dose, and depth-dose distribution will 
enable many meaningful 'conclusions to be 
drawn, using laboratory radiobiological results. 
No rigorous attempt will be made in this paper 
to scientifically justify the measurement of ab
sorbed dose distributions or the other parame
ters yielded by the technique under discussion; 
instead, a brief summary of "LET" importance 
is presented. ·· 

Experiments have clearly established that the 
biological effectiveness of radiation depends not 
only on the amount of energy absorbed but also 
on spatial distribution of the energy deposition. 
Since the energy is deposited in or near the 
tracks of charged particles, it has been con
venient to express this energy deposition in 
terms of the linear density of energy transfer 
along these tracks, or linear energy transfer. 
The linear energy transfer (LET) is defined 
as the linear rate of loss of energy ("locally 
absorbed") by an ionizing particle traversing 
a material medium. While this quantity is 
expressed in kiloelectron volts per micron 
(keVfp,), it is more rigorously a function of 
energy deposited per unit volume surrounding 
a track. The stopping power or ionization loss 
is a similar quantity which is defined as the 
loss of energy per unit path'1ength by an ionizing 
particle traversing a material medium. LET 
emphasizes the process of energy transfer, while 
the stopping power emphasizes the energy lost 
by the par~icle. In the case of stopping power 

all energy losses resulting in the production of 
secondary charged particles are commonly in
cluded, while in the case of LET such losses are 
included only if they are absorbed in some 
arbitrary vicinity of the primary charged 
particle track. 

On the basis of the physics of the energy 
transfer processes, estimates of LET can be 
made. Thus the quality of radiation can be 
expressed by specifying the fraction of the dose 
deposited in each LET interval. The LET has 
some utility for . characterizing the ionizing 
track and this parameter has been found in 
general to correlate well with the biological 
effectiveness of the radiation. 

While theoretically it is possible to calculate 
a LET distribution spectrum in a given material 
exposed to some fpecified radiation field, such 
calculations are quite laborious and require 
detailed knowledge of the flux and energy 
spectra of the primary radiation, and particu
larly the secondary particles and the material 
distribution around the sample. For much of 
the radiation encountered in space, detailed 
calculations are not possible since many high 
energy interaction cross sections are not well 
known. These uncertainties introduce serious 
errors in estimating radiation hazards since 
some secondaries are very· heavily ionizing and 
generate high LET tracks. 

In an environment such as a space vehicle 
cabin, it is currently very difficult to predict 
the local radiation spectra with sufficient accu-

. racy for manned space missions. Uncertainties 
in the primary radiation fields, the com
plicated distribution of secondary particles and 
scattered radiation and material heterogeneity 
indicate that experimental determinations of 
LET spectra are desirable. The effect of the 
dose delivered in space can be approximated 
in the laboratory by using a combination of 
laboratory radiation sources to deliver a LET 
spectrum simulating that measured in the 
spacecraft. 

The radiation encountered in space due to 
trapped radiation (V AB), solar flares (SCR), 
and galactic cosmic rays (GCR) will consist 
mainly of electrons, protons, photons, and 
heavier nuclei. For trapped radiation very near 
the earth, the electrons will produce the greatest 
dose for lightly shielded tissue. As shielding 
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FIG. 1. RBE-LET relationship of Rossi. 

increases, the proton and photon c~mponents 
become important. When the protons have 
been stopped, the photon component remains 
with a neutron component. Consider first the 
case where electrons and protons are important. 
Due to the steep energy spectra observed in 
the radiation zones, the dose gradient due to 
electrons and protons will be quite steep through 
a tissue sample. This gradient is also very im
portant when solar flare radiation is present, 
since the alpha particle component is quickly 
attenuated in the first tissue layers. 

Schaefer <1 > points out that the fraction of 

high LET events to total dose of the alpha 
component of solar flares is substantially larger 
than the fraction of proton-induced high LET 
events to dose to tissue depths in excess of 
10 gfcm 2

• The alpha dose is especially impor
tant at small thicknesses of less than 2 gfcm 2• 

Schaefer recommends separate determinations 
of the high LET alpha and lower LET proton 
doses, and points out that insufficient data 
exists on incident spectra to permit calculation 
of the alpha doses under small thicknesses . 
. Thus, radiobiologically, it is important to deter
mine the LET or absorbed dose distribution 
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FIG. 2. The monoenergetic quality factor versus the linear energy transfer. 

for both low values of LET and for high values 

of LET. 
The importance of LET to description of 

radiobiological effects has been known for some 
time. The relative biological effectiveness 
(RBE) and radiation quality factor (QF) <2> 

both depend upon knowledge of the LET 
spectrum. Rossi has obtained a reasonably 
satisfactory relation for the dependence of RBE 
on LET as shown by Fig. I <3 > (after Haffner, 
1964). The quality factor, LET, and dose 
relationship have been discussed by Madey and 
Stephenson,<'> where they present the LET/QF 
relationship shown in Fig. 2 and Table 1. The 
usefulness of RBE and QF is that they consider 
the effectiveness of the radiations in producing 

Table 1. Relationship between Linear Energy Transfer 
(LET) and Quality Factor ( QF) 

LEToo 

MeV cm 2/gm 
(keV ffL in water) 

QF 
(H20) 

35 or less 3.5 or less 1 
35-70 3.5-7.0 1-2 
70-230 7.0-23 2-5 
230-530 23-53' 5-10 
530-1750 53-175 10-20 

LET 00 is the same as the "stopping power". 

a biological effect for a total absorbed dose. 
For some biological effects, an absorbed dose (in 
rads) of alpha particles may be many times 
more damaging than the same rad dose of 
photons. The ratio of radiation effectiveness 
is expressed by RBE or QF. 

Curtis, Dye, and Sheldon <6> have approached 
the problem of radiation damage by con
sidering the fractional number of cells of an 
organ killed, or inactivated, as a function of 
LET. They calculate a fractional cell letha
lity (FCL), using inactivation cross-sections 
shown in Fig. 3. Their results for the November 
12, 1960 solar flare are shown as Figs. 4, 5, and 6, 
expressing the inactivation hits per cell per unit 
time-integrated particle flux. The abscissa value 
(Po) is a measure of the momentum of the solar 
flare protons. Some of the inactivation cross
sections are those reported by Todd, <6 > who 
determined the cross-sections for various types 
of tissue (including human kidney) under dif· 
ferent conditions. His results are shown in Fig. 
7, with the human kidney data shown in greater 

1 

detail in Fig. 8. It is evident from these 
data that the high LET region is of great 
interest, in spite of the low flux of particles in 
space capable of producing these LET values. 

It would also be desirable to measure the 
depth-dose distribution, since the dose gen
erally exhibits a steep gradient with tisme 
depth. Figure 9 shows the depth-dose variation 
through tlie midline of an astronaut in the Apollo 



TISSUE-EQUIVALENT ABSORBED DOSE AND DEPTH-DOSE DISTRIBUTIONS 899 

<TI IN P. 'l. 

10.0 

1.0 

0.1 

10 

+ BARENDSEN'S 
EXP'L POINTS 

100 1000 

LET, MEV CM
2
/GM 

FIG. 3. Inactivation cross-sections. 

TODD- cr2 

85 KEV/P. 

THRESHOLD 

10,000 

lo-9 r-------------------------------------------------, 

PREFILTRATION 

2 GM/OJ? H
2
0 

10-10 

·--------85 KEV/11 

10-12 '---'---.J'---L--..... ---L---'---..1.---'---....... --'--.....r.---L.--..L..~ 

60 ao 100 120 140 160 180 200 

P 
0 

IN MV 

FIG. 4. Inactivation hits per cell per incident proton/em 2• 



900 

N(P 
0

) 

INCM
2 

M. C. CHAPMAN and F. E. HOLLY 

PREFILTRATION 

2GM/CM
2 

H
2

0 

P
0 

IN MV 

30 KEV/Il 

FIG. 5. Inactivation hits per cell per incident alphafcm1
• 

PREFILTRATION 

2 GM/CM
2 

H
2

0 

P 
0 

IN MV 

FIG. 6. Inactivation hits per cell per incident m-particlefcm 2 • 

200 



TISSUE-EQUIVALENT ABSORBED DOSE AND DEPTH-DOSE DISTRIBUTIONS 901 

N 

::E 
u 

z 
0 
;::: 
u 
w 
Vl 

Vl 
Vl 

0 
"" u 
z 
0 
;::: 

~ 
;::: 
u 

~ 

10 1oZ Jo3 Jo4 1o5 

LINEAR ENERGY TRANSFER, MEV CM
2
/GM TISSUE 

Fm. 7. Inactivation cross-sections of biological test objects: obtained from experiments using 
the Berkeley HILAC 

N 

:::t 

z 
0 
;::: 
u 
w 
Vl 

Vl 
VI 

0 
"" u 
z 
0 
;::: 

~ 
;::: 
u 

~ 

100 

10 

0.1 

10 1o2 Jo3 lo4 

dE/dX, MEV CM
2
/GM 

Fm. 8. Log-log plots of the inactivations cross
sections of human kidney (T I) cells in vivo; the 
probability of irreversible inactivation is ex
pressed by u1, the initial slope of the "sigmoid" 
inactivation curves, and the probability of 
reversible inactivation (in which cells recover 
between fractionated doses) is expressed by u 2, 

determined from the final slope of the inactiva-
tion curves. 

100 

w 

0 
0 
z 80 
0 

5 
8: 60 
>-

~ 
~· 

8 
N 

~ 
z 

P
0 

= 158 MV 

1 ~ 16 20 24 20 

TISSUE DEPTH (CM) AT BELTLINE 

9. Depth dose variation for astronaut in Apollo 
command module. 

3~ 



902 M. C. CHAPMAN and F. E. HOLLY 

command module, calculated for two solar flare 
spectra. It can be seen that, while a single 
depth point measurement is very valuable, a 
sampling of depth points would greatly enhance 
hazard evaluation. 

To summarize, it is of great importance to 
determine the LET (absorbed dose distribu
tion) spectra, total absorbed dose, and depth
dose distribution in space. To make a meaning
ful measurement, one must not introduce a 
detector so large that a dose gradient will exist 
within it. Present LET devices utilize large ion 
chambers which perturb the dose in the region 
being considered (in addition to many other 
defects of the ion chamber technique). It is 
felt that a much smaller device must be used, 
and be constructed of a tissue-like material, 
both in composition and density. 

It is also desirable to know what percent of a 
population of cells are struck by the particles as 
they penetrate a tissue sample. Then, for these 
cells, one would like to know the distribution of 
energy losses in the cells. To complete the pic
ture on a macroscopic scale, one would like 
the total absorbed dose rate and depth-dose 
distribution at several depths of tissue. These 
data then enable intelligent extensions to be 
made from laboratory experiments to condi
tions in space, and vice-versa. 

SCIENTIFIC APPROACH 

The concept of linear energy transfer 
(LET), although in use for some time, is diffi
cult to place on a rigorous basis. LET refers 
to the energy transfer per unit length of the 
track of a charged particle traversing a medium. 
Since the energy deposition is a volume effect, 
this "linear" transfer is ambiguous; the transfer 
is certainly volume and geometry dependent. 
Limitations in this concept have recently been 
discussed by Rossi, <7 > where he advocates use 
of a standard geometry (spherical), and reports 
distributions normalized to the diameter of 
the sphere. The proposed concept of a scintil
lator absorbed dose distribution (SADD) 
spectrometer is based on measurements of 
Rossi-type distributions in small spherical plas
tic scintilla tors the size of large cells. 

The SADD system is a much improved tech
nique for making absorbed dose distribution 

measurements. Its advantages over present 
ion-chamber systems are: 

measurements with a detector the size of a cell 

small size, resulting in negligible dose gradient 
through the detector 

much better characteristics with regard to 
resolution and gain stability. 

The reasons why scintilla tors have not been used 
previously are: 

ion-chambers have been used extensively in 
radiobiological research in the past 

widespread use of plastic scintillators has 
only recently occurred 

new developments in photomultiplier tubes 
have resulted in much more precise and 
smaller systems than previously available 

plastic scintillators exhibit different (non
linear) response for different types of par
ticles (Fig. 10). 

A close examination of the physics of the non
linear response of plastic scintilla tors to charged 
particles has resulted in a technique for solving 
the non-linear response problem for the SADD 
concept. It should be noted that the technique for 
folding in the path length distribution for the de
tector, a necessary method for interpreting data, 
is essentially the same as used in unfolding ion
chamber data. <8 > It is believed that the SADD 
techniqueoffers manyadvantagesin absorbeddose 
distribution measurements over present systems. 

As mentioned previously, devices presently 
used to measure LET are ion-chambers con
structed of a "tissue-equivalent" wall, and filled 
with a "tissue-equivalent" gas. These detectors 
are large (2 in. dia.), and exhibit instability 
of gain and resolution. Consider now the new 
technique for LET measurement based on or
ganic scintillation spectroscopy. 

Organic scintillators have been used for some 
time. Of the many varieties, the plastic scintil
lator (a loaded polyvinyltoluene) has been 
chosen as being the best compromise for space 
use. Typical manufacturers are Nuclear Enter
prises (NE-102) and Pilot Chemical (Pilot-B). 
The response of all organic scintillators to 
charged particles is quite similar, and varies 
according to particle type and energy. A typi
cal response curve for an organic scintillator 
is shown as Fig. 10. <9> 
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loss dEjdX {Brooks, 1956). 
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N(L) 

L 

FIG. 12. Spectrum of particles incident on a 
plastic scintillator. 

However, if one considers the physics of 
this phenomenon, it is seen that the nonlinear 
response is related to the quenching of the 
primary excitation by the high local density 
of ionized and excited molecules. Birks <9 > ex
presses this effect as 

dL S (dEfdX) 

dX =I + k B(dEfdX) 

where Lis light output, Sis absolute scintillation 
efficiency, kB is a quenching constant, (dLfdX) 
is light output per unit path length, and (dEfdX) 
is energy loss per unit path length. 

If one plots (dLfdX) vs. (dEfdX), a curve as 
shown in Fig. 11 <•> is obtained. This result is 
very important, since the (dLfdX) spectrum is 
what the scintillator produces, and the spectrum 
of (dEfdX) is the desired end result. There is a 

one to one correspondence between dL and dE 
· dX dX 

irrespective of the type of charged particle. 

P(X) 

X 

FIG. 13. Detector path length distribution. 

(~~) 
FIG. 14. Probability distribution of dLfdX. 

Suppose one measures, experimentally in 
space, the output spectrum for particles incident 
on a plastic scintillator, Fig. 12, where L is 
the light output from the scintillator. Assume 
also that the path length distribution in the 
detector is known, shown for a sphere in Fig. 13. 
Then, under the constraint that 

L = (dL) X or dL =!: 
dX dX X' 

i.e. dLfdX does not change appreciably in 
passing through the detector, one calculates, for 
each measured L point in the spectrum of 
N(L) vs. L, the probability P(L) that a given L 
was produced by a value of (dLfdX). The 
distributions for each L at specific values of 
(dLfdX) are summed and N(L) vs. L has been 

transformed toP (:~) vs. (dLfdX), Fig. 14. 

Using the relation of Birks between (dLfdX) and 
(dEfdX) as shown in Fig. 11, the probability 

(~~) 
FIG. 15. Probability distribution of dEfdX. 
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distribution of (dEfdX) is calculated, Fig. 15. 
Note that by carrying the light output param
eter (dLfdX) it is not necessary to know 
whether a particle producing the response is a 
proton, electron, or heavier particle. When 
transformation from (dLfdX) to (dEfdX) is made, 
again it is independent of the type of particle. 
Thus the problem of particle type-dependent 
response (e.g. Fig. 10) is removed. 

Consider now the error introduced by par
ticles stopped in the scintillator or in any 

detector (violation of the L = ( ~~) X assump-

tion). If a particle is stopped one does not know 
and it is regarded as a lower dEfdX event than 
it actually is. Thus in the energy loss (dEfdX) 
spectrum, one shifts stopped particles from 
high to low LET, due to the self-shielding in the 
scintillator sphere. 

The ambiguity in specifying dEfdX when a 
particle is stopped in the detector is reduced by 
making the detectors small. A 100 micron-path 
length (sphere diameter) stops approximately 
2 me V protons and 80 ke V electrons. Using 
the above method of converting the energy 
deposited to a (dEfdX), one would specify the 
particles to have had (dEfdX) of 20 keVfp. and 
0.8 keV/p. respectively. The pulses generally 
fall in the low pulse-height channels (LOADD) 
and can be set aside for special data processing 
techniques. All other higher pulse heights must 
have been particles of high dEfdX passing 
through the detector, and fall into high pulse 
height channels (HIADD). There is a very 
small possibility of a galactic cosmic ray star 
event sending two or more highly ionizing par
ticles through a sphere or spheres. This pulse 
would be counted as a single particle. Minimum 
ionizing particles (dEfdX ~ 2 meV cm1/g) will 
leave approximately 20 ke V pulse heights; 
these will be near, or below, the threshold of 
LOADD channel 1. Nominally, the threshold 
of LOADD channel I will be 40 keV (i.e. 
0.4 keVjp.). The threshold perhaps could be 
lowered to 20 ke V to include minimum ionizing 
particles, if it is deemed desirable. The sixteen 
channels will nominally be distributed from 
0.4 keVfp. to > 300 keVfp. (energy losses in 
the spheres from 4 meV cm2/g to 3000 meV 
cmsfg). 

INSTRUMENTATION 
Sensor Design 

The sensor consists of spheres of NE 1 02 
plastic scintillator surrounded by a specified 
depth of tissue equivalent material. The spheres 
approach the size of large cells, are approxi
mately 100 microns or less in diameter, and are 
bonded to a lucite light pipe by an organic 
material such as solithane. The light pipe 
serves to couple . the scintilla tors to the photo
multiplier tube, and also provides a tissue-like 
backstop between the spheres and the quartz 
face of the photomultiplier tube, thus reducing 
the probability of back-scatter radiation from a 
non-tissue like material. Therefore, the scin..: 
tillators experience an unperturbed dose field, 
closely approximating the ideal case of a tissue 
sample. There will be no appreciable air spaces 
or dissimilar materials near the detectors. 

It is feasible to use spheres of l 00 micron 
diameter or smaller. To obtain reasonable 
count rates for cosmic ray studies as well as 
for low energy-high flux background doses, it 
is necessary to expose a relatively large surface 
area to the ambient flux. This is accomplished 
by using many spheres, loosely spaced to reduce 
the probability of a single particle traversing 
more than one sphere. If one restricts the maxi
mum count rate to 10' counts/sec, then approxi
mately 1300 spheres would produce this rate in 
an omnidirectional flux of 105 particlesfcm2 sec. 
The same number of spheres would produce a 
count rate of 12. 6 counts/min in a galactic 
cosmic ray flux of 2 particlesfcm2 sec. 

The spheres, if closed-packed, would require 
being spread over an area of0.02 in.9 (the area 
of a 0. 14 in. dia. circle). Therefore it is feasible 
to achieve adequate loose spacing by using a 
0. 5 in. diameter circular base. This permits use 
of a small photomultiplier tube such as the 
ruggedized RCA 4460. A full-size sketch of the 
unit is shown as Fig. 16 for a tissue depth of 
2 em (no material pre-filtering). 

A scintillator unit has been fabricated and is 
being used to examine the limitations of th,e 
technique. Sample NE-102 plastic spheres 100 
+5/-9 microns have been obtained from 
Nuclear Enterprises, Ltd., of Canada, and the 
spheres have proved to be generally of uniform 
contour and free of bubbles. A uniform layer of 
spheres was cemented to a ! in. diameter by 
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TOP VIEW 

LIGHT 
PIPE 

4460 

SIDE VIEW 

NE 102 
PLASTIC 

SCINTILLATOR 
SPHERES 

SOLI THANE 
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WINDOW 

ENLARGED VIEW Of 
SENSOR (NOT TO SCALE) 
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Fm. 16. Typical SADD sensor with 2 em pre-filtering. 

FIG. 17. 100 micron diameter spheres of NE-
102 plastic scintillator. 

i in. thick lucite light pipe with a soft epoxy 
(solithane); Fig. 17 shows some of these spheres. 

Two factors which limit the analysis of 
small pulses from the scintillators are the noise 
spectrums of the photomultiplier tube and 
self-scintillation of the lucite light pipe. These 
factors were investigated using an RCA 7767 
photomultiplier tube (a typical tube not 
selected for low noise) and a lucite light pipe. 
The photomultiplier noise spectrum is shown 
in Fig. 18; no change was noted when the 
photomultiplier tube was irradiated with 0.1 
millicurie of 137Cs, or when the tube plus a ! in. 
diameter by ! in. thick piece of lucite were 
irradiated. The photomultiplier was then used 
with the lucite and the 100 micron spheres; the 
resulting pulse height spectrum is shown as 
Fig. 19. These tests indicate that analysis of 
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pulse heights down to 40 ke V are certainly 
feasible; lower pulse heights may be analyzed if 
the system is optimized with respect to photo
multiplier tube high voltage, temperature, 
selection for low noise, etc. 

Signal Processing 

The signals from the photomultiplier are 
processed by two preamplifiers, two eight 
channel differential pulse height analyzers, and 
two fifteen-bit binary storage registers. The 
dynamic range of each preamplifier-analyzer 
combination is approximately 30: l. Thus, to 
accomplish analysis from 0.4 keVfp. to 300 keV/p. 
we propose to use two preamplifier analyzer 
combinations, one for low pulse heights 

10
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(LOADD) and one for high pulse heights 
(HIADD) (it may be possible that no pre
amplifier is needed for the high pulse heights). 
If the preamplifier is connected in parallel, 
the low pulse height preamplifier must be non
overloading at the high pulse heights. Each 
analyzer consists of a single channel analyzer, 
which shifts among eight attenuators to effec
tively yield eight channels of analysis. Note 
that the analysis proceeds sequentially in time, 
not simultaneously. The output is fed to a 
fifteen bit binary storage register. The sixteen 
channels of analysis will be distributed approxi
mately logarithmically over the absorbed dose 
distribution range from 0.4 keVff' to > 300 
keV/1-' as Table 2. 

A block diagram is shown as Fig. 20. Charac
teristics of one of the proposed preamplifiers 
and pulse height analyzers are shown as Fig. 

'21.(10} 

Table 2. Channel Distribution of Absorbed Doses 

LOADD 

·Channel 1: 0.4 < S < 0.6 keVfp. 
Channel 2: 0.6 < S < 1.0 keVfp. 
Channel3: 1.0 < S < 2.0 keVfp. 
Channel4: 2.0 < S < 3.0 keVfp. 
ChannelS: 3.0 < S< 5.0keVfp. 
Channel6: 5.0 < S < 7.5 keVfp. 
Channel 7: 7.5 < S < 10 keVfp. 
ChannelS: 10 < S < 12 keVfp. 

HIADD 

12 < s < 20 
20 < s < 30 
30 < s < 50 
50 < s < 75 
75 < s < 100 

100 < s < 200 
200 < s < 300 

s > 300 

The division of a pulse height spectrum into 
eight logarithmically distributed channels by 
the analyzer is shown in Fig. 21. This data was 
taken, not with a pulse generator, but with 
actual random pulses from a photomultiplier 

. tube. The output from the flight pulse height 
analyzer was used to gate the same pulses into a 

. 512 channel laboratory analyzer. This calibra
tion technique allows one to determine exactly 
which pulses are counted in each flight analyzer 
channel wit;h random pulses at various average 
counting rates. Some of the indicated variation 

10 o----j~---.----......----...-------l in the threshold of the lowest channel is due to 
.J.o 1o 60 ao this calibration technique, which places pulses 

CHANNEL NUMBER corresponding to this threshold in a very low 

FIG. 18. Noise spectrum from RCA 7767 channel number in the laboratory analyzer. 
photomultiplier. Data shown here were taken at an average 
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. SPACECRAF1 

FIG. 20. Block diagram of electronics. 

rate of 3000 pulses/sec. Significant shifts in 
the pulse height channels do not occur at rates 
up to 100,000 pulses/sec. Pul~~ pair re5olution 
is about '400 nsecs. The temperature per
formance curves _were taken with both the pre:
amplifier and -puis~ height analyzer within the 
temperature cruimber. Diagonal lines in,_di~_ate 
gaps between channels, which occur a:t low 
temperatUres. Some small overlap· OCCUI1!. at 
high temperatures, and is indicated. by· ~olid, 

black areaS. · These gaps and overlaps are t:af~n 
care of by calibrl;l,tion. · · · · 

Each storage register contains an ~bit D to A 
converter whose output is presented to the telem
etry system. If PAM/FM telemetry is used, 
each storage register will feed two 6-bit D tq A 
converters, and thus will require two data words 
on the·commutator instead of one. The output 
from each channel will -Be sequentially read 
out. Note that for a PAM system the anode 
currt!nt (total absorbed dose) is not processed 
by the digit.al registers, but ~s presented directly 
to the telemetry iri. analog form from a readout 

circuit covering a dynamic range offour decades. 
To operate satisfactorily in a quiet galactic 

cosmic ray (GCR) flux, a solar flare (SCR) 
event, or in a low energy, high-intensity electron 
background, different dose accumulation times 
will be used. In the low (GCR) mode, the 
registers will accumulate over l min, whereas 
in. the high flux (SCR:) mode, all chamiels will 
sum'-over 2 sec time periods. Normal operation 
will be l 0 min in the GCR mode and 2 min in 
the SCR mode. Two ground commands are 
required to lock the'instrument in either the 
SCR or GCR mode, to be used if one of the 
modes show marked imperiority over the other. 

The high voltage power supply produces regu
lated· voltage for the photo-multiplier tube. 
The temperature ;dependence of the photo
multiplier tube is compensated with a thermistor 
on the ninth dynode of the photomultiplier tube, 
which allows tube gain stabilization over a large 
temperature range. n The low voltage , power 
supply produces regulated voltages from an 
unreguliited (28 V ± 5 V) input. 
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Configuration 

Design considerations diyide the instrument 
into two packages. The first includes the photo
multiplier assembly, high voltage power supply, 
and preamplifiers. The second package con
tains the remainder of. the signal processing 
equipment, including' the low. voltage power 
supply. This flexible mounting arrangement 
enables the sensor to be placed in an optimum 
position for sampling th~. dose. 

If the instrument is used on a manned space
craft, the astronaut can change the tissue sur
rounding the detector., and dms obtain depth
.dose measurements using one sensor. If the 
instrument is used on unmanned . spacecraft, 
the depth-dose information is obtained by using 
several sensors with various amounts of tissue 
pre-filtering. Th1. s<'lnsors ·. can time-share the 

saxne electronics, or duplicate electronics can 
be used with attendant w~ight, power, volume, 
and telemetry penalties. · · 

The technique is certainly applicable to 
ground-based laboratory use as well as for 
space flight measurements. The flexibility and 
sophistication of laboratory equipment ·permit 
much more precise measurements to be made. 

Instrument specifications are detailed in Table 
3. . . 

CONCLUSION 

The technique described in this paper makes 
possible a measurement of certain dosimetric 
parameters in a.physically significant configura
tion. The actual detectors are of the density of 
tissue, and closely approximate the radiation
s,topping powers of tissue. The size of the detec
tors approaches tha.t of large cells ( < I (>O 
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Table 3. Instrument Specifications 

1. Power 

2. Weight 

2.0W 

4.0 lb 

3. Volume 120 in 8 (electronics 4 X 5 X 5; sensor 
1.5 X 1.5 X 7 in.) 

4. Telemetry Three analog words on main data commutator 
in SCR mode, i.e. three words read out at 2 sec 
intervals, and three words on subcommutator in 
GCR mode, i.e. three words read out at 1 min 
intervals. Four additional status words on sub
commutator irrespective of mode. Note that PAM 
telemetry requires use of 6, 6, and 4 words. 

5. Duty cycle Continuous operation is desired, but 
reduced operation is acceptable. 

6. Commands 

7. Mounting requirements 

4: ON, OFF, GCR mode, SCR mode. 

To be determined. 

8. Other. desirable measurements Trapped electrons and protons, solar flare protons 
and alpha particles, glactic cosmic rays, photons 
interior to vehicle, vehicle orientation, and 
vehicle location in position and time. 

9. Temperature range - 50°F to + 150°F survival operating; ooF to + 1 00°F 

microns), and therefore measures energy depo
sitions in a physically significant volume. 

A pulse-height analysis of the signals from 
the sensor provides an absorbed dose distribu
tion, while a measurement of the anode current 
from the photomultiplier tube is proportional 
to the total absorbed dose. Assignment of a 
weighting factor (such as a quality factor) 
to each channel of the absorbed dose distribu
tion would lead to a direct readout of a biologi
cal dose, as compared with a physical dose (rads/ 
hour). In addition, changing the tissue pre
filter surrounding the 1 00 micron detectors can 
yield depth-dose distribution. Since the total 
number of spheres is known, and each pulse 
represents a bit of one sphere, information on 
the cell hit frequency is directly obtainable. 

The technique can be applied using many 
instrument configurations. The limitations of 
the concept are currently being investigated 
both in the laboratory and in space; the first 
space flight of an instrument using this technique 
is scheduled for spring of 1967. It is believed 
by the authors that this technique has many 
advantages over present ion-chamber tech
niques, the more important being the physical 
characteristics of the dosimeters and the calibra
tion stability of the instrument. 

I.R.P. VOL. U-2 
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ALCUNI PROBLEM! DI METEOROLOGIA NUCLEARE NELLA 

VALUTAZIONE DI UN SITO DAL PUNTO DI VISTA 

DEL RISCHIO NUCLEARE 

L. SANTOMAURO 

Reparto di Meteorologia e Geofisica dell'Osservatorio Astronomico di Brera 
Milano, Italy 

Souunario--La scelta di un sito per impianto nucleare rappresenta una delle fasi maggior
mente impegnative del meteorologo nucleare, in quanto egli, il piu delle volte, deve basarsi 
sulla sua esperienza professionale e solo in alcuni casi, purtroppo non frequenti, puo disporre 
di validi elementi di giudizio. · A tale scopo, dopo una breve rassegna critica delle esperienze 
gia effettuate in materia, si espongono alcuni criteri generali di analisi anche riguardo al tipo di 
impianto nucleare. · 

Nella seconda parte dellavoro, invece, vengono esposti i limiti geometrici della porzione di 
atmosfera che si ritiene utile analizzare e controllare, sia nella fase di costruzione sia in quella 
di esercizio degli impianti nucleari, alia luce delle attuali ricerche sullo strato e substrato limite 
dell'atmosfera, ai fini dell'altezza effettiva delle sorgenti di emissione degli effiuenti gassosi 
radioattivi nonche del loro trasporto e dispersione. 

PREMESSA 

Come e noto, il continuo e crescente sviluppo 
della energia nucleare ha data vita a due nuove 
specialita della fisica dei bassi strati dell'atmo
sfera: la micrometeorologia e la microclima~ 
tologia nucleare; le quali si occupano di tutte 
le questioni, principali e derivate, relative alla 
diffusione atmosferica dei prodotti volatili pro
venienti da qualsiasi tipo di impianto nucleare. 
Entrambe le specialita devono affrontare dei 
problemi di estrema delicatezza quali, ad 
esempio, quelli dell'analisi preventiva e della 
valutazione del sito per i quali ancora oggi non 
esistono specifici criteri generali informativi. 

Difatti, si e constatato che mentre in alcuni 
Rapporti di rischio nucleare, la parte meteoro
logica e svolta in maniera addirittura magis
trale, in altri, invece, essa si limita ad una nuda 
esposizione di dati che denunciano una indagine 
piu statica che dinamica. Di conseguenza, in 
questi ultimi, l'ambiente atmosferico locale 
non diventa una parte integrante del Rapporto 
e quindi lo scopo per cui si richiede l'analisi e 
la valutazione meteorologica non sempre viene 
completamente raggiunto. 

Probabilmente, queste diversita sono dovute 
alla mancanza di adatti criteri generali, e 
quindi molte indagini sulla meteorologia e 
climatologia della diffusione, portano, neUe lora 
strutture, un'impronta fin troppo personale e 
specialistica, mettendo, a volta, in difficolta colo
ra ai quali e devoluta la responsabilita del 
giudizio finale di scelta. 

La necessita di questa uniformazione e stata 
gia sentita da alcune organizzazioni interna
zionali. Difatti, !'International Standard Or
ganization (ISO) gia da qualche anna ha messo 
sul tappeto la standardizzazione delle misure 
nel campo dell'energia nucleare; inoltre, !'In
ternational Atomic Energy Agency (IAEA) ha 
organizzato un Simposio (Bombay-11-15 mar
zo 1963) sui criteri generali informativi per 
la scelta del sito a seconda del tipo di impianto 
nucleare. Poiche tale simposio, oltre al suo 
scopo principale, aveva anche quello, non 
meno importante, di assicurare l'opinione 
pubblica che un sito fosse scelto soltanto dopa 
una accurata valutazione scientifica del bilan
cio dei vantaggi e di tutte le conseguenze preve
dibili, <1> si concluse con una discussione a 
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Panel. In esso, tra l'altro, venne anche dibattuto 
il principia che la valutazione meteorologica 
del sito venisse effettuata secondo determinati 
cri teri generali. 

Gia precedentemente alia riunione di Bom
bay, l'Italia si era fatta promotrice presso 
l'IAEA di un Panel dedicato esclusivamente 
alla meteorologia dei siti nucleari, presentando 
un programma di argomenti di discussione. 
Benche il programma fosse stato accettato dell, 
Agenzia e fosse stato fissato anche il periodo 
per la riunione questa venne rinviata per un 
succedersi di avvenimenti indipendenti dalla 
volonta dell' Agenzia stessa e del Governo Ital
iano. Tuttavia, si ritiene doveroso annunciare 
che e in corso di avanzata redazione un docu
mento di lavoro ad hoc e si auspica che questa 
riunione non debba essere ulteriormente ri
mandata. 

Scopo di questa nota e quello di esporre due 
dei problemi che si ritiene siano di maggiore 
interesse e che potrebbero essere in linea di 
massima normalizzati; cioe, i criteri che si 
potrebbero adottare nell'analisi e nella valuta
zione meteorologica, e nella determinazione 
dei limiti geometrici della porzione di atmosfera 
che deve essere considerata ai fini del controllo 
nella fase di costruzione e di operazione di un 
impianto nucleare. 

1. CRITERI DI ANALISI E DI VALUTAZIONE 

METEOROLOGICA 

1.1. Genera/ita 

La scelta del sito per un impianto nucleare si 
basa su considerazioni di ordine politico, tec
nico, economico, ambientale, logistico, ecc. che, 
prese nelloro insieme, il piu delle volte, sfociano 
in un compromesso discriminatorio costituito 
da elementi contrastanti. A questo, che e il 
punto di arrivo, si giunge attraverso un pro
cesso di analisi e di valutazione. In entrambi, 
ovviamente, vi sono delle considerazioni Colli 
dette ambientali, tra le quali un posto di primo 
piano e occupato da queUe di ordine meteor
ologico. Q.teste vanno intese come accerta
mento sia del potere diluente dell'atmosfera, nei 
confronti dei prodotti volatili provenienti 
dall'impianto nucleare ( analisi), sia della diffu
zione, in termini tridimensionali (spazio-tempo
concentrazione), degli stessi prodotti volatili 
(valutazione). 

Sia l'analisi, sia la valutazione meteorologica 
hanno lo scopo di fornire una base possibile e 
probabile allo scopo finale che e quello della 
valutazione del rischio nucleare, cui, potenzial
mente, sono sottoposte le aree intorno agli 
impianti nucleari. Le suddette ricerche devono 
essere compiute in due momenti diversi del 
programma nucleare; cioe, l'analisi meteoro
logica deve fornire degli dementi discriminatori 
del sito, e quindi va fatta in sede preventiva, 
mentre Ia valutazione meteorologica deve essere 
fatta per il sito gia scelto e prima che l'irnpianto 
diventi operativo. 

1.2. Criteri generali per l' analisi 

Il quesito che viene posto al meteorologo 
puo essere pressappoco il seguente: dato un certo· 

numero di siti programmati, determinare tra questi 

quello ( o quelli) in cui il potere diluente dell' atmosftra, 

o potere autodepurativo, sia tale da rendere minima il 

rischio nucleare. . 

Una simile risposta comporterebbe una serie 
di indagini e di informazioni preliminari che 
non e possibile espletare ed ottenere dato che 
il tempo a disposizione e sempre molto lirnitato. 
Di conseguenza e necessaria che le analisi e 
le valutazioni siano spedite ed abbiano carattere 
qualitativo. 

Tuttavia, e qui e il punto piu delicato della 
questione, il risultato dell'analisi, sebbene otte
nuto in via preventiva, non puo essere notevol
mente diverso da quello che si otterra quando, 
una volta che il ·sito sia stato scelto, si potranno 
effettuare indagini regolari e sistematiche. Anzi, 
proprio per una norma di etica professionale, 
il risultato quantitativa dovra confermare e 
completare quello qualitativo ottenuto in un 
primo tempo. 

Premesso quanto sopra, si ritiene che per 
raggiungere lo scopo che ci si propone l'analisi 
meteorologica preventiva deve essere sviluppata 
secondo una metodica semplice rna eflicace. 
Cio perche essa possa rimanere entro i confini 
della reale applicabilita per chi dovra poi 
emettere il giudizio di idoneita finale del sito 
alla recezione di quel tipo di impianto nucleare. 

Il problema meteorologico dell'analisi dei 
siti programmati consiste, come e stato gia 
accennato, nel determinare l'andamento e l'evo
luzione di quegli dementi atmosferici che con
corrono nella diffusione trasporto e diluizione 
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degli effiuenti radioattivi, provenienti dall'im
pianto nucleare progettato. 

Questa analisi puo essere realizzata per 
appossimazioni successive; cioe, partendo da al
cuni dati di progetto per poi arrivare all'analisi 
delle diverse zone in· programma. 

1.2. I. Calcolo teorico delle variabili spa;:,io-tempo
concentrazione. Il primo passo deil'analisi e quello 
di determinare il raggio della zona da pr'endere 
in considerazione. Questo puo essere compiuto 
conoscendo i dati di progetto (volume e compo
sizione degli scarichi radioattivi nell'atmosfera, 
operativi e di emergenza, nonche dell'altezza 
prevista sul suolo delle sorgenti di emissione) 
e tenendo presente le raccomandazioni della 
Commissione Internazionale per le Protezioni 
Radiologiche <2 > e le direttive e raccomandazioni 
della Comunita Europea dell'Energia Atomica 
in materia di protezione dalle radiazioni 
ionizzanti. <8 > 

Poiche si tratta di un calcolo teorico, occorre 
necessariamente presupporre che: 

(a) la durata e l'intensita degli scarichi radio
attivi sia la massima accettabile secondo 
il progetto ; 

(b) la distribuzione degli scarichi radioattivi 
nell'atmosfera sia isotropica e omogenea; 

(c) il potere diluente dell'atmosfera sia scarso 
( fumigazione) ; 

(d) il terreno sia uniforme e pianeggiante. 

In questo modo si possono ottenere una o piu 
rose spazio-tempo-concentrazione, le quali es
sendo calcolate su dati previsti dal progetto 
dell'impianto e su presupposti am bien tali teorici, 
possono ritenersi valide per qualsiasi localita 
compresa nel programma di scelta del sito. 

Questa prima fase del processo di analisi 
puo essere abbastanza rapida, specie se si fa 
uso degli appositi regoli calcolatori, adattabili 
a vari tipi di modelli matematici di diffusione. <4 > 

1.2. 2. Analisi topografica. Conclusaquesta fase,il 
Secondo passo e quello di procedere all'analisi 
topografica per ciascuna localita. Cio allo scopo 
di determinare !'influenza della configurazione 
del terreno sul comportamento atmosferico degli 
scarichi in aria calma (e ad equilibria neutrale). 
Tutto questa per prevedere sia l'effetto riduttivo 
delle eventuali barriere naturali, sia quello 
esaltante delle eventuali zone di canalizzazione. 

In altri termini, questa procedura che puo es
sere seguita mediante similitudini idrodina
miche, servendosi di modelli <5 > o di carte topo
grafiche a rilievo, permette di stabilire, in 
seconda approssimazione, le deformazioni che 
subisce la rosa teorica degli scarichi per effetto 
della topografia locale. Si tratta percio di 
stabilire l'orizzonte della diffusione non tenendo 
ancora conto di quelle che possono essere le 
condizioni micro- e meso-meteorologiche medie 
o prevalenti. 

Con questa seconda fase dell'analisi, si ha 
gia una prima discriminazione sul numero delle 
localita programmate, specialmente se essa viene 
integrata con quella demografica ed ecologica 
condotta da chi di dovere. 

Stabilito in questo modo il numero delle 
zone da esaminare si puo passare all'analisi 
meteorologica preventiva vera e propria. 

1.2. 3. Analisi meteorologica. Questa e la fase 
pio delicata in quanto, nella quasi totalita dei 
casi, non si dispone di tutti i dati necessari 
all'analisi, e il piu delle volte il meteorologo 
deve affidarsi alla sua sensibilita personale nel 
rischio nucleare e alla sua esperienza profes
sionale nel campo dell'analisi. 

Premesso che il problema del comportamento 
atmosferico degli scarichi radioattivi si basa 
principalmente sulle condizioni anemologiche 
e su quelle di equilibria dei bassi strati atmo
sferici, l'analisi meteorologica deve, ovviamente, 
imperniarsi sulla valutazione di questi due 
dementi. 

Ora si possono presentare tre casi per i siti 
programmati: 

(a) che vi siano gia dei posti di osservazione 
della rete meteorologica nazionale, le cui 
serie siano sufficientemente lunghe per 
ottenere delle informazioni valide; 

(b) che vi siano dei posti di osservazione Ie 
cui serie non siano abbastanza lunghe rna 
neUe vicinanze esistano altri posti di 
osservazione meteorologicamente rap
presentativi, le · cui serie possono essere 
usate come riferimento; oppure, che non 
esistano informazioni dirette rna si dis
pone invece di altri posti di osservazione, 
meteorologicamente rappresentativi; 

(c) che non esistano informazioni ne dirette 
ne di referimento, o, pur esistendo queste 
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ultime non e possibile effettuare una 
"triangolazione" delle osservazioni a 
causa della situazione topografica e oro
grafica. 

Il caso (a) e naturalmente il piu fortunato e 
su di esso e superfluo soffermarsi. Esso permette 
di fornire nel rapporto di rischio dati numerici, 
che, una volta elaborati secondo i normali 
criteri di climatologia dinamica, possono anche 
permettere, oltre all'analisi, la valutazione mete
orologica. Purtroppo pen) i siti destinati ad 
ospitare grossi impianti nucleari raramente si 
trovano in queste condizioni. 

I1 caso (b) e il piu frequente. In esso e pos
sibile adottare i criteri di triangolazione cli
matica di Helmert o di Abbe <6 > e, per quanto 
riguarda il vento, quello di Rosini. <7 > Tali 
criteri non hanno bisogno di essere illustrati in 
quanto sono usati nella prassi normale per 
stabilire l'andamento di alcuni elementi meteor
ologici di una localita o di una zona della quale 
Ia serie di osservazioni dirette non e sufficiente 
a definire l'andamento o, caso limite, quando 
non si dispone di nessuna osservazione diretta. 
In entrambi i casi, rna specie nell'uitimo, la 
procedura della triangolazione viene adottata 
solo quando la serie di osservazioni e omogenea 
e si riferisce a posti meteorologicamente rappre
sentativi, sia tra loro sia con la localita in esame. 

Nei due casi esposti, rna particolarmente nel 
secondo, e necessario fare alcune considerazioni 
di carattere generale circa l'uso dei dati della 
rete nazionale. 

Premesso che la valutazione meteorologica 
dei siti viene fatta da un punto di vista relativo 
soltanto agli scarichi radioattivi, i dati prove
nienti dalle Stazioni Meteorologiche della rete 
nazionale vanno opportunamente interpretati 
e vagliati a questo scopo. Cio perche le Sta
zioni della rete nazionale sono ubicate secondo 
criteri di rappresentativita su una scala (macro
scala) molto diversa da quella usata in meteoro
logia nucleare (mesoscala e microscala). 

Quindi una certa cautela va presa nella deter
minazione dei dati del vento, in quanto essi, 
nelle Stazioni della rete nazionale, vengono 
normalmente prelevati ad un'altezza standard 
di 10 metri (vento al suolo) mentre per Ia diffu
sione degli scarichi radioattivi si ha necessita di 
conoscere l'andamento del vento in uno.spessore 

verticale almeno dieci volte maggiore. Ora, 
se si e su un terreno pianeggiante e non molto 
distanti (20 Km) da una stazione di radioson
daggi, il caso puo essere risolto con una analisi 
del vento ad una altezza pari a 900 millibar 
di pressione; applicando poi una opportuna 
relazione matematica {S) e possibile calcolare il 
profilo teorico del vento in base anche a diverse 
categorie di equilibria atmosferico. Qualora 
cio non fosse possibile bisogna ricorrere ad una 
analisi combinata topografica-anemologica, per 
quanto riguarda la direzione di provenienza del 
vento, e ai profili teorici, per cio che concerne la · 
velocita. 

Eguale cautela va adottata per la deter
minazione della frequenza delle inversioni termi
che qualora si e in prossimita di stazioni di 
radiosondaggi rna non si dispone del sondaggio 
delle ore 6 (T.U.). In questo caso, sui dia
gramma termodinamico relativo alle ore 0 
(T.V.) si riporta la temperatura minima rile
vata al suolo e seguendo poi l'adiabatica 
fino ad incontrare la curva della temperatura di 
stato si calcola lo spessore dello strato di inver
sione. E' questa una prassi molto comune in 
meteorologia. Qualora cio non fosse possibile 
vi e sempre la risorsa della consuitazione dei 
diagrammi termoigrometrici. 

Pero, occorre attirare l'attenzione sui fatto 
che, qualora il sito o i siti programmati rien
trano nel caso (b), l'analisi preventiva non puo 
essere compiuta celermente. 

Da qualche anno a questa parte, per un 
primo orientamento della scelta delle localita 
che devo~o entrare nella rosa delle valutazioni, 
si forniscono dei dati sotto forma tabulare o 
grafica suila frequenza delle inversioni nei bassi 
strati atmosferici <9 > o suila distribuzione degli 
spessori di massimo mescolamento diurno dovu
to all'insolazione. <1o> 

Questi lavori affrontano pero soltanto un 
lato del problema preventivo perche non pren
dono in esame l'altro punto che e quello del 
vento, come invece fa il Pasquill <11> nello 
stabilire le varie categorie di equilibrio atmo
sferico e che sono servite per compilare una 
tabella di frequenza per alcune localita della 
Gran Bretagna. {12) 

Queste rappresentazioni pur avendo una 
limitazione geografica dipendente dal grado di 
omogeneita del terreno possono essere di grande 
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aiuto in una analisi preventiva e sta natural
mente al meteorologo stabilirne i crited d.i 
validita. 

11 caso (c), cioe quello in cui non si posseggono 
informazioni ne dirette e ne indirette, e natural
mente quello che offre maggiori d.ifficolta nella 
soluzione. 

Si e dell'opinione pero che riconosciuto il 
principia della correlazione, o corrispondenza, 
tra cond.izioni topografiche e situazioni meso
meteorologiche e tra queste e quelle macro
meteorologiche, la prima valutazione possa 
essere fatta in base all'analisi delle situazioni 
meteorologiche che interessano med.iamente la 
zona. Alcuni Servizi Meteorologici d.ispongono 
add.irittura delle carte di frequenza delle situa
zioni med.ie, con relativa rappresentazione 
grafica, che evitano al meteorologo nucleare di 
selezionare e classificare migliaia d.i carte del 
tempo. 

Tale metoda e stato recentemente adottato 
da chi scrive<13> nell'analisi dell'area del C.C.R. 
di Ispra (Varese) dell'Euratom quando si e 
dovuto compilare la climatologia della d.iffu
sione. Poiche, per la zona di Ispra si possedeva 
gia un abbondante numero d.i dati osservati, 
questi sono serviti da controprova alle deduzioni 
qualitative. Difatti, mentre l'analisi delle situa
zioni forniva una frequenza anticiclonica media 
annuale di circa 1 '80%, l'analisi anemologica 
diretta forniva una frequenza media del 76% 
circa per i venti di intensita eguale o inferiore a 
2 metri al secondo. 

Un altro sistema puo essere quello dei cam
pioni e cioe scegliere le situazioni meteorolo
giche tipiche per la diffusione rielaborandole 
per le regioni che interessano con i normali 
criteri d.i mesoanalisi. 

Sia l'uno o l'altro sistema permettono al 
meteorologo d.i procedere, mediante una simili
tudine idrodinamica, teorica o sperimentale, 
alla valutazione qualitativa del comportamento 
micrometeorologico della zona. 

E' doveroso il richiamare l'attenzione sul 
fatto che in questa caso l'analisi meteorologica 
puo essere soltanto qualitativa in quanto non e 
possibile suffragarla con entita fisiche; logica
mente la banta delle conclusioni d.ipende in 
maniera decisiva e determinante dalla obiettiva 
ed equilibrata sensibilita che il meteorologo ha 
nei riguardi del rischio nucleare. 

1.3. Criteri generali per la valutazione 
La valutazione d.i un sito e, in linea di mas

sima, la condizione combinata dell'analisi del 
sito con i dati specifici dell'impianto nuc
leare. <14> 

Di conseguenza la valutazione meteorologica 
che e, come si e detto, l'accertamento della 
d.iffusione in termini tridimensionali dei pro
dotti rad.ioattivi consiste, in ultima ratio, nella 
sviluppo del problema della d.iffusione sulla 
base dell'analisi meteorologica effettuata per 
la protezione radiologica dei lavoratori e delle 
popolazioni, nonche per la salvaguardia del 
ciclo alimentare. 

La valutazione meteorologica, che e l'ap
porto vivo della meteorologia alla fisica sani
taria nucleare, puo essere compiuta percio 
soltanto dopo che il sito sia stato riconosciuto 
idoneo, in sede di analisi, a ricevere quel deter
minato impianto nucleare. Cio perche e indis
pensabile che sul sito vengano effettuate quelle 
misure ed osservazioni adatte a stabilire i 
parametri, e quindi i modelli micrometeorolo
gici, della d.iffusione. 

A tale proposito corre l'obbligo di denunciare 
una certa prevenzione, specie in micrometeoro
logia, sull'uso dei modelli. Una tale presa di 
posizione contro tale tipo di rappreseniazione 
sembra che sia ingiustificata; bisogna, innanzi 
tutto, considerare i modelli non come delle 
leggi di natura e poi di saper valutare i loro 
risultati. <16 > Inoltre, si ritiene utile, se non in
dispensabile, stabilire dei modelli di diffusione 
in quanta essi servono oltre che a sviluppare e a 
meglio comprendere il problema fisico e le 
tecniche delle misure anche ad essere efficace
mente usati per prevedere il comportamento 
delle variabili del problema della diffusione. 

Affinche tali modelli possano essere vera
mente efficaci e indispensabile che non vengano 

· usati come un comune formulario matematico 
e che essi, oltre ad essere provati sperimental
mente, siano continuamente aggiornati con i 
dati osservati; cio allo scopo di una efficace 
utilizzazione, al momenta opportuno, da parte 
dei Servizi di Protezione e Sicurezza del Centro 
Nucleare. 

Ma il criteria meteorologico di valutazione 
d.i un sito, dal punto d.i vista del rischio nucleare, 
deve essere anche quello d.i contribuire a definire 
l'area di esclusione del sito. Questo contributo 
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puo essere dato soltanto dopo un certo periodo 
d.i ricerche e di correlazioni parziali, tra gli 
elementi atmosferici e gli scarichi degli im
pianti nucleari, per non incorrere in errori di 
eccesso o di difetto. 

1.4. Valuta;:;ione meteorologica in relazione al tipo 
di impianto nucleare 

Come consequenza di quanto esposto nel 
paragrafo precedente, si ritiene che la valuta
zione meteorologica di un sito sul quale verra 
installato un reattore di potenza non puo essere 
eguale a quella del sito che ospita un reattore 
di ricerca o un impianto radiochimico. 

Il CNEN, gia da qualche anno, ha redatto 
un documento informativo <16> relativo ai dati 
meteorologici da raccogliere prima dell'av
viamento di un reattore. In esso, riconosciuto 
il principia che l'ampiezza dei mezzi da impie
gare per la ricerca e la portata stessa delle in
dagini sono funzioni del grado di sicurezza 
dell'impianto, i reattori sono stati divisi in due 
classi: 

Classe I. Reattori che (a) durante il normale 
esercizio rispettano le raccomandazioni per la 
protezione radiologica dei gruppi circostanti 
di popolazione, anche senza tener canto della 
diluizione degli effiuenti dovuta alia diffusione 
atmosferica tra il punta di emissione e le zone 
abitate; (b) nella eventualita di un incidente, 
anche grave, qualunque siano le condizioni 
meteorologiche, rispettano ancora le racco
mandazioni che valgono per i casi di emergenza. 

Classe II. Ogni reattore che non soddisfi ad 
una o ad entrambe le condizioni precedenti. 

Per i reattori compresi nella prima delle due 
dassi, l'indagine degli elementi meteorologici 
e dei fattori climatologici deve tendere alia 
valutazione del contributo alia dose-popola
zione. A questo scopo il documento racco
manda di raccogliere informazioni relative al 
regime anemologico completo ( direzione, velo
cita e struttura del vento), al regime termoigro
metrico (per dedurre informazioni indirette 
sulle condizioni di stabilita dei bassi strati 
atmosferici in assenza di informazioni dirette 
relative al gradiente termicoverticale) e al regime 
pluviometrico. 

Per i reattori della classe II, invece, il docu
mento lascia ampia liberta di stabilire il pro
gramma di ricerca richiamandosi, e giustamente, 

alle future esigenze operative dell'impianto 
( che sono funzione del tipo, della potenza e 
dell'impiego del reattore) e alle caratteristiche 
geografiche e topografiche della zona di ubica
zione. Per quanto riguarda le esigenze opera
tive dell'impiego, il predetto documento, pone 
tre ordini di problemi relativi agli scarichi 
continui, a quelli occasionali preordinati e, in-

. fine, a quelli di emergenza, riassunti come 
segue: 

(a) determinazione della quantita massima 
ammissibile dei singoli radioisotopi, o 
loro miscele, che puo essere immessa per 
tempo unitario con continuita nell'at
mosfera dal camino, dalle bocche di 
ventilazione, ecc; 

(b) determinazione dei valori statistici rela
tivi alla frequenza e alia durata delle situ
azioni meteorologiche che consentono 
l'immissione nell'atmosfera di quantita 
prefissate di singoli radioisotopi, o loro 
miscele, per tempo unitario; 

(c) determinazione dei metodi per stabilire 
tempestivamente, in funzione delle osser
vazioni meteorologiche del momenta, la 
quantita massima ammissibile di effiuenti 
radioattivi che puo essere scaricata nell'
atmosfera in tempi relativamente brevi ed 
eventualmente per individuare le localita 
ove debbano prendersi provvedimenti di 
emergenza. 

Ora si e dell'opinione che in questo docu
mento vi siano le basi per un ulteriore approfon
dimento delle operazioni meteorologiche da 
effettuare per la valutazione del sito nei con
fronti del rischio nucleare; operazioni da stabi
lirsi, come e stato gia accennato, soltanto in base 
alle caratteristiche geografiche e topografiche 
della zona di ubicazione. 

2. LO STRATO UMITE SUPERFICIALE 

DELL'ATMOSFERA 

Di solito, l'analisi meteorologica viene estesa 
per una determinata estensione orizzontale 
della superficie terrestre contenente il sito nuc
leare; mentre per quanto riguarda la dimen
sione verticale vengono richiesti dati in quota, 
fino ad altezze spesse volte esagerate. 

Pur non escludendo la possibilita che i 
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prodotti volatili comunque provenienti da: un im
pianto nucleare possano interessare anche gli 
strati superiori della troposfera terrestre, qualora 
siano in atto dei moti convettivi al momenta del 
rilascio o lungo il percorso degli efRuenti, tut
tavia, l'accumulo dei prodotti radioattivi e piu 
facile negli strati piu bassi dell' atmosfera. Questo 
e indicato come "strato limite di superficie dell'
atmosfera terrestre", ed e uno spessore d'aria 
in cui gli dementi meteorologici hanno un 
particolare andamento verticale; logicamente la 
struttura, termica e dinamica, di questo strato 
limite differisce da quella del resto della tropos
fera terrestre; inoltre, questo strato ha anche 
una sua specifica geometria dipendente, oltre 
che dalla situazione meteorologica generale, 
anche dall'aspetto e dalla natura della super
fide sottostante. (17 > 

Sullo spessore verticale dello strato limite vi e 
un principio statistico, <18 > che lo considera di 
50-100 metri, nel quale la struttura del vento e 
determinata dalla natura della superficie e dal 
gradiente verticale termico, sul quale scorre 
una regione di transizione di 500-1000 metri, 
nella quale la struttura del vento e influenzata 
dall'attrito di superficie ed e controllata dal 
gradiente di densita e dalla forza di deviazione 
terrestre (forza di Coriolis). L'insieme di questi 
due strati determina lo strato limite planetaria. 
Per contro, vi sono due altri principi, uno dina
mica <19 > ed uno termodinamico, <20> che con
siderano invece lo strato limite come una entita 
oscillante. Difatti, secondo quest'ultimo, lo 
spessore dello strato limite e funzione della 
capacita della diffusivita termica del mezzo e 
del periodo di oscillazione delle variazioni della 
radiazione solare incidente sulla superficie ter
restre e della variazione nella velocita e dire
zione del vento. 

Poiche i profili termici e dinamici nello strato 
limite non hanno un andamento costante per 
tutto il suo spessore, a causa dell'influenza del 
suolo, si ha, nella parte inferiore di esso, un 
substrato. Questo e caratterizzato da valori 
molto accentuati nei gradienti verticali degli 
elementi meteorologici. Benche i processi <;he 
si verificano nel substrata limite sonoin stretta in
terazione coni fenomeni dell'itnero strato limite, 
lo stabilire le relazioni interne soltanto fra gli 
elementi meteorologici nel substrata superficiale 

l.R.P. VOL. U-B* 

e spesso sufficiente per la soluzione di importanti 
problemi, primo fra tutti quello della diffusione 
atmosferica degli efRuenti provenienti da im
pianti nucleari. 

L'andamento caratteristico dello strato limite 
e dato dai profili verticali degli dementi meteor
ologici, che sono reciprocamente dipendenti, e 
singolarmente determinati dal gradiente oriz
zontale della pressione, dall'influenza della ra
diazione solare, dai parametri termici e fisici del 
suolo, dalle irregolarita della superficie ed anche 
dalla temperatura ed umidita all'esterno dello 
strato limite. E' evidente che la variazione di 
ognuno di questi fattori esterni determina delle 
variazioni di tutte le caratteristiche dello strato 
limite. 

Lo spessore dello strato e del substrata limite 
presentano una variazione media annuale do
vuta alle oscillazioni del bilancio termico e delle 
condizioni dinamiche ed alla persistenza delle 
varie situazioni meteorologiche. 

A Milano, dove si stanno perseguendo da 
parte di chi scrive tali ricerche, e stato trovato 
che lo strato limite superficiale va da un minimo 
di 100 metri, in gennaio, ad un massimo di 
1200 metri, in luglio, e il substrata limite oscil
la tra i 20 metri in dicembre e i 200 metri in 
maggio. La correlazione per il solo semestre 
freddo ( cioe quello in cui e in atto il riscalda
mento domestico) tra concentrazioni di 803 e 
variazioni dello strato limite ha dato un risultato 
piusoddisfacente di quello ottenuto dallecorrela
zioni parziali tra concentrazioni di S03 e gradi
ente termico verticale e intensita del vento, 
rispettivamente misurati, nei primi 100 metri 
e a 120 metri dal suolo. 

E' evidente che la migliore conoscenza delle 
vicende spazio-tempo dello strato limite possa 
permettere una maggiore puntualizzazione di 
quelli che sono i meccanismi difensivi naturali 
nel campo della diffusione degli efRuenti e 
cioe il potere diluente dell'atmosfera e, per 
contra, la sua capacita a generare delle barriere 
protettive che ostacolano o deviano il trasporto 
degli eflluenti stessi. Non solo, rna nella parti
colarita dei rapporti nucleari di rischio si 
verrebbero ad immettere dei dati fisici che ris
pecchiano l'effettivo stato di quello spessore di 
atmosfera piu soggetto all'inquinamento radio
attivo. 
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UMWELTKONTAMINATION UND STRAHLENBELASTUNG BEl 

FREISETZUNG RADIOAKTIVER STOFFE IN DIE 

ATMOSPHARE 

K.J.VOGT 

Kernforschungsanlage Julich, Zentralabtei1ung Strahlenschutz, 517 Jillich BRD 

Zusanunenfassung-Nach der Theorie der turbu1enten Diffusion wurde die Ausbreitung 
radioaktiver Stoffe in der Atmosphare behande1t. Unter Verwendung der von Pasquill em
pfohlenen meteoro1ogischen Parameter wurden die Verteilung der Aktivitatskonzentration in 
der Atrnosphare, die Ablagerung der Luftkontaminationen am Boden und die Abnahme der 
Aktivitat der Abluftwolke durch Fallout, Washout und radioaktiven Zerfall berechnet, a us den en 
sich die Inhalations- und lngestionsgefahrdung herleiten 1aBt. 

Wahrend bei Emissionen radioaktiver Aerosole die lnkorporation durch Atmung und 
Nahrungsaufnahme die kritische Belastungsart darstellt, muB bei Freisetzung radioaktiver 
Gase die auBere Bestrahlung ermittelt werden. Dabei kann die Strah1enbelastung durch 
,8-Strahlung wegen ihrer geringen Reichweite aus der Aktivitatskonzentration am Ort der 
exponierten Person berechnet werden. Die Submersionsdosis ftir y-Strahlung ergibt sich durch 
Integration tiber die Bestrahlungsbeitrage der Volumenelemente des Halbyraums. In die 
Rechnung gehen neben der dreidimensionalen V erteilungsfunktion u. a. die Energie, die 
Halbwertszeit und die Dosiskonstante des freigesetzten Nuklids sowie die Absorption und 
Streuung der y-Strahlung in Luft ein. Die Submersionsdosis wurde filr 41Ar und ftir Spaltgas
gemische berechnet. Die Verteilungsfunktionen der ausgewerteten GroBen wurden in Ab
hiingigkeit von der Quelldistanz in Kurvenscharen und Nomogrammen dargestellt. Eingangs
parameter sind Schornsteinhohe, Diffusionskategorie, Windgeschwindigkeit und die Abla
gerungskonstanten fiir Fallout und Washout. Die graphischen Auswertehilfen erlauben bei 
Zwischenfallen mit Freisetzung radioaktiver Stoffe in die Atmosphiire schnelle Prognosen 
iiber die Ausbreitung der Abluftfahne und die dadurch bedingten Umweltbelastungen. 

BEr der Standortwahl kerntechnischer An
lagen, bei der Planung von Schornsteinhohen 
und Filtereinrichtungen fiir Emittenten radio
aktiver Abluft, bei der Umgebungsiiberwachung 
unter normalen Betriebsbedingungen und be
sonders nach Aktivitiitsfreisetzungen infolge 
von Zwischenfallen ist die Kenntnis des Aus
breitungsverhaltens von Abluftfahnen in der 
Atmosphare erforderlich. 

Analysen und Prognosen ermoglichen sollen. 
Ausgehend von der · V erteilungsfunktion der 
Luftaktivitat bei GaussfOrmiger Ausbreitung 
mornentaner Emissionen (Puffs) 

Auf der Grundlage der Theorie der turbulen
ten Diffusion <1

• 
2 > wurdep. daher die Kontami

nation und Strahlenbelastung in der Umgebung 
von Emissionsquellen berechnet. Die Ergebnisse 
wurden in Kurvenscharen und.Nomogrammen 
zusammengestellt, die als U nterlagen fur Schorn
steingutachten ui:J.d Sicherheitsberichte dienen 
und vor allem in Unfallsituationen schnelle 

921 

C(x,y, z, t) = 

Q -(x-ut) 2/2ax 2 -y2
f2ay 2 

-:-::----:-:-~-- e • e 
(277) 3/2 a.;ayaz 

(I) 

. (-(z-H) 2/2az 2 -(z+H)2/2az 2
)' 

e +e 

(Ci/m8 ) · 

Q(Ci) = Aktivitat der Abluftwolke, 
H(m) = EmissionshOhe (z-Richtung), 

u(mfs) = Windgeschwindigkeit (x
Richtung), 
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t(s) = Transportzeit, 
ux, u11, uz(m) = von der Quelldistanz x ab

hangige Ausbreitungspara
meter, 

wurden die Hauptbeitrage zur Strahlenbelas
tung berechnet, ( 3 ) namlich 

l. Die durch die Kontamination der boden
nahen Luft mit radioaktiven Aerosolen bedingte 
lnhalationsbelastung unter der Ausbreitungs
achse 

-H2f2 u.a 

l(x, 0, 0) = _Q_ e (Ci sjm3
), (2) 

7TUyUzU 

aus der sich durch Multiplikation mit dem 
Inhalationsdosisfaktor g (rem m 3/Ci s) die 
Dosisbelastung des kritischen Organs ergibt. 

2. Die Ingestionsbelastung, die auf Nahrungs- · 
mittelkontaminationen infolge Ablagerungen 
radioaktiver Stoffe auf dem Boden durch 
trockenen Fallout 

F(x, 0) = Vg l(x, 0, 0) (Cifm 2
) (3) 

und durch niederschlagsbedingten Washout 

W(x, 0) = AQfy'27T a11u (Ci/m 2
) (4) 

beruht, wobei Vu (mfs) die Falloutkonstante und 
A(s-1) die Washoutkonstante bedeuten. 

3. Die auBere Strahlenbelastung durch P
Strahlung aus der unmittelbaren Umgebung 
der exponierten Person 

D 11 (x, 0, 0) = 0,27 E 11 l(x, 0, 0) (rem), (5) 

wobei E 11 (MeV) die mittlere P-Energie pro 
Zerfall ist. 

4. Die auBere Strahlenbelastung durch y

Strahlung aus dem Halbraum 

D., (d, 0, 0) = 

I., J J J J Be~:· C(x,y, z, t) dx dy dz dt (R) (6) 

mit lv (R m 1/Ci s) = Dosisleistungskonstante, 
p. (m-1

) = Absorptionskoeffizient von Luft, 
r = [(d-x) 2 + y 2 + z 2

]
111 (m) = Ab-

stand des Aufpunkts (d, 0, 0) vom 
Quellelement (x, y, z), 

B = Aufbaufaktor. 

Beim Einsetzen von Q ist zu beriicksichtigen, 
daB die Wolkenaktivitat infolge von radioak
tivem Zerfall, Washout- und Fallouteffekten 
nach der Transportzeit t = xfu auf den Bruch
teil 

-A~ -A~ 
u u 

QfQ., = e · e 

X 

_v!J~ J 
e u 7T 

0 (7) 

der Quellstarke Qo zuriickgegangen ist. 

Hinsichtlich der theoretischen Herleitung 
dieser die Strahlenbelastungsbeitrage be
schreibenden Berechnungen a us den grundlegen
den Modellvorstellungen muB auf die Literatur 
verwiesen werden. <4 • 

6 > Die numerische Auswer
tung der Gleichungen (2) his (7) erfolgte unter 
Verwendung der von Pasquill <8 > empfohlenen 
Ausbreitungsparameter a11 und ax unter Varia
tion der Parameter Quelldistanz, Emissions
hohe, Diffusionskategorie sowie Fallout- und 
Washoutkonstante. Als Beispiele ltir die Aus
wertungsergebnisse werden nachfolgend einige 
Kurvenscharen und Nomogramme gezeigt. 

In Abb. 1 sind die normierten Ausbreitungs
funktionen bei einer Emissionshohe von 100 m 
fiir die verschiedenen Diffusionskategorien A 
his F, die durch zunehmende Stabilitat der 
Schichtung charakterisiert sind, dargestellt. 
Dividiert durch die Windgeschwindigkeit und 
multipliziert mit der differentiellen oder inte
gralen Quellstarke (Ci/s bzw. Ci) erhalt man 
daraus die Aktivitatskonzentration der boden
nahen Luft unter der Ausbreitungsachse (Ci/m8

) 

oder die Inhalationsbelastung (Ci sfm8
). Aus 

der Abbildung ist ersichtlich, daB die Entfer
nung des Aktivitatsmaximums und in geringe
rem MaBe seine GroBe von der Stabilitat der · 
Schichtung abhangen. Die Abhangigkeit der 
Aktivitatskonzentration von der Emissionshohe 
bei maBig stabiler Schichtung (Diffusions
kategorie E) ist in Abb. 2 veranschaulicht. 



UMWELTKONTAMINATION UND STRAHLENBELASTUNG 923 

I 
10"4 

:>fom·2 
Emissionshohe 100m 

'S 
--' 
c: .. 

.J::: 

" c: 
c: .. 
'0 
0 
.a 

Q; 
'0 

.!: 

g' 
.2 
·~ 

Q; 
> 
.!'J 
:E 

~ 
~ 

< 

10" 

10-6 

10"' 

10"8 

10
2 

Quelldistanz x-

ABB. 1. Auf die Einheit der Emissionsstiirke 
und der Windgeschwindigkeit bezogene 
Aktivitatskonzentration der bodennahen Luft 
unter der Ausbreitungsachse in Abhiingigkeit 
von Quelldistanz imd Diffusionskategorie bei 

einer Emissionshohe von 50 m. 

Fiir einige Nuklide, wie z.B. Radiojod, stellt 
unter U mstiinden nichtdie Inhalationsbelastung, 
sondem, bei Ablagerung auf landwirtschaftlich 
genutzten Flachen, die Ingestionsbelastung als 
Folge der Konta.J:nination der Nahrungskette 
die iiberwiegende Gefahrdung dar. Die Abla
gerung durch trockenen Fallout ergibt sich durch 
Multiplikation der bodennahen Aktivitats
konzentration mit der Falloutkonstanten (Werte 
fiir Vg werden in der Literatur angegeben<7

• 
8>). 

Die Ablagerung durch Niederschlage laBt sich 
dem in Abb. 3 gezeigten Nomogramm entneh· 
men. Sie ist nach dem zugrundeliegenden 
Modell von der Emissionsh6he unabhangig und . 
ergibt sich, ausgehend von der Quelldistanz 
iiber die durch die Diffusionskategorie und den 
Quotienten aus Washoutkonstante und Wind
geschwindigkeit gegebenen Hilfslinien. W enn 
die von der Niederschlagsintensitat, der Trop· 
fengroBe und der PartikelgroBe des radioaktiven 
Aerosols abhangige Washoutkonstante<7

• 
9 > nicht 

genauer bekannt ist, kann naherungsweise der 
Wert 2,5 · 10-4 s-1, niultipliziert mit der 

MaBzahl der in mm/h gemessenen Nieder
schlagsintensitatverwendetwerden. Bei Kenntnis 
der abgelagerten Nuklide konnen die vom Boden 
ausgehende ~- und y-Strahlung und, zusammen 
mit anderen Parametem, die Nahrungsmittel
kontamination und die Ingestionsbelastung ab
geschii.tzt werden. 

Die Abnahme der Wolkenaktivitii.t durch 
Washout und radioaktiven Zerfall wii.hrend der 
Transportzeit lii.Bt sich durch einfache Exponen
tialfunktionen beriicksichtigen. Der Korrek
turfaktor fiir das Falloutdefizit wurde aus der 
letzten Exponentialfunktion in Gl. (7) durch 
numerische Integration bestimmt. Am Beispiel 
einer Wetterlage mit mii.Big stabiler Schichtung 
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ABB. 2. Auf die Einheit der Emissionsstarke 
und der Windgeschwindigkeit bezogene 
Aktivitlitskonzentration der bodennahen Luft 
unter der Ausbreitungsachse in Abhangigkeit 
von Quelldistanz und Emissionshohe bei mliBig 
stabiler Schichtung (Diffusionskategorie E). 
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(Diffusionskategorie E) sind die Ergebnisse in 
Abb. 4 dargestellt. Ausgehend von der Quell
distanz laBt sich aus dem Nomogramm durch 
"Spiegelung" an der Emissionshohe und dem 
Verhaltnis von Falloutkonstante und Windge
schwindigkeit die Aktivitatsabnahme der Wolke 
ermitteln. 

Wahrend die Inkorporationsbelastung durch 

Bei der Berechnung der y-Dosis ist nach GI. 
(6) tiber die raumliche Verteilung der Wolken
aktivitat unter Beriicksichtigung von Absorp
tion, Vielfachstreuung und radioaktivem Zerfall 
zu integrieren. Im Vergleich zu friiheren Auto
ren (lo-u>, die vielfach von isotroper Ausbreitung 
ausgehen und die Ausbreitungsformel von 
Sutton benutzen, oder Absorption und Auf-

WashoutaktivitCit pro emittiertem Ci-

Quelldistanz x -

.ABB. 3. Auf die Einheit der emittierten Aktivitat bezogene Bodenkontamination durch 
Washout in Abhangigkeit von Quelldistanz, Windgeschwindigkeit, Diffusionskategorie 

und Washoutkonstante. 

Inhalation und Ingestion von Radionukliden 
im allgemeinen bei Aerosolen sowie bei Radio
jod uberwiegen, spielt die Submersionsdosis 
durch auBere {3- und y-Strahlung vor allem bei 
der Emission radioaktiver Edelgase eine Rolle. 

Die {3-Dosis, der Haut und Augen ausgesetzt 
sind, ist nach Gl. (5) der Aktivitatskonzentra
tion am Ort der exponierten Person proportional. 
Von Nukliden mit sehr geringer y-Emissions
wahrscheinlichkeit wie 86I<.r abgesehen, kann 
sie im allgemeinen gegeniiber der y-Dosis 
vernachlassigt werden. 

baufaktor vernachlassigen, oder sich auf boden
nahe Emissionen bzw. bestimmte Energien 
beschranken (z.B. 0, 7 MeV fiir Spaltprodukt
gemische), oder relativ grobe Mitteilungen der 
Verteilungsfunktion zugrunde legen, haben wir 
die Berechnung im wesentlichen ohne derartige 
Vernachlassigungen vorgenommen. Allerdings 
wurde die dreidimensionale numerische Inte
gration nur im mitderen Entfernungsbereich 
durchgefiihrt. Fiir kleine Entfemungen konnte 
die Verteilung durch eine Linienquelle und fiir 
groBe Entfernungen durch eine homogene Ver-
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teilung angenahert und dadurch die Rechnung 
vereinfacht werden). * 

Entsprechend den wichtigsten Anwendungen 
wurde die y-Dosis fiir 11Ar und fur Spaltgas-

Emissionshohe 50 m fiir verschiedene Diffusions
k.ategorien, die jeweils mit ihrer charak
teristischen Windgeschwindigkeit angesetzt wur
den, dargestellt. 

Aktiviti:itsabnahme der Wolke durch Fallout Q/Q0 -

Diffusionska tegor ie E 

1CJ3 m 

Quelldistonz x 

ABB. 4. Abnahme der Wolkenaktivitat durch Fallout in Abhangigkt'it von Quelldistanz. 
Windgeschwindigkeit, Emissionshohe und Falloutkonstante bei maBig stabiler Schichtung 

(Diffusionskategorie E). 

gemischet) berechnet. Als Beispiel zeigt Abb. 
5 die y-Dosis, der eine Person aus der tiber sie 
hinwegziehenden Abluftfahne bei einer Emis
sion von 1 Ci 41Ar exponiert wird, in Abhan
gigkeit von der Emissionshohe bei neutraler 
Schichtung (Diffusionsk.ategorie D). In Abb. 6 
ist, ebenfalls fur 11Ar, die y-Dosis bei der 

* Die numerische Auswertung wurde mit einer 
elektronischen Datenverarbeitungsmaschine vom Typ 
IBM 7090 beim Deutschen Rechenzentrum Darm
stadt durchgefiihrt. Fur die Aufstellung des Pro
gramms bin ich meinem Kollegen F. Rohloff zu Dank 
verpflichtet. 

t Es wurde Gleichgewicht der Spaltgase (auBer 
8 5Kr) nach !lingerer Reaktorbetriebszeit angenommen. 

AuBerdem haben wir die Abhangigkeit der 
y-Dosis von der Energie zwischen 0,25 und 
2 MeV untersucht. Es ergab sich etwas uberra
schend, daB die auf die Einheit der Dosislei
stungskonstante normierte y-Dosis, trotz der 
starken Energieabhangigkeit der Absorption 
und des Aufbaufaktors, nur sehr wenig von der 
Energie abhangt. Bei der Berechnung der y
Dosis kann man also fur aile Energien von den 
gleichen Kurvenscharen ausgehen, wobei die 
Werte nur noch mit der Dosisleistungskonstan
ten zu multiplizieren sind. Die· y-Dosis hangt 
damit im wesentlichen in gleicher w eise von 
der Energie ab wie die Dosisleistungskonstante, 
d. h., im betrachteten Energiebereich ist die 
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ABB. 5. Auf die Einheit der 
emittierten Aktivitat bezogene 
Submersions-y-Dosis bei der 
Freisetzung von nAr in Abhan
gigkeit von Quelldistanz und 
Emissionshohe bei neutraler 
Schichtung (Diffusionskategorie 
D) und einer Windgeschwin-

digkeit von 6 mfs . 

Quelldistanz x-

ABB. 6. Auf die Einheit der 
emittierten Aktivitat bezogene 
Submersions-y-Dosis bei der 
Freisetzung von ' 1Ar in Abhan
gigkeit von Quelldistanz und 
Diffusionskategorie bei einer 
Emissionshohe von 50 m. (Fiii' 
jede Diffusionskategorie wurde 
mit einer charakteristischen 
Windgeschwindigkeit gere-

chnet. 
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y-Dosis fiir Nuklide mit gleicher y-Emissions
wahrscheinlichkeit naherungsweise der Energie 
proportional. 

Hinsichdich naherer Angaben iiber die 
physikalischen und meteorologischen Aspekte 
der Ausbreitung ( effektive Schornsteinhohe, <14 l 

Bestimmung der Diffusionskategorie <15> usw.) 
sowie iiber Voraussetzungen und Grenzen bei 
der Anwendung der Ausbreitungsformeln sei 
auf die einschlagige Literatur verwiesen. 
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RELATIVE HAZARDS OF FISSION PRODUCTS IN THE 

ENVIRONMENTAL HAZARDS EVALUATION OF 

NUCLEAR REACTORS 

J. TADMOR and H. GALRON 

Soreq Nuclear Research Centre, Israel Atomic Energy Commission, 
Yavneh, Israel 

Absuac:t-The fission products and their decay products which accumulate in the fuel during 
the operation of a nuclear reactor consist of about 300 isotopes of different physical, chemical 
and biological properties. However, only a relatively small number of these isotopes contribute 
significantly to the hazard to the population, in the event of an accidental release of fission 
products into the environment. 

The relative hazard of the fission products in the environmental hazards evaluation of nuclear 
reactors was calculated in order to ascertain which fission products must be taken into account. 
Consideration was given to (I) the various ways in which the population might be subjected 
to irradiation (external cloud radiation, external radiation from contaminated land, and in
ternal irradiation due to inhalation); (2) the properties of the fission products (fission yield, 
percentage of release from the fuel in an accident, energy of radiation, physical and biological 
half-life, velocity of deposition); and (3) the critical organ in the human body in which the 
fission product concentrates. 

Although several studies deal with the relative hazards of various radioisotopes in general 
and of fission products in particular, no comprehensive study has been made so far concerning 
the specific aspect of environmentai·hazards evaluation of nuclear reactors. 

In our study, the relative hazards cif the fission products were calculated for external cloud 
radiation, external radiation fJ,"om contaminated land and internal radiation from inhalation, 
assuming a reactor power of 1 MW (th) and an accident occurring after 3 years of operation. 
The hazards were calculated for different times after the occurrence of the accident and for 
different distances from the point of release of the fission product. 

The importance of using the individual y-energies rather than the average energy of all the 
fission products is shown and the contribution of the fission product daughters formed during 
the travel of the cloud is also evaluated. The study summarizes the sequence of importance of 
the different fission products in the framework of the hazards evaluation of nuclear reactors. 
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PESSIMAL HEIGHT OF RELEASE AND THE RADIATION 

DOSES FROM A RADIOACTIVE CLOUD AND FROM 

DEPOSITION OF FISSION PRODUCTS 

J. TADMOR, Y. MILMAN, H. GALRON andY. GU..AAD 

Soreq Nuclear Research Centre, Israd Atomic Energy Commission, 
Yavneh, Israel 

Abstract-In the evaluation of the hazards to the environment resulting from a release of 
radioactive materials from a nuclear reactor, it is generally considered that an increase in the 
height of release would be advantageous in minimizing the concentrations in the environment 
and that inversion atmospheric conditions and deposition of the radioactive material by rain 
represent the most hazardous atmospheric condition. 

In the present study it is shown that when the depletion of the cloud by deposition during its 
travel from the release point to the distance of interest is taken into account, a different picture is 
obtained: ( 1) an increase in the height of release, within certain limits, may cause an increase 
in the ground concentration at a given distance from the source, and (2) for certain distances 
from the release point, at which highly populated centres may exist, consideration of the 
hazards during inversion and rainout conditions only may result in an underestimation of the 
environmental hazards. 

The computation of the integrated radiation doses from the fission products released from a 
ground source following a reactor accident and deposited during dry or rainout conditions shows 
that at relatively short distances from the source the doses are greater if deposition occurs 
during dry conditions; at greater distances the doses are greater if deposition occurs during rain 
conditions. The distance from the release point to the point of intersection between the radiation 
doses from dry and rainout depositions decreases with time since deposition, the time factor 
reflecting the more rapid decay of the iodines. · 

The Total Integrated Cloud Concentration (TIC) of the iodines computed for lapse and 
inversion atmospheric conditions, considering the depletion of the cloud by deposition, reveals 
the following: due to the relatively high deposition of the iodines and to the greater deposition 
during inversion conditions, the TIC during lapse conditions will be greater, from a certain 
distance on, than during inversion conditions. Higher wind velocities during inversion condi
tions and lower wind velocities during lapse conditions cause the approach to the point of 
release of the intersection point between the TIC for inversion and for lapse conditions. 
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LASER RADIATION PROTECTION* 

WILLIAM T. HAM, JR., W. J. GEERAETS, R. C. WD..LIAMS, D. GUERRY, m, and 
HAROLD A. MUELLER 

Medical College of Virginia, Richmond, Virginia 

Abstract-Although most health physicists and others in the field of radiation protection 
have confined their efforts primarily to the hazards from the so-called ionizing radiations 
(X-rays, gamma-rays, neutrons, high energy particles, etc.), an increasing number of workers 
in this field are being called upon to protect personnel from laser radiation. The phenomenal 
development of laser technology during the past three years has introduced new hazards for 
industry, for governmental agencies, particularly the military and space agencies, and for 
universities and medical schools. 

The necessity for such criteria will be examined. Since the eye is the most vulnerable organ 
of man to laser radiation, the effects of wavelength, pulse duration, intensity of irradiation 
(power density), energy density, and other factors on the eye will be given. Current data from 
several laboratories will be reviewed briefly. Finally, protective practices and equipment in 
current use in the United States will be discussed. 

HISTORICAL BACKGROUND 

Man lives in a natural radiation environment. 
He is exposed daily to the electromagnetic 
radiation spectrum from a nuclear fireball
the sun-to natural radioactivity both within 
and surrounding his body, and to cosmic 
rays coming from intergalactic space. Were 
this his integral radiation exposure there would 
be no need for radiation protection and health 
physics. Although solar radiation may produce 
thermal injury to the skin (sunburn) and to 
the eyes (retinal burns), not to mention the 
painful inflammation of the cornea resulting 
from ultraviolet (UV) rays, nonetheless, ex
perience through the ages has taught man how 
to protect himself from the natural radiation 
background. Not content with the radiations 
provided naturally, man has extended and 
broadened the electromagnetic spectrum to 
include wavelengths which have increased the 
hazards to his health. Maxwell's theory and the 
production of electromagnetic waves by Hertz 

* Support for this research was provided by Con
tract DA 49 193 MD 2241, U.S. Army, MRDC, 
Office of the Surgeon General and Contract DA 49 
146 XZ 416 Defense Atomic Support Agency, DOD, 
Washington, D.C. 

led to the modern development of radio, radar, 
and television with a consequent increase in 
the hazards from microwaves. At the other end 
of the electromagnetic spectrum, Rontgen pro
duced X-rays, opening the "floodgates" to the 
biological effects of ionizing radiation. Bec
querel and the Curies completed the spectrum 
by discovering radioactivity, thus providing 
both the particulate alpha- and beta-rays and 
the very short wavelength gamma-rays. All 
of this took place before the beginning of the 
20th century. The study of atomic and nuclear 
structure by Rutherford, Bohr, and many others 
led inevitably to the production of giant accel
erators to study the nucleus and the interactions 
between the elementary particles of physics. By 
the late 1930's man had increased his arsenal 
of radiations to include neutrons, positrons, 
and mesons, to mention but a few. Then came 
the discovery of fission at the beginning ofWorld 
War II. By the end of the war the world had 
been introduced to the nuclear age. Man had 
created a new radiation environment which 
had tremendous potentialities for good and 
evil. The knowledge of how to handle, mani-
pulate, and dispose of large quantities of radio
active materials grew out of the Manhattan 
project. The peaceful applications of nuclear 
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energy to modern civilization are now well 
advanced, but over mankind still hangs the 
spectre of nuclear war with the possibility of 
world-wide radioactive contamination on a 
scale that might threaten the survival of mam
malian life. In this atmosphere of hope and 
fear, the Health Physics Society was founded 
in 1955. The Society is dedicated to radiation 
protection with a special emphasis on "ionizing 
radiation". 

Meanwhile, the first operating optical maser 
was described by Gordon, Zeiger, and Townes <1 > 
in 1954 at a time when active efforts were 
under way to form the Health Physics Society. 
Townes had suggested as early as 1951 that it 
should be theoretically possible to obtain ampli
fication by using a molecular generator at a 
specific frequency inherent to the molecule. He 
and his colleagues used a beam of ammonia 
gas passing through a microwave cavity tuned 
to approximately 24,000 Mc/s, a frequency cor
responding to a natural resonance in NH3 • 

Townes coined the acronym maser-microwave 
amplification by the stimulated emission of 
radiation. When, in 1958, Schawlow and 
Townes <2 > demonstrated the feasibility of ex~ 
tending the maser principle to the optical region 
of the electromagnetic spectrum by employing 
solid state devices, the term "optical maser" was 
suggested. It was Maiman, <3.> however, in 
1959, who first operated a solid state maser by 
producing stimulated emission from a ruby 
crystal. Since this was radiation in the visible 
or optical region of the spectrum (694.3 nano
meters, nm), laser rather than maser came into 
use to denote light instead of microwave. The 
term laser has been adopted by most workers 
in this field and is used generally to denote the 
emission of stimulated light from all sources 
and under all operating conditions. Javan, 
Bennett, and Herriott <4 > made a notable con
tribution in 1961 when they succeeded in pro
ducing the first continuous wave (CW) gas laser 
from a mixture of helium and neon. The pro
duction of "giant pulses" of laser radiation by 
utilizing a "Q-spoiling" technique was an
nounced by McClung and Hellwarth< 6 > in 1963 
and represented another notable advance in 
laser technology. 

Technical advances in the production and 
application of laser beams have been extremely 

rapid during the past 3 years. Parallel beams 
of intense radiation which are plane polarized, 
monochromatic, and coherent both in space 
and time, are available throughout the electro
magnetic spectrum: from the far infrared (IR) 
to the near ultraviolet. There is even the pos
sibility of producing laser sources in the far 
ultraviolet and the X-ray region, and some 
consideration has been given to a gamma-ray 
laser. Sources involve gaseous, liquid, and solid 
state lasers and power levels range from nillli
watts to gigawatts. Lasers may be operated 
continuously to produce CW radiation or 
pulsed to produce multiple spikes of radiation 
or single giant pulses which last for only a few 
nanoseconds. Power densities can reach the 
gigawattfcm1 level, and even optical materials 
like quartz are broken down by the intense elec
tric field strengths generated by a focused laser 
beam. When focused in air a "fireball" is pro
duced, rising to temperatures high enough to 
produce a plasma, so that multiple ionization 
and even X-rays are observed. <•> High power 
densities in solids and liquids have produced 
many so-called non-linear effects such as fre
quency doubling, multiple photon absorption, 
intensified Raman and Brillouin scattering, 
and self-focusing in certain media. Theoretical 
optics and optical physics have received new 
impetus from the rapidly developing field of 
laser technology. Quantum theory and the 
classical theory of the electromagnetic field 
meet in a bewildering variety of phenomena 
which has stimulated much interest among 
both theoreticians and experimental physicists. 

In view of the above it . is not surprising to 
learn that the effects and applications of laser 
radiation are being studied throughout the in
dustrial complex of the country, in the military 
establishments, and in the universities and re
search institutions, both private and public. 
Range finding, memory devices for computers, 
holography, communications, weapons, light 
coagulation of the eye, and welding devices are 
some of the many applications being developed. 
The escalation in laser research has produced a 
growing radiation hazard which demands the 
best efforts available for radiation protection. 
Many health physicists in industrial, governmen
tal, and university positions are being "saddled" 
with this new responsibility in radiation 
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protection, and there is a growing clamor 
from industrial and governmental agencies for 
an organized effort to establish safety criteria 
for this "new-yet-old" type of radiation. As yet, 
no specific agency or society or group has stepped 
forward to assume responsibility, though there 
are several movements afoot to cope with the 
problem. 

PHYSICAL ASPECTS OF LASER ACTION 

A brief and rudimentary description of the 
physics of laser action is in order before dis
cussing the radiation hazards. The ruby laser 
is chosen as typical and a former paper by the 
authors <7 > will be used for this purpose. 

The primary element of a ruby laser consists 
of a crystal of sapphire (Al20 8) doped with 
chromium ion (Cr~+) usually to about 0.05% 
by weight, giving approximately 1.6 X lQ19 

chromium atoms per cm3 • Each ion in the 
sapphire crystal is bonded to 8 oxygen atoms. 
The energy levels of the chromium ion determine 
laser action, the sapphire serving only as a cry
stal matrix to fix the foreign ions. Ruby crystals 
are usually in the form of cylinders, varying in 
diameter from 0.25 to 0.625 in. and having 
lengths of from 3 to 6 in. It is essential that the 
ends of the ruby cylinder be parallel and optical
ly flat to a high degree of precision. Most ruby 
crystals are cut with the optic a.Xis at 60 or 90 
degrees to the axis of the cylinder so that plane 
polarized light is emitted during laser action. 

Irradiation of a ruby crystal with white light 
shows two strong absorption bands in the green 
and yellow portions of the spectrum. A charac
teristic feature of ruby is the large fluorescent 
quantum efficiency which is defined as the ratio 
of the number of fluorescent photons emitted 
to the number of exciting photons absorbed. 
Maiman found this to be 70% in ruby. This 
means that a large percentage of the photons 
absorbed in the green and yellow bands undergo 
a relatively fast radiationless transition to a 
metastable doublet state before having time to 
return to the ground state. This metastable 
doublet state has a half-life of approximately 
3.5 msec before returning to the ground state 
with the spontaneous emission of two monochro
matic lines at wavelengths of694.3 and 692.9 nm 
respectively. This is why, of course, ruby ex
hibits its characteristic red color. Under ordi-

nary conditions of irradiation with white light, 
the number of chromium atoms in the ground 
state greatly exceeds the number in the excited 
state. But by using an intense source of white 
light to optically "pump" chromium atoms into 
the excited state, Maiman was able to achieve 
a population inversion; that is, the number of 
chromium atoms in the excited state exceeded 
the number in the ground state, violating Boltz
mann statistics and creating a so-called "nega
tive temperature". The optical pump consisted 
of a xenon flash tube wound in the form of a 
helix with the ruby cylinder placed along the 
central axis of the helix. A highly reflecting 
sheath of polished aluminum surrounded the 
xenon helix. A condenser bank charged to a high 
voltage was discharged suddenly through the 
xenon flash tube, thereby irradiating or pump
ing the ruby crystal with an intense source of 
white light. 

Under normal conditions the number of 
photonsfcm 2{sec of wavelength 694.3 nm inci
dent normally on an end face of the ruby cylin
der would exceed the number of photonsfcm 2( 

sec leaving the opposite end face by an amount 
determined by the linear absorption coefficient 
for the ruby wavelength according to the well 
known law of Beer. However, under the condi
tions of population inversion, the absorption 
coefficient changes sign. This means that the 
number of photonsjcm2/sec leaving an exit 
face exceeds the flux entering the opposite face 
of the ruby crystal, i.e. amplification by the 
stimulated emission of radiation has taken place. 
Photons of the proper wavelength, 694.3 nm, 
stimulate the excited atoms of chromium to 
return to the ground state with the emission of 
additional photons. Moreover, the stimulated 
photons are in phase with the photons producing 
the stimulation as would be predicted from the 
classical theory of dipole radiation. 

High fluorescent quantum efficiency and 
broad band absorption are necessary conditions. 
in any solid state substance before amplification 
by stimulated emission of radiation can take 
place. However, something more is needed 
before laser action can be attained. Some 
method must be devised for increasing the effec
tive path length of the stimulating photons in 
the crystal. Photons which by chance are emitted 
parallel to the crystal axis will be reflected back 
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normally into the crystal, while those inclined 
at an appreciable angle to the crystal axis will 
escape. Thus, an avalanche of highly direc
tional and phase coherent photons is built up 
suddenly. If one of the reflectors is partially 
transparent, an intense beam of parallel light 
which is plane polarized, coherent in time and 
space, and monochromatic is emitted. By 
placing an optical shutter between the ruby 
rod and one of the reflectors, Q-spoiling can 
be accomplished. The shutter is closed norm
ally when the pumping light irradiates the 
ruby rod. Mter a time of the order of a few 
hundred microseconds, a sufficient number of 
excited chromium atoms have been accumu
lated to accomplish population inversion but 
laser action is withheld because the light path 
to the reflector is blocked. If now, this light 
block is removed suddenly, a giant pulse of 
radiation is emitted. This is the principle of 
the so-called Q-switch. The shutter employed 
by McClung and Hellwarth was an electro
optical Kerr cell, but rotating mirrors and 
substances which lose their opaqueness when 
irradiated have also been employed successfully 
to produce Q-switched pulses lasting for only 
a few nanoseconds. Another and equally valid 
way of presenting laser action is to consider 
the laser rod with its highly reflecting mirrors 
as a high Q cavity which can oscillate in any 
one or several of a number of modes appro
priate to the frequency to which the cavity is 
tuned. The higher the Q, the less the pumping 
energy needed to attain laser action. Light 
waves traveling along the axis of the crystal and 
bouncing back and forth through an amplifying 
medium between the mirrors set up a coherent 
standing wave of light. Waves traveling off 
normal soon miss the mirrors and are lost. In 
essence, this is a "Fabry-Perot" type of structure 
which serves as a resonant cavity for oscillations. 
Obviously, in Q-switching, the cavity Q is 
raised suddenly to a very high value, thereby 
allowing a giant pulse to be emitted from the 
system. 

The rudimentary principles of pulsed laser 
action as elucidated above are appropriate to 
all pulsed laser systems. Normal pulsed laser 
action produces multiple spikes in which the 
overall duration of the pulse may extend from a 
few hundred microseconds to several milli-

seconds, depending upon the system involved. 
Q-spoiling generally produces single spikes or 
pulses lasting from 5 to 100 nsecs. Neodymium
doped glass lasers and ruby lasers are the two 
solid state systems most prevalent among the 
pulsed systems. Their wavelengths, 1060 nm 
and 694.3 nm respectively, together with their 
frequency doubling wavelengths, 530 nm and 
34 7 nm, constitute the principal hazards from 
pulsed laser systems at the present time. Among 
the CW systems which constitute a hazard are 
the gas lasers, C02 at 10.6 microns, He-NE 
632.8 nm, and the argon laser at several wave
lengths in the region of 480-500 nm. All of 
these sources are capable of emitting electro
magnetic radiations which are hazardous to 
man. 

THE RADIATION HAZARD 

Since the mammalian eye is acknowledged 
to be the most sensitive organ to laser radiation, 
this discussion will be confined to ocular hazards. 
This is permissible since it is highly unlikely that 
other types of deleterious effects can take place 
at distances and at laser intensities where ocular 
effects are negligible. V erhoeff and Bell <8 > in a 
classic paper published in 1916 demonstrated 
that the pathological effects of radiant energy 
on the eye could be explained in terms of thermal 
injury resulting from the absorption of radiation 
in the pigment epithelium (PE) and in the 
choroid. In considering the ocular hazards 
from lasers it is fortunate that a large body of 
knowledge on retinal burns has been accumu
lated over the past two decades. Some of the 
data most pertinent to laser hazards has been 
collected in recent publications by the authors. <9 > 

Solon, Aronson, and Gould <10> have discussed 
the physical principles of image formation by 
the human eye when exposed to laser beams in 
the near and the far field. Laser sources emit 
highly directional beams of radiation with 
angular divergences ranging from fractions of a 
milliradian to about 10 mrad. For nearfield 
illumination the entire cone of radiation may 
enter the eye depending on the beam diameter 
relative to the diameter of the pupil. Under 
these conditions the diameter of the image fo
cussed on the retina will be given by the product 
of the angle of divergence and the equivalent 
focal length of the human eye, usually taken as 
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1 7 mm. For angles of divergence exceeding I 
mrad the image diameter may exceed the mini
mum size as determined by diffraction in the 
human eye. There is no ·general agreement 
among authorities as to what constitutes the 
diffraction limited size of the image on the 
human retina but most estimates place it as 
being between 10 and 20 microns. In the far 
field from a laser source the cone of radiation 
illuminates the entire eye with almost parallel 
light, resulting in a diffraction limited image on 
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expected the transmission through the human 
OM is similar to that of water. Wavelengths 
shorter than 400 nm are absorbed primarily in 
the outer layers of the cornea producing an 
acute inflammation similar to snowblindness. 
Thus, laser sources producing radiation beams 
in the UV will produce corneal damage rather 
than retinal damage. Wavelengths beyond 
1400 nm do not penetrate the OM to produce 
retinal images. The CO 2 laser which produces a 
strong beam of CW radiation at 10.6 microns 
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FIG. I. Percent transmission through the ocular media vs. wavelength for light of uniform 
intensity incident on the cornea; comparison between man and rabbit. 

the retina (10-20 microns). Thus, unless opti
cal instrumentation is employed laser beams 
produce small images on the retina, varying 
from perhaps 1 70 microns to 10 or 20 microns 
in diameter. For purposes of comparison the 
image of the sun on the human retina is approxi
mately 160 microns. 

Transmission of light through the ocular 
media (OM) of the human and rabbit eye 
has been measured by the authors <11> and is 
illustrated in Fig. 1; it extends from approxi
mately 350 nm to 1450 nm, exceeding 0.80 in 
the range 500-950 nm. There are two peaks in 
the near IR, a large one at 1100 nm and a much 
smaller one (0.10) at 1300 nm. As might be 

would be dangerous to the cornea since the 
half-value layer in water for this wavelength is 
about 10 microns. In the far infrared the hazard 
becomes that which has been observed for micro
waves, usually heat damage to the proteins of 
the crystalline lens resulting in a type of cataract 
commonly designated as infrared cataract. In 
the range of wavelengths 350-1450 nm the 
human eye can focus an image on the retina. 
The hazard here is thermal injury or retinal 
burns for CW lasers producing enough power 
to raise the temperature of the retina to levels 
above ambient where denaturation of proteins 
can occur. Some proteins are damaged irre
versibly at temperatures as low as 45°0 if 
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maintained at this temperature for considerable 
periods of time. Time-temperature history must 
be considered in any evaluation of thermal 
injury to biological substances. The authors 
have shown that an irradiance of 6 Wfcm• on 
the rabbit retina for a period of 3 min produced 
a mild retinal burn which appeared first at the 
center of the retinal spot which was about 800 
microns in diameter. It is estimated from theore
tical calculations that the temperature of the 
retinal tissues was maintained at approximately 
17°0 above ambient during the exposure. The 
source of radiation was a high pressure xenon 
lamp producing white light. Wavelengths be
yond 900 nm were removed by a filter. Con
siderations of heat conduction indicate that 
the temperature attained at equilibrium and 
the time taken to reach equilibrium temperature 
are strong functions of the image size. The 
smaller the image size the lower the equilibrium 
temperature and the shorter the time taken to 
attain it. Equilibrium is reached in a matter of 
milliseconds. Thus, the small images produced 
by CW lasers having small angular divergences 
should withstand irradiances well above 6 W / 
em 2 before attaining temperatures comparable 
to those produced on the retina by the xenon 
lamp. On the other hand, 17°0 above ambient 
is certainly too high a temperature for sensitive 
retinal tissue. It is recommended that CW 
retinal irradiances be kept well below I Wfcm 2 

regardless of image size until more definitive 
data are available. The safety criteria for 
exposure to CW lasers in the spectral range 
350-1450 nm should be based ideally on retinal 
irradiances which produce equilibrium tem
peratures which will not cause irreversible 
damage to retinal tissues, even over long periods 
of time. Such temperatures may be only a few 
oc above ambient. 

A major portion of the radiation impinging 
on the retina is absorbed in the PE and the 
choroid. The authors have investigated absorp
tion vs. wavelength in these elements for 24 
human eyes. <11> In Fig. 2 it can be seen that 
maximum and minimum absorption in the PE 
at the ruby wavelength (694.3 nm) is 0.40 and 
0.15 respectively; for neodymium doped glass 
at wavelength 1060 nm the coefficients are 0.15 
and 0.05 respectively. Peak absorption in the 
PE for light incident on the cornea occurs be-

tween 500-550 nm. The first harmonic for neo
dymium doped glass at 530 nm and the green 
lines in the argon CW laser are in the region of 
maximum absorption by the PE. Actually, 
for light incident on the cornea, the absorption 
in the PE and in the choroid is approximately 
equal for the 24 eyes studied. However, the 
PE is roughly 10 microns in thickness, whereas 
the choroid is about 100-150 microns in thick
ness. Therefore, the energy absorbed per unit 
volume (joulesfcm8

) in the PE will exceed that 
in the choroid by a large factor. It is not sur
prising, under these circumstances, to learn that 
for mild lesions of the retina produced by laser 
pulses of relatively short time duration (0.2 
msec-2.0 msec) damage is observed histologi
cally to occur in the PE and in the strata of 
the retina immediately adjacent to the PE 
rather than in the choroid. 

The authors have investigated the production 
of mild lesions in the rabbit retina by pulsed 
ruby lasers, both in the multiple spiked mode 
involving exposure times of 10, 50, 100 and 200 
p.secs and in the Q-switched mode, exposure 
time 30 nsecs. Fig. 3 is a schematic diagram 
of the optical system used to produce these 
lesions and Fig. 4 illustrates the modified oph
thalmoscope used in conjunction with the 
system. Mild lesions are defined as being just 
visible ophthalmoscopically within 5 min after 
exposure. These lesions are not considered to 
be threshold burns since irreversible damage has 
been demonstrated at lower levels of irradiance 
by more refined techniques such as histo
chemistry, electroretinography, and electron 
microscopy. Figure 5 is a log-log plot of watts/ 
em 1 vs. exposure time in seconds for minimal 
lesions of 800 microns diameter in the rabbit 
retina. Irradiances in the range 2-3 kwfcm• 
for exposure times of 200-300 f£Sec produce very 
mild lesions on the rabbit retina. The lesions 
are thermal in nature and correspond rather 
closely to those produced by a white light source. 
The irradiance required to produce these le
sions is reasonably independent of image size. 
No damage has been detected in the rabbit 
retina when these irradiances are reduced by 
a factor of two. 

In the Q-switched mode, irradiances of from 
3-5 "M'W/cm 8 delivered in 30 nsec produce 
mild lesions as defined above. These lesions 
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FIG. 6. Exposure dose. J {em 2 vs. image diameter, microns, for minimal lesions observed 
with the ophthalmoscope immediately after exposure to 30 nsec Q-switched ruby laser. 

may not be entirely similar to those produced 
at lower power densities. There is the possibility 
that non-linear effects may play a role in pro
ducing these lesions and the authors are un
willing to call them thermal burns until further 
investigations have been made. In addition 
to the Q-switched data shown in Fig. 5 for lesions 
of 800 microns diameter, the authors have 
investigated the energy density needed to 
produce minimal lesion,s at much smaller image 
diameters. Figure 6 is a graph of energy density 
in joules/em 2 vs. image diameter in microns for 
minimal lesions in the rabbit retina as·produced 
by the Q-switched ruby laser. These data, in 
fair agreement with recent findings by Tengroth 
and Bergqvist, <111 > seem to indicate that larger 
energy densities are needed to produce minimal 
damage as the image diameter is reduced. How
ever, both the authors and Tengroth et al. are 
inclined to believe that this may be an artifact 
resulting from the difficulty of observing dam
age at the smaller image sizes. When irradiances 
are raised to 25-50 "MW/cm 2

, , ~aterial is 

extruded into the vitreous, hemorrhaging oc
curs, and there is evidence to suggest that shock 
waves may be partially responsible for the 
damage. 

CURRENT STATUS OF RADIATION 

PROTECTION FROM LASERS 

The purpose of the above outline of ocular 
damage is to illustrate that data are available to 
make an intelligent estimate of safe exposure 
levels to laser radiation under various conditions 
of operation. The question arises naturally as 
to what can be done to protect the public 
from the hazards of laser radiation and who 
should propose these measures and see that they 
are enforced. The answer to the first question 
is relatively simple. Protective devices and cer
tain operational procedures are known and 
practiced by many reputable firms and organ
izations. For example, goggles specifically de
signed to protect against laser radiation are 
manufactured by several optical companies in 
America and in Europe. <13 > Several designs 
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for a protective symbol against lasers have been 
proposed. 

In answer to the second question, no single 
group, society, agency or organization has 
stepped forth as yet to establish basic criteria 
for radiation protection and permissible levels 
of exposure to laser radiation. This is not 
because the large and growing group of scien
tists, military personnel, and technicians in
volved in laser research and development are 
unaware of the hazards involved or because 
they wish to be left alone to cope with their own 
problems. On the contrary there is a genuine 
concern about radiation protection from lasers. 
Many health physicists, often without adequate 
background or information, have been saddled 
with company or organizational responsibility 
for laser safety. In recent months the Martin 
Marietta Corporation has developed a "laser 
hazard" slide rule and published a company 
brochure on "Determination of Laser Haz
ards". <14> This is typical of the concern over 
laser hazards in American industry. Several 
companies have established their own rules and 
procedures for laser safety. The Hughes Air
craft Company has published a report on laser 
eye damage levels. <16> Quite recently, a draft of 
guidelines for safe operation of laser systems 
was prepared by the Commission on Environ
mental Hygiene of the U.S. Armed Forces 
Epidemiological Board. <18> A conference on 
laser safety was held in May 1966 in Orlando, 
Florida. More than 150 participants from all 
over the United States attended this conference. 
The proceedings were published in 1966 by 
the Martin Company, Orlando Division. (17) 

The National Academy of Sciences National 
Research Council has formed a laser committee 
to consider the hazards of laser radiation. This 
committee reported informally on its findings at 
the second Gordon Conference on lasers in 
medicine and biology, held at Andover, N.H., 
in July 1966. Symposia on the biological effects 
oflaser radiation have been held by the Optical 
Society of America <18 l and by the Armed Forces 
Institute of Pathology. <19> A safety group on 
optical masers has been organized by interested 
groups in the Department of Defense and in 
university circles. The NCRP has been ap
proached informally as to what its attitude might 
be regarding radiation protection from lasers. 

Despite the efforts listed above no centralized 
agency comparable to IRPA or its member 
societies has volunteered to establish safety 
criteria and permissible levels of exposure to 
laser radiation. Whether IRPA and its member 
societies should attempt to amalgamate current 
efforts into a responsible organization with 
official status comparable to that enjoyed by 
the NCRP, the ICRP, and the American Board 
of Health Physics is a question which should be 
presented to this first International Congress 
on Radiation Protection. 
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DISCUSSION 

J. E. McLAuGHLIN (U.S.A.): 

I notice your proton spectra fall rapidly with 
energy and were quite smooth. Could you comment 
on: 

1. The effect of local radiations from the space 
vehicle on these results. · 

2. The effect of energy resolution of the spectrom
eter on the spectra. 

M. c. CHAPMAN: 

The proton spectral data were taken using phas
wich scintillation detectors. These detectors use Csi 
as the energy detector, and plastic scintillators as a 
guard counter. Thus all spacecraft-produced protons 
are rejected by the guard counter. Four channel 
analysis, with 12% energy resolution, is performed on 
all acceptable events. 

The smooth spectral shape is consistent with data 
obtained by other experimenters, and is consistent 
with our three or four energy determinations. 

R. E. SIMPSON (U.S.A.) : 

Have you made comparative measurements be
tween your scintillator (plastic) .and an LET pro
portional counter? If so, what kind of agreement? 

M. c. CHAPMAN: 

Concerning the comparison of Rossi-type ion 
chambers and the scintillator dosimeter, tests of this 
type are planned and will be accomplished shortly. 
Results should begin to be available in a month or 
several weeks. 

D. NACHTIGALL (Euratom): 

In den Wii.nden von gewebeaquivalenten Ionisa
tionskammern ist normalerweise 0 durch C ersetzt. 
Wie weit sind die Wirkungsquerschnitte hochener
getischer Partikel fiir 0 und C bekannt, so dass man 
sagen kann, dass diese Kammern auch im hochener
getischen Bereich tatsii.chlich gewebciiquivalent sind? 

Die Riickstossprotonen, die von Neutronen mit 
Energien kleiner als 20 keV in gewebeaquivalenten 
K.ammern ausgelast werden, ionisieren nicht mehr 
und werden deshalb nicht mehr nachgewiesen. Wie 
gross schii.tzen Sie den Fehler ein, der dadurch bei den 
gegebenen Spektren entsteht? 

F. E. HOLLY: 

We use two separate types of ion chambers, both 
constructed of shonka tissue-equivalent plastic and 
the types, mixtures, and proportions of gases varies 
depending upon the purpose. A report exists, which 
I can give you, describing their use, calibration, and 
tissue equivalency. About the neutron sensitivity and 
the error estimate, we have both neutron and 
neutron-insensitive chambers. These are described in 
the paper previously referred to. 

C. A. ADAMS (U.K.) : 

Dr. Vogt's emphasis on hazards did not appear to 
correspond with their order of importance in the 
releases which could occur from nuclear reactors. In 
general our analysis shows that inhalation is the 
dominating hazard. In particular I understood him 
to say that 131I could give an ingestion risk greater 
than the inhalation risk. This would be understand
able if there were an area of crops, with no individual 
present on the land or its neighbourhood. However, 
if an individual is present I should like to know the 
circumstances in which deposition could give a risk to 
him greater than that to which he would be subjected 
by inhalation of the cloud. Could Dr. Vogt give an 
example of the circumstances he had in mind? 

J. K. VooT (Germa'!)l): 

Bei der Freisetzung von 131I kann tatsachlich die 
Strahlenbelastung durch Ingestion die Inhalations
belastung erheblich iiberwiegen, wenn es zu Abla
gerungen aus der radioaktiven Wolke iiber landwirt
schaftlich genutzten Flachen und damit zu einer 
Kontamination der Nahrungskette kommt. Im 
Einzelfall hangt die Gefabrdung durch Ingestion 
natiirlich von den Emii.hrungsgewohnheiten ab. Bei 
einem Milchkonsum von I Liter pro Tag kann die 
Ingestionsbelastung durch 131I zwei bis drei Zehner
potenzen iiber der Inhalationsbelastung liegen, wenn 
der gesamte Bedarf·an Milch und Milchprodukten 
a us· dem Aufkommen gedeckt wird, das auf kon
taminierten W eidefiachen erzeugt wurde. 

B. W. EMMERSON (U.K.): 

Under actual accident conditions I consider that 
the nomograms presented by the speaker would 

945 



946 DISCUSSION 

require considerable time in estimating the actual 
hazard from the release plume. Has any attempt been 
made to produce simplified nomograms in terms of 
the two major release hazards, namely, inhalation and 
deposition. At Bradwell nuclear power station we 
have produced simple nomograms on which the 
minimum evacuation time for various levels of air
borne activity, and the degree and types of agricultural 
foodstuff banning for given levels of deposited activity, 
can be read directly from two main nomogram 
charts. 

K. J. VOGT (Germa'!Y): 

Ausser den hier anhand von Beispielen gezeigten 
allgemeinen Unterlagen flir die Abschiitzung der 
Umgebungsbeeinflussung bei Freisetzung radio
aktiver Abluft haben wir fiir einzelne Emittenten wie 
die Reaktoren spezielle Unfallanalysen erarbeitet. 
Dabei wurden fiir bestimmte hypothetische Unfiille 
in Karten die Bereiche eingetragen, in. denen die 
iiussere Bestrahlungsdosis und die durch Inhalation 
und Ingestion von 131I sich ergebende Schild
driisendosis fur Erwachsen bzw. Kinder die zuliis
sigen Unfallbelastungen iiberschreiten konnen, so 
dass Evakuierungen und Lebensmittelrestriktionen 
erwogen werden miissen. Die zur Verfiigung steh
enden Aktionszeiten konnen aus Kurven abgelesen 
werden. 

A. P. HuLL (U.S.A.): 

This sort of analysis is quite commendable and 
useful for hazards analysis, but I wonder if this degree 
of sophistication is applicable to the accident situa
tion in which one seldom has a very accurate estimate 
of either source term or of prevailing meteorology. 

K.J. VoGT (Germany): 

In aktuellen Unfallsituationen wird es tatsiichlich 
oft schwierig sein, einigermassen sichere Angaben 
tiber die Quellstiirke zu erhalten. Dagegen entstehen 
bei der Bestimmung der meteorologischen Bedin
gungen keine Probleme, wenn die Anlage tiber eine 

meteorologische Beobachtungsstation verfugt. In der 
Kernforschungsanlage Jillich werden die fiir die 
Bestimmung der Diffusionskategorie erforderlichen 
Beobachtungen des Temperaturgradienten und des 
Windgeschwindigkeitsprofils, sowie der Windrich
tungsschwankungen und der Strahlungsbilanz an 
einem 120m hohen Turm durchgefl.ihrt. 

E. w. JACKSON (U.K.): 

I am a little doubtful about the policy of includitlg 
data on downwind concentrations following the 
release of a radioactive cloud. In my view the data 
obtained by calculating on the basis of a release at 
ground level should suffice in practice. If the release 
in fact occurred above ground level the information 
obtained in this way would be pessimistic which 
would perhaps not be a disadvantage. 

G. CoWPER (Canada) : 

Would Prof. Ham tell us what has been the 
incidence of permanent or temporary damage from 
lasers? 

W.T.HAM: 

I cannot give any real statistics on injury today 
from lasers, but I can assure you that at !east in the 
United States there has been a considerable amount 
of damage in this field. As you can well understand 
the various companies which are doing the laser 
radiation and making applications from laser research 
have had accidents on numerous occasions, but these 
involve legal matters and do not often see the light. 

Dr. Milton Zaret, an ophthalmologist in New 
York City, is a consultant to many of these com
panies and Dr. Zaret has come in contact with a good 
many cases of damage due to laser radiation. I 
cannot give you any exact figures as to how great this 
hazard is at the present time, but damage which is 
caused is of course permanent; the type of damage I 
am speaking about is an irreversible damage to the 
retina and does not heal. Does this answer your 
question? 
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FABRICATING RECYCLED PLUTONIUM REACTOR FUEL* 
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Argonne, Illinois 

Abstract-A computer program was developed that calculated the dose rates from plutonium 
as a function of source weight, geometry, isotopic composition, age, and shielding composition 
and thickness. Dose rates from plutonium sources were measured and compared with the 
calculated values. Personnel radiation exposures were monitored during the fabrication of fuel 
elements containing varying isotopic compositions of plutonium. The information derived 
from the calculations, radiation measurements, and radiation exposures were applied to glove
box procedures for the fabrication of reactivity coefficient fuel elements. Radiation protection 
criteria for the fabrication of recycled plutonium are discussed. 

INTRODUCTION 

Plutonium is fabricated into fuel elements and 
specimens for reactor research at the Argonne 
National Laboratory Plutonium Fuel Fabrica
tion Facility. This facility was constructed in 
the late 1950's to meet Argonne's requirements 
for plutonium to be used in experimental reac
tors. Maximum fabrication flexibility, the safety 
of operating personnel, and the protection of 
the surrounding environment were concerns of 
prime importance. 

The probability of operating personnel sustain
ing internal radiation exposures from plutonium 
at the facility was minimized by enclosing 
all of the process equipment in a leak-proof 
helium atmosphere, glovebox system, <1 • 

2 > as 
illustrated in Fig. 1. To date, this system has 
proved effective in preventing any significant 
internal insult of plutonium to workers at the 
facility. It also has prevented any significant 
release of plutonium to the environment. 

Commercial utilization of plutonium in power 
reactor fuel cycles depends on a developed capa
bility to safely and economically process, fabri
cate, and use fuel elements that contain large 
proportions of 238Pu, 240Pu, 241Pu, and 242Pu. 

X, gamma, and neutron radiations from these 
isotopes and their daughter products, particu
larly 241Am and 23 7U, present an external 
radiation hazard during fabrication. Early 
plutonium contained less than 10 wfo of these 
isotopes, but recycled power reactor plutonium 
will contain 20 to 60 wfo of them. 

The external radiation hazard to personnel 
fabricating recycled plutonium in a glovebox 
was evaluated by the following three steps. A 
computer program was developed to calculate 
dose rates from typical isotopic mixtures of 
plutonium. Details of the sources and shields 
encountered in a fuel plate fabrication process 
were formulated and dose rates were calculated. 
Next, dose rate calculations were checked by 
measurements of X, gamma, and neutron radia~ 
tions from sources of known isotopic composition 
and age. Finally, the dose rates found from the 
calculations and radiation measurements were 
used to establish fuel plate fabrication proce~ 
dures. Personnel radiation exposures were ex
amined, and radiation protection considerations 
for recycle plutonium fuel plate fabrication were 
made. 

DEVELOPMENT OF A COMPUTER 

PROGRAM 
*Work performed under the auspices of the 

United States Atomic Energy Commission. A computer program was developed for the 
t AMU-ANL Sunnner Engineering Practice School calculation of neutron and gamma ray dose rates 

Student from Purdue University, Lafayette, Indiana. encountered in the fabrication of plutonium 
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reactor fuel inside a glovebox system. Surface 
and shielded dose rates were calculated as a 
function of the weight, geometry, and isotopic 
composition of the source, the composition and 
thickness of the shielding, and the elapsed time 
after chemical purification of the plutonium. 

The program first calculated source strengths 
using the Bateman equations, <11 > standard decay 
formulae, gamma-ray energy and yield data, <4> 

and spontaneous fission data. <5> 

The source geometry was considered next. 
Typical sources encountered in the fabrication 

tion coefficients were taken from the data of 
Grodstein and Storm et al. <8 • 

9 l Plane monodirec
tional and isotropic point source build-up fac
tors, which account for scattered gamma rays, 
were used for the disc and spherical sources; 
Build-up factors for each energy were fitted 
to the form 

B = 1 + a.p.t (1) 

All of the build-up factor data were taken from 
Goldstein and Wilkins' work. (to) 

Fm. I. A view of the ANL fuel fabrication facility glovebox system. 

process were represented by a spherical or disc 
shape. For each model, the dimensions of the 
source were calculated from weight and density 
of the plutonium or plutonium alloy. The dis
tance from the source to the dose point was 
varied. 

Next, the self-shielding factors, which allow 
for self-absorption of X- and gamma rays by 
the source, were computed for the source mate
rial. <•> Attenuation of the X and gamma flux 
by the shield material was calculated using · 
expressions derived by Rockwell. <7> The X- and 
gamma-ray attenuations were found for 14 
representative gamma-ray energies. Attenua-

The surface X- or gamma-ray dose rate, D, 
from a disc source was derived via 

(2) 

where S = X- and gamma-ray source strength, 
photons/sec, 

B1 = .! surface area of disc source ex
cluding edges, 

Fs2 =source build-up factor, 
A 2 = self-shielding factor, 

C= conversion of gamma-ray flux to 
dose rate. <7> 
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The dose rate for a disc source through attenu
ating media was derived via 

where B2 = shield build-up factor, 

.. 
x = .2 ,_,., t,, for n shield layers, 

i=l 

p. = attenuation coefficient, 
t =thickness, 

00 

I 
r-• 

E1 (x) = -t dt 

(J = angle formed by the center line of 
the source and a line from an ele
mental area of the source to the 
dose point. 

Similar expressions are used for spherical sour~ 
ces. Dose rates were calculated for each of the 
fourteen energy groups and summed. The 
spontaneous fission rate was calculated using 
data from Steindler. <5> 

The source strength of neutrons produced 
by the (a, n) reaction with the light elements 
such as aluminum was calculated from data 
given by Arnold. <12> Birchall suggests a factor 
of 1.5 for neutron multiplication in a 1 kg sphere 
of plutonium; <13> however, no factor was used 
in this calculation. Neutron intensity was as
sumed to be attenuated by distance alone. The 
total surface and distance attenuated neutron 
dose rate was computed using a quality factor 
of 10. The neutron and gatnma dose rates at 
the surface and at a dose point were printed 
out for each source~shield configtiration. 

SHIELDING REFERENCE DATA 

The composition and densities of the shielding 
materials had to be known before X- and gamma
ray attenuation coefficients could be determined. 

The alpha phase density of plutonium, 
19.86 gfcm 3 , was used. Type 304L stainless 
steel, composed of 69% Fe, 19% Or, 10% Ni, 
1.5% Mn and less than 1% Si, has a density of 

I.R.P. VOL. U-P* 

7.92 gfcm 3
• Helium was assumed to be a pure 

gas at atmospheric pressure and room tempera
ture and having a density of2.32 X 10- 4 gfcm 3• 

The hoodline windows were composed of a 
material commercially designated CR-39. This 
material is chiefly allyl diglycol carbonate with a 
density of 1.31 g/cm3 • <15 > The neoprene used 
in the hoodline gloves has a density of 1.28 
gfcm 3 • <14 > Leaded gloves are specified in equiva
lent lead thickness. Lightly leaded gloves have a 
0.1 mm equivalent lead thickness with a density 
of 1.52 g/cm3• Leaded glass has attenuation 
characteristics similar to tantalum and a density 
of 6.2 gfcm 3

• <16 > 

FABRICATION OF REACTIVITY 

COEFFICIENT ELEMENTS 

Several hundred plate~type plutonium fuel 
elements are being fabricated at Argonne 
National Laboratory to determine the effects 
of increasing amounts of 240Pu, 2UPu, and 242Pu 
on reactor kinetics. <17

• 
18> The elements re

quired are of the type shown in Fig. 2. They 
consist of Pu~l.l wfo Al alloy plates that are 
sealed in tight-fitting stainless steel jackets. The 
flow diagram of the process for manufacturing 
these fuel elements is shown by Fig. 3. The 
purified, highly irradiated plutonium is received 
in the form of reduction buttons that weigh 

Fm. 2. Plutonium reactivity coefficient fuel 
element. 
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Fxa. 3. Flow diagram of process for manufacturing reactivity coefficient elements. 
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about 2 kg each. The plates are fabricated in a 
helium atmosphere glovebox system, but with~ 
out shielding other than that provided by the 
equipment. 

The Pu-Al alloy is made in a vacuum induc
tion furnace. Electrical-grade aluminum wire 
is placed in the bottom of an yttria-coated car
bon crucible, and a broken plutonium button is 
placed on top of the wire. The charge is melted 
and heated to 950°0. It is bottom-poured into 
an yttria~coated carbon billet mold. Mter the 
casting cools, the furnace is opened and the 
billet is removed and carefully cleaned. The top is 
sawed off to produce a rolling billet that measures 
approximately 16 mm X 50 nim X 125 mm. 

The billet is heated to 350°0 and hot rolled 
from 16 mm to 2.30 nun thickness. Reductions 
are 15% per rolling pass between 125 mm 
diameter X 200 mm two-high rolls that are elec
trically heated to 250°0. The 2.30 mm strip is 
cold finished to 2.25 mm thickness. It then is 
annealed by heating to 485°0 and flattened by 
pressing between steel flats. 

Three sizes of core plates (measuring 2.25 mm 
X 45.0 mm X 23.9 mm, 2.25 mm X 45.0 mm X 

49.3 mm, and 2.25 mm X 45.0 mm X 74.7 mm) 
are blanked and coined from strip by a combina~ 
tion die in a 200-tonne press. Coining pressures 
of 4 tonnesfcm 2 are used. The core plates are 
cleaned, adjusted to within ± 0.5 g of a nominal 
weight by punching holes in the plates, and 
inspected. 

The inspected core plates are assembled in 

0.3 mm thick stainless steel jackets. A spring 
in each jacket holds the core plate against one 
end. An aluminum foil funnel is used during 
loading of the core to protect the jacket lip from 
being contaminated by plutonium. The funnel 
is removed and the end plug is inserted. Weld
ing is done by means of a tungsten-electrode d.c. 
arc process in copper chills that completely 
enclose the element except at the edges being 
joined. One-third to one-half of a standard 
atmosphere pressure of 85vfo He-15vfo A gas 
is used in the welding chamber to reduce the 
internal jacket pressure. The completed reac
tivity coefficient elements are monitored for 
alpha contamination, leak-detected, gaged, 
weighed, inspected, and packed for shipment 
to the reactor experimental groups. 

Table 1 lists personnel exposure times asso
ciated with the fabrication of 2 kg of plutonium 
into reactivity coefficient elements. 

EXPOSURE CONDmON CALCULATIONS 

The dose rates to the extremities were con
sidered both in contact with the source material 
and at varying distances. Dose rates to the 
whole body were considered at varying dis
tances. Table 2 illustrates the source-shield 
configurations considered. 

The dose rate for each of these cases was cal
culated for 3 months, 6 months, 1 year, 2 years, 
and 5 years after plutonium separation. Table 
3 gives the plutonium compositions investigated. 

Table 1. Exposure Times Associated with Fabrication Operations 

Fabrication operation Exposure time 

Transfer plutonium from storage vault to glovebox system 
Weigh plutonium 
Break plutonium into pieces and weigh 
Transfer to furnace glovebox 
Alloy plutonium in furnace 
Cast plutonium in graphite mold 
Open mold and break off sprue 
Roll ingot into plates 
Cut and machine core plates 
Clean and weigh core plates 
Jacket and weld fuel element 
Inspect fuel element 

5 min 
20 min 
30 min 
5 min 

15 min 
15 min 

1 hr 
6 hr 
4hr 
4 hr 
2 hr 
1 hr 
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Table 2. Source Shield Configurations 

Source 

2.0 kg plutoniurn 
2.5 kg plutonium 
2.5 kg plutonium 

2.53 kg plutonium-
1.25 wfo aluminum 

2.53 kg plutonium-
1.25 wfo aluminum 

71.66 g plutonium-
1.25 wfo aluminum 

71.66 g plutonium-
1.25 wfo aluminum 

71.66 g plutonium-
1.25 wfo aluminum 

71.66 g plutonium-
1.25 wfo aluminum 

Source geometry 

Spherical 
Spherical 
Spherical 

Slab 

Slab 

Slab 

Slab 

Slab 

Slab 

Shield 

44.8 em He, 0.95 em CR-39 
30.4 em He, 0.076 em neoprene 
29.5 em He, 0.95 em 6.2 gfem' 

lead glass 
44.8 em He, 0.95 em CR-39 

43.8 em He, 0.95 em CR-39, 
0.95 em 6.2 g/em 1 lead glass 

12.6 em He, 0.076 em neoprene 

12.6 em He, 0.076 em lightly 
leaded glove 

12.6 em He, 0.076 em neoprene, 
0.03 em 304L-SS 

12.6 em He, 0.076 em lightly 
leaded glove, 

0.03 em 304L-SS 

Table 3. Plutonium Isotopic Compositions Studied* 

Source 2sspu U9Pu uopu urpu supu 

A 0.00001 95.01 4.51 0.47 0.01 
B 0.0001 91.15 8.00 0.80 0.05 
c 0.002 80.91 16.69 2.15 0.267 
D 0.020 76.68 20.00 3.00 0.3 
E 0.030 72.55 22.16 4.60 0.666 
F 1.000 . 64.00 20.00 12.00 3.00 
G 0.040 62.76 30.00 6.00 1.20 
H 2.000 40.00 30.00 18.00 10.00 
I 0.100 34.90 35.00 10.00 20.00 

J 0.200 4.80 25.00 10.00 60.00 
K 0.300 0.70 2.00 1.00 96.00 

*All in weight%. 
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Sources D, E, F, G, and Hare representative 
isotopic compositions of recycled plutonium fuel 
from power reactors. Sources having isotopic 
compositions I, J, and K represent specially 
separated material to be used for physics experi
ments in zero power reactors. 

CALCULATED RESULTS 

The computed slab surface dose rates from 
X- and gamma rays are illustrated in Fig. 4. 
The calculated neutron surface dose rates were 
less than 15% of the 3-month X- and gamma-ray 
dose rates, except for source composition K 
which was 22% of the 3-month dose rate. 

Figure 4 shows that the surface X- and gam
ma-ray dose rates for plutonium more than 1 
year old were primarily from the 241Am and, 
therefore, a function of the 241Pu content. Ex
amples of calculated dose rates as a function of 
source geometry, weight, isotopic composition, 
age, source-to-dose-point distance, shielding 
material, and shielding thickness are illustrated 
in Figs. 5 through 8. Figure 5 gives the calcu-

IOOr------------------------------, 

80 

60 

2 4 

H 

F 

IJ 

G 

E 

0 

c 

K 

B 

5 

TIME AFTER SEPARATION, YEARS 

FIG. 4. Calculated X- and gamma-ray surface 
dose rate from a slab for various plutonium 

isotopic compositions. 

18 
e 

} 
6 

' ~ 4 

w 

"' It: 

IIJ 2 
II) 

g 

H 

F 

J 
I 

G 

E 

8 

~A 
r(l~,..;.. __ .._ _ _,_ _ _._ _ __,_ _ _.._ __ ___. 

2 3 4 !I 

TIME AFTER SEPARATION, YEARS 

FIG. 5. Calculated total dose rate at 30.5 em 
from a 2.5 kg plutonium sphere shielded by 

0.95 em CR-39. 

lated total neutron and gamma dose rates at 
30.5 em through the hoodline window from a 
2.5 kg plutonium sphere. The distance was 
established as an average exposure distance of 
the fabrication worker. The dose rates through 
the neoprene gloves from this source were 
nearly the same. Replacing the 0.95 em CR-39 
with 0.95 em of 6.2 gfcm 3 density leaded glass 
reduced the calculated 3-month dose rates by 
factors of 2.6 to 3.3 for isotopic compositions 
A, B, C, D, E, G, and I, factors of 8.5 and 9.4 
for isotopic compositions F and H, and factors 
of 1.5 and 2.1 for isotopic compositions J and K. 
The important consideration in this calculation 
was that with the leaded glass there is no sig
nificant build-up in calculated dose rates with 
time after separation. The absence of build-up 
was due to the absorption of the low energy decay 
products by the leaded glass. Figures 6, 7, and 
8 illustrate the dose rates to the hands from a 
single plutonium fuel plate under various shield 
configurations~ Calculations indicate that no 
increased attenuation was gained with the use 
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Fm. 6. Calculated total dose rate at 12.7 em 
from a 71.66 g plutonium core plate shielded by 

0. 76 mm neoprene glove. 

of lightly leaded gloves during handling of 
jacketed fuel elements. 

CONFIRMATION OF CALCULATED DOSE 

RATES 

Preparation of Samples 

Specimens of plutonium used for surface ex
posure rate measurements were prepared by 
casting 25mm X 32 mm X 3.18mm and 25mm 
X 32 rom X 1.59 mm plates. These plates 

were pure plutonium with less than 1% im
purities. Samples of plutonium for the shielded 
dose rate measurements were of two basic geo
metries: ( 1) a disc source approximately 10 em in 
diameter and 2.5 em thick, and (2) a fuel core 
plate 4.5 em X 4.9 em X 0.32 em. These sources 
were typical of the ones encountered during 
fuel element fabrication. 

The surface dose-rate samples were placed 
in a 63 mgfcm 1 vinyl container before insertion 
in the extrapolation chamber. 

Surface Exposure Rate Measurements 

Surface exposure rates were measured with 
an ANL-developed extrapolation chamber. <19 l 

This instrument is very similar to the devices 
described in refs. 20-21. The extrapolation 
chamber is a parallel-plate ionization chamber 
having a volume that can be varied. The area 
of the collecting electrode is 0.724 cm1

• The 
depth of the chamber can be varied from 0.04 em 
to 0.25 em. A vibrating reed electrometer mea
sures the current generated in a predetermined 
volume. Mter determining and taking into 
account the vinyl attenuation, the current read
ing was converted to roentgens/hour using an 
electronic calibration. This calibration is 
checked frequently with a standard uranium 
source which consistently yields 0.240 ± 0.015 
R/hr through a 6 mg/cmz aluminum alpha 
absorber. 

Measurements of the surface exposure rates 
of the plutonium specimens were made, and 
the build-up in intensity was observed as a 
function of time after plutonium separation. 

TIME AFTER SEPARATION, YEARS 

Fro. 7. Calculated total dose rate at 12.7 em 
from a 71.66 g plutonium core plate shielded by 

0. 76 mm lightly leaded neoprene glove. 
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FIG. 8. Calculated total dose rate at 12.7 em 
from a 71.66 g plutonium core plate jacketed by 
0.3 mm stainless steel and shielded by 0. 76 mm 

neoprene gloves. 

rates ± 25% of the calculated values. Table 4 
illustrates typical measurements made with the 
extrapolation chamber. 

Shielded Radiation Measurements 

Comparison of the measured exposure rates 
from specimens having compositions C and E 
yielded X- and gamma-ray surface exposure 

Measured exposure rates from the disc and 
plate sources in various shielding configurations 
were made. The X- and gamma-ray measure
ments were made with National Bureau of 
Standards calibrated R-meters, standard ion 
chamber instruments, and personnel dosimeters 
which were calibrated to the radiation field 
produced by the plutonium in the glovebox 
system. Neutron dose rate measurements were 
made with a 25 em diameter, tissue equivalent, 
polyethylene, neutron dosimeter calibrated in 
mremfhr. Measured neutron dose rates from 
the small single plate were within ± 25% 
agreement with the calculated dose rates for 
the isotopic compositions A, C, and E. The 
X- and gamma-ray exposure rates from the 
small plate also were in agreement with the 
calculated values ± 30%. Radiation measure
ments from the 2.5 kg disc source with isotopic 
composition E one year after separation was 
50 mR/hr X and gamma and 5 mrem neutron 
at 30.5 em through CR-39. This measurement 
can be compared to the calculation for the 
spherical source. The variations in dose rates 
can be attributed to differences in the geometry 
of the compared sources and self-shielding. 

Table 4. Extrapolation Chamber Measurements 

Source isotopic weight % Source Time after Surface 
weight purification exposure rate 

2aspu osepu 2 ~Pu 241Pu 242Pu grams (approx.) Rjhr 

0.02 80.91 16.67 2.15 0.27 30.2 8 months 2.92 ± 0.17 
9 months 3.34 ± 0.2 

11 months 3.7 ± 0.22 
1 year 3.81 ± 0.23 

0.034 72.55 22.16 4.62 0.67 21.6 10 months 4.5 ± 0.27 
11 months 5.0 ± 0.3 

0.034 72.55 22.16 4.62 0.67 40.9 8 months 4.1 ± 0.25 
9 months 4.55 ± 0.27 

10 months 4.95 ± 0.3 
11 months 5.44 ± 0.33 
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WHOLE BODY AND EXTREMITY RADIATION 

EXPOSURE EXPERIENCED DURING 

PLUTONIUM FABRICATION 

Past experience has indicated that whole
body radiation exposure is the limiting con
sideration during plutonium fabrication at the 
ANL Plutonium Fuel Fabrication Facility. The 
whole body of the fabrication worker is moni
tored with a film badge with aluminum, silver, 
and cadmium filters containing a Dupont 558 
film packet and a Kodak NT A neutron film. 
A secondary device, the Shonka tissue-equiva
lent dosimeter, is used in conjunction with the 
film badge for day-to-day and comparison 
measurements of the fabrication worker's expo
sure. The neutron film in the badge is not a 
good indicator of neutron exposure due to the 
low intensity and energy of the Plutonium Fab
rication Facility's neutron background. <28 > Neu
tron exposures are assigned as a function of the 
worker's activities and the associated neutron 
backgrounds. 

Hand exposures, previous to this year, were 
monitored by wrist badges only. Correlation 
of wrist/hand exposures have been made, and 
a 1/3 ratio was found. <24> A method of using 

thermoluminescent dosimeters to determine 
hand exposures has been developed. <25 • 16> The 
dosimeters are worn on the fingers of operating 
personnel, and the hand exposures are deter
mined through calibration of the dosimeters with 
the plutonium handled at the time of the ex
posures. Results from these dosimeters compared 
to wrist badges indicate that the 1/3 wrist/hand 
ratio is conservative. 

Personnel exposures are the greatest when 
fabrication workers are handling plutonium 
sources that have large surface areas and weigh 
more than 1 kilogram. The highest radiation 
exposures encountered during the fuel fabrica
tion process are those received during the casting 
and weighing operations. The amount of plu
tonium fabricated at ANL each year and its 
isotopic compositions are given in Table 5. 
Whole body and hand exposures during the 
casting operation are listed. Hand exposures 
listed as beta are considered to be nonpene
trating scattered X-rays with energies below 
12 keV. Administrative guidelines on radiation 
exposure are 5 remfyear for the whole body, 75 
rem/year to the extremities, and 30 remfyear 
to the skin of the whole body. 

Table 5. Total Radiation Exposure Experienced by Personnel During Plutonium Casting Operation 

Isotopic composition Personnel exposure 
Year Kilograms weight% Pu 

plutonium 
fabricated 2S9Pu ~ 40 Pu 241Pu 242Pu Whole body Hand 

1963 37 95 4.5 0.4 0.01 1 rem 14 rad fl 
( 1 individual) 2.5 rem X, y 

1964 23 91 8 0.8 0.05 3 rem 11 rad {l 
(1 individual) 5 rem X, y 

1965 21 91 8 0.8 0.05 3 rem 4 rad {l 
3.1 88 10 1.4 0.03 (1 individual) 1.5 rem X, y 

1 73 22 4.6 0.7 

1966 25 91 8 0.8 0.05 5 rem 10 rad {l 
(6 8.5 90 9 1.1 0.05 (2 individuals) 2.7 rem X, y 

months) 5.3 88 10 1.4 0.05 
23 73 22 4.6 0.7 
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RADIATION PROTECTION CONSIDERATIONS 

FOR GLOVEBOX FABRICATION OF 

RECYCLED PLUTONIID4 

From Table 5, it can be seen that the present 
problem is the whole body exposure. Hand 
exposures are less than 25% of the maximum 
guides. These exposures were all through the 
CR-39 windows and nonleaded gloves. 

Comparing Fig. 5, which are the calculated 
dose rates from a spherical 2.5 kg plutonium 
source through CR-39, with the computed dose 
rates through 0.95 em of 6.2 gfcm 3 lead glass, 
the calculated lead glass shielded dose rates 
from isotopic compositions B through H are 
reduced to levels below that from composition A 
through CR-39. In addition, there is no dose 
rate build-up with increasing source age. Neu
trons then become the predominant source of 
radiation exposure. This shielding configuration 
centers attention on the dose rates through the 
lightly leaded gloves, which increases with 
source age. 

Lightly leaded gloves generally reduce the X
and gamma-ray dose rates by a factor of 2. 
Heavy leaded gloves are 3.5 times as effective 
in reducing the exposure rates; however, they 
are too cumbersome and restrict manipulation 
with the fingers. Direct contact exposure to 
the hands through lightly leaded gloves for plu
tonium sources with compositions F and H must 
be limited. Direct hand contact with plutonium 
sources having compositions D through J would 
have to be limited if processed 5 years or more 
after separation. Processing at intermediate 
times after separation would have to be done 
under carefully established guidelines to keep 
extremity exposures below radiation protection 
exposure limits. 

Fabrication of large amounts, greater than 
100 kg/year, of recycled plutonium fuel in a 
glovebox system will require shielding and close 
surveillance of personnel exposures. Fabrica
tion of small amounts, less than 10 kg/year, of 
material with compositions E, F, G, H, I, 
and J would be possible in a partially shielded 
glovebox system. 

Close surveillance of personnel exposures will 
be required for rotation of personnel to tasks· 
calculated to keep their radiation exposures 
within prescribed limits. The fabrication of 

large amounts of recycled plutonium per year 
will require many personnel available for rota
tion, and glovebox fabrication may not be 
economically feasible due to the number of per
sonnel required. Under those circumstances, a 
remote fabrication process would have to be 
developed. 

CONCLUSION 

Radiation exposures of personnel who fab
ricate plutonium fuels in an unshielded glovebox 
system are not a serious radiation protection 
problem when the plutonium contains less than 
5 wfo of 240Pu, 241Pu, and 242Pu. Some radiation 
exposure difficulty is encountered during glove
box fabrication in the 5 to 10 w fo range. In
creasing difficulty in minimizing radiation ex
posures is encountered during glovebox fabrica
tion of plutonium containing greater than 10 
wfo of the higher isotopes. 

Exposure of personnel to radiation from re
cycled plutonium fuel can be minimized during 
glove box fabrication by the following measures: 

1. Early fabrication after chemical separa
tion. 

2. Shielding applied to equipment within the 
gloveboxes and the glovebox surfaces. 

3. Use of leaded glass for the glovebox 
windows. 

4. Immediate removal of plutonium residues 
from the glovebox system. 

5. Use oflightly leaded gloves and mechanical 
techniques for handling the plutonium. 

6. Monitoring of extremity and whole body 
exposures to enable rotation of personnel 
for tasks having high exposure rates. 

7. Planning fabrication procedures to re
duce exposure times to a minimum. 

8. Use of shielded temporary storage areas 
in the glovebox system. 

9. Knowledge of plutonium isotopic compo
sitions, light element analysis, and time 
after plutonium separation. 

Some of those precautions may be neither 
practical nor economical for extensive and con
tinuing fuel fabrication operations. In such 
cases, it will be necessary to minimize exposures 
of personnel to radiation by automated fabrica
tion and inspection techniques. 
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THE DETECTION AND MEASUREMENT OF PLUTONIUM 

AIRBORNE CONTAMINATION IN MAJOR 

PLUTONIUM FACILITIES 

R. T. BRUNSKILL and S. T. HERMISTON 

Health and Safety Department, Windscale and Calder Works, U.K.A.E.A. 
Production Group 

Abstract-A review is presented of air sampling experience in three kinds of plutonium 
facilities, viz. a laboratory containing lines of glove boxes, a manufacturing facility employing 
a sealed face to separate operating and maintenance areas, and a workshop used for the clean
ing of safety equipment contaminated with plutonium. 

The level of airborne contamination as measured on fixed, installed air samplers in these 
areas is shown to be critically dependent on the type of work being carried out, the position of 
the sampler and the nature of the ventilation system. Personal air samplers invariably indicate 
higher levels of airborne contamination than these installed samplers. Over periods of months 
in the areas under examination, it is generally safe to assume that the integrated exposure 
measured using personal air samplers will not be more than ten times the exposure measured 
with the installed samplers. Under incident conditions, however, the installed sampler might 
underestimate inhalation exposures by several orders of magnitude. The distribution of air 
sampling data shows a deviation from log normal where incidents occur producing abnormally 
high airborne contamination. 

It is concluded from these observations that there is a requirement in certain plutonium 
areas to use personal air samplers for the measurement of inhalation exposures. In addition, a 
personal air sampler with an audible alarm has been developed for the early detection of airborne 
contamination in operating areas. 

Particle size distributions on air samples have been studied, and their significance is discussed 
in relation to the assessment of the plutonium inhalation hazard. 

1. INTRODUCTION selves provide adequate control of plutonium 
The potential inhalation hazard from plu- exposures. 

tonium airborne contamination is a major risk As Dunster has pointed out, <1 > although organ 
on any plutonium manufacturing facility. It is doses from long-lived isotopes will only exceed 
a fea~re of many plutonium plants, particu- I.C.R.P. recommendations when the maximum 
larly those employing extensive use of glove permissible organ burden is exceeded, it is 
boxes, that plutonium tends to be released over sound practice to attempt to limit all intakes 
extremely small time intervals, with long, to those appropriate to a 13-week period. Be
quiescent periods when no contamination is cause of the intrinsic difficulties in measuring 
produced in the working areas. This makes and controlling plutonium intakes, the designer 
plutonium operational control difficult. Mea- of a plutonium facility must do his utmost to 
surement of plutonium intakes by biological provide absolute containment. This ideal is in 
methods is a laborious procedure and is post practice never achieved and the difficulties of 
event, also because of the limited sensitivity measurement and control of plutonium intakes 
of these techniques, and the fact that interpre- by inhalation must be faced. 
tation of results is a lengthy process extending This report considers how detection and mea
over periods of months, they cannot by them- surement techniques ·for plutonium airborne 
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contamination have developed with a continuing 
experience of handling plutonium, and also 
discusses future developments. Observations 
and measurements made on facilities at Wind
scale are also discussed. 

2. IDSTORICAL DEVELOPMENT 

2.1. The earliest type of air sampling pro
gramme employed portable air samplers to 
collect samples over a short duration of samp
ling (say ! hr) in all operating areas of plu
tonium plants and laboratories. Provided that 
these tests were carried out regularly, it was 
considered that leakages · of activity due to 
weaknesses in design of operating procedures 
would be detected. A practical reason for this 
approach was the lack of air sampling devices 
which could operate continuously over long 
periods of time. 

It is now well established that under many 
conditions air contamination levels in operating 
areas of plutonium plants follow a log normal 
distribution. With this form of distribution 
the mode (the value most likely to be observed) 
may only be one-sixth or less of the mean con
centration. It follows, therefore, that "spot 
sampling" may seriously underestimate the 
true concentration. Another disadvantage of 
the short term sample is the lengthy counting 
period required to give results with reasonable 
statistical accuracy for an element such as plu
tonium with its low M.P.G. in air. 

2.2. In certain operating areas it was soon 
realised that a potential airborne hazard did 
exist and that it might be necessary to limit 
the . time spent by individuals in these areas. 
To improve the methods of control, more fre
quent, in fact almost cohtinuous, half-hourly 
samples were taken with a view to obtaining 
early information on the levels of airborne 
contamination. With this information available, 
breathing apparatus was prescribed if it was 
estimated that air concentrations were greater 
than one M.P.G. 

This system certainly provided a higher de
gree of protection for the operators than the 
earlier approach depending on intermittent 
air sampling. Also, the accuracy of information 
about average air contamjnation levels in an 
area, derived by counting the filter pa~rs after 

a time lag sufficient to allow daughter products 
of radon and thoron to decay, was improved 
by the introduction of a higher frequency of 
sampling. A practical disadvantage of this 
system, however, is the scale of effort that must 
be mounted (in men and equipment) to assess 
samples obtained. This is a consequence of 
the large numbers of samples to assay, and the 
lengthy counting periods required to produce 
results of reasonable accuracy because of the 
small volumes of air sampled. Furthermore, 
because data accruing from this type of sampling 
is retrospective, it is not possible to guarantee 
that releases of plutonium will always be detec
ted early enough to prevent significant personal 
exposure. 

2.3. Because of these defects, the whole philo
sophy of air sampling in plutonium areas was 
reviewed. In the first place, equipment was 
developed to allow continuous sampling in all 
areas where plutonium was handled. Even
tually, within the U.K.A.E.A. a monitoring 
system was developed, based on continuous 
sampling through a fixed filter paper which is 
presented to a scintillation detector with asso
ciated counting equipment. Because of the 
interference from alpha active decay products of 
radon and thoron, the instrument has a mini
mum alarm level in the conditions obtaining 
on the Windscale plants, of about 120 d.p.m.fm 3 

hr.* To provide increased sensitivity, the latest 
development is a sampler employing a solid 
state detector and alpha energy discrimination 
against naturally occurring alpha emitters. By 
this means an alarm can be given on detection of 
an exposure ofless than 30 d.p.m./ma hr. 

2.4. So far, air sampling had been confined 
to static samplers, i.e. high volume air samplers 
installed in a fixed position in the working area. 
As more data became available, however, it 
was obvious that the levels of airborne activity 
measured by these samplers was critically de
pendent on their exact location within a labora
tory or other operating area. Large variations 
in measured airborne concentrations could be 

* 120 d.p.m./m3 hr represents the integrated level 
of air contamination occurring as a result of an air 
concentration of 120 d.p.m.fm 3 of plutonium lasting 
for 1 hr, or 12 d.p.m./m3 for 10 hr, etc. 
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obtained over a distance of a few feet, the pat
tern of results being influenced by the type of 
operations being carried out and the nature of 
the ventilation system. 

These results suggested that the use of static 
samplers for· measuring environmental pluto
nium airborne contamination could give very 
misleading results. To investigate this more 
closely Sherwood and Greenhalgh <2 > developed 
the "personal" air sampler capable of mea
suring concentrations in the workers' breathing 
zones. The use of this sampling device on the 
Windscale Plants during the past two years has 
confirmed that the static sampler invariably 
underestimates the airborne concentrations at 
the point where activity is released to the operat
ing area, which is normally close to the operator 
who causes the release. The results of these 
surveys have necessitated a further review of 
the principles to be applied in the detection 
and measurement of plutonium air contamina
tion. 

3. MEASUREMENTS OF AIRBORNE 

ACTIVITIES ON WINDSCALE PLANTS 

The historical review in the preceding para
graph has been given to present a broad outline 
of the experiences which have influenced de
velopments leading to present-day practices. 
However, the techniques employed in this field 
are still in a state of some flux and further 
developments are certain to take place. In 
order to gain a proper appreciation of the "state 
of the art" now, and likely developments in the 
future, a survey is given of the data accrued 
recently from the use of static and personal air 
samplers. 

Three areas were selected for investigation, 
these are as follows: 

A. A facility employing interconnected "free
standing" or "island" glove boxes in an 
open laboratory, and used for the manu
facture of plutonium oxide/uranium ox
ide ceramic fuel for reactors. 

B. A section of a plutonium manufacturing 
plant, used for the preparation of plu
tonium metal and oxide via the oxalate 
precipitation and fluorination route. On 
this plant the interconnected line of glove 

boxes in which the process is carried out 
is sited in a "maintenance area", sep
arated from the operating area by a 
"sealed face". The maintenance and 
operating areas are separately ventilated 
and there are no ambidextrous gloves 
in the sealed face; movements of plu
tonium in trays through the line are 
effected by push-pull rod operation from 
the operating face. Respiratory protec
tion is always provided for workers in the 
maintenance area. A block plan of this 
facility is shown in Fig. 1. 

C. A decontamination facility, used for the 
cleaning of safety equipment (mainly 
respirators and pressurised suits which 
have been contaminated with pluto
nium) and health physics survey instru
ments. 

Areas A and B both handle plutonium on the 
kilogram scale. In Area C, of course, only 
microgram quantities are encountered. Thus 
these three facilities differ considerably from 
each other in functions, but are each represen
tative of conditions in other areas where mea
surements have also been made. 

3.1. Static Air Samplers 

Area A. At five positions in the laboratory, 
at 2 to 3 ft above floor level air is drawn con
tinuously through glass fibre filter papers, at a 
sampling rate of approximately 5 m 3/hr. The 
samples are changed at the end of each working 
period, i.e. at 8-hr intervals. Table 1 shows the 
mean air contamination levels measured over 
several months' operations. 

In this laboratory the ventilation system is 
arranged so that clean air is injected into the 
room through a false roof and is extracted at 
floor level at a number of positions distributed 
throughout the laboratory. Contamination re
leased near one particular air sampler should 
therefore be extracted without seriously affec
ting the remaining samplers. It would be 
expected that the relative levels recorded at 
the sampling positions should reflect the mag
nitudes of the activity released during opera
tions in their immediate vicinity. 

Results on single days in fact showed much 
wider variations in levels measured at the five 
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FIG. 1. Layout of Area A showing airflows and locations of air samplers. 

sampling positiOns than is apparent from the 
mean values shown in Table I. The ratio of 
the activities collected by the samplers showing 
the highest and lowest values over the same 
working periods varied from 2 to 400, with a 
mean ratio of 30. 

Area B. Air sampling data for both operating 
and maintenance areas have been examined. 

In the maintenance area there are five air 
sampling locations spaced at intervals of 15ft 
down the line at heights of 6 ft 6 in. above floor 
level. The mean values of air contamination 
obtained over a period of one year are shown in 
Table 2. (Samples were collected over 8 or 12 
hr periods.) 

The situation in this area is that a sampler 
at one end of the line (position I) shows much 
higher levels than the remaining samplers. 
Those situated in the central positions indicate 
very similar average air contamination levels, 
whilst the remaining sampler at the opposite 
end of the line indicates markedly lower levels 
than at any other position. 

The ventilation system for this area is shown 
in Fig. 1. Clean air is injected into the line at 
ground level through grills in the cubicle doors 
and is discharged to the active extract line in 
ducts at ceiling level. The air flow across the 
line is about 1000 linear ft/min, the system being 
deliberately arranged so that there is a 20% 

Table 1. Mean Air Contamination Levels (d.p.m.fm 3
) Measured at Fixed Positions 

in the Operating Area of Area A 

Position 1 Position 2 Position 3 Position 4 Position 5 

1.29 0.97 0.63 1.68 1.03 
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Table 2. Mean Air Contamination Levels (d.p.m.fm 3
) Measured at Fixed 

Positions in the Maintenance Area of Area B 

Position l Position 2 Position 3 Position 4 Position 5 

122 67 

higher flow at the centre of the line than at the 
ends. 

With this arrangement, it would be expected 
that each air sampler would be affected mainly 
by the air contamination generated in the 
vicinity of the sampler, although those samplers 
in the central part of the line would tend to be 
influenced as well by operations carried out at 
the extremities of the area. The air sample 
results confirm this assessment. Position 5 is at 
the "clean" end of the line where the plutonium 
metal or oxide is canned and the glove boxes 
are only contaminated to relatively low levels. 
Most of the direct handling of dry plutonium 
as oxide or fluoride is done in the middle of 
the line and the majority of maintenance work 
involving breakage of the containment is carried 
out close to position I. 

In the operating area, clean air is injected 
through grills almost at ceiling height in the 
wall at the back of the operator and is extracted 
at floor level at five separate points into an 
extract air duct. There are five air sampling 
locations in the area, the sampling heads being 
spaced at equal intervals of distance down the 
line and positioned 6 ft 6 in. above floor level. 
In addition, continuous samples are taken from 
the final, common air extract duct from the 
area. The results of a sampling programme 
carried out over a period of two months are 
shown in Table 3 below. 

The low levels of air contamination in this 
area demonstrate the effectiveness of the sealed 

76 68 9 

face concept. The similarity of the measure
ments at each sampling location, with no large 
day-to-day variations, probably indicates that 
the air contamination in this area has its ori
gin in very low levels of surface contamination 
on surfaces and clothing and that little or no 
direct transfer of activity occurs between the 
maintenance and operating areas. 

Area C. There are only two static air samplers 
in this area, one situated centrally and one 
close to the point where respirator facepieces 
are monitored after decontamination. Over a 
sampling period of six months, the mean air 
contamination levels measured at the two 
sampling positions were 4.2 and 1 d.p.m.fm 3 

respectively, the sampler immediate to the 
working position giving the higher result. 

The ventilation provided in this room con
sists of an extract from a central position in the 
room producing a modest eight air changes/hr. 
Thus the air is fairly static and variations in air 
contamination levels throughout the area are 
the consequence of a gradual dispersion of 
activity from the point of release. Under these 
conditions the difference between the value of 
air contamination measured at the two sampling 
positions is perhaps somewhat greater than 
might have been expected. 

Comment 

The pattern of results illustrated above is one 
of considerable variations in the levels of air 
contamination measured in working areas at 

Table 3. Mean Air Contamination Levels (d.p.m.fm 3
) Measured at Fixed Positions in the Operating 

Area of Area B 

Extract Duct Position 1 Position 2 Position 3 Position 4 Position 5 

0.2 0.11 0.23 0.2 0.17 0.23 
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sampling positions a few feet from each other. 
These variations are caused by local ventilation 
conditions and the nature of the work being 
carried out in the vicinity of the samplers. 

Averaged over long periods (of several 
months' duration) static samplers distributed 
within a particular laboratory generally produce 
results which do not differ from each other by 
more than one order of magnitude and agree
ment is often much closer. On the other hand, 
several orders of magnitude difference occa
sionally appear over single (8 hr) sampling 
periods under incident conditions. This sug
gests that air contamination can be highly 
localised, in which event a static sampler might 
measure air contamination which is unrelated 
to the level of air contamination to which the 
workers are exposed. 

3.2. Personal Air Samplers 

The doubts raised by the above evidence as 
to the adequacy of static air samplers for mea
suring environmental air contamination led to 
the development of a personal air sampler. 

The sampler consists essentially of a small 
diaphragm air pump which samples the atmos
phere at about 2l.fmin through a lin. diameter 
glass fibre filter paper contained in a sampling 
head. The sampling orifice is adjusted in size 
such that the linear velocity of sampling is 
equivalent to the mean air velocity during 
breathing. 

In the last two years a comprehensive experi
mental programme, utilising this personal air 
sampler, has been carried through at Windscale 
Works. The investigations have been made in a 
wide variety of working areas and laboratories. 
However, the results obtained in the three areas 
chosen to illustrate the significance of static 
air sampler results are used here because they 
typifY the data obtained in this programme. 

Area A 

During the same period for which static air 
sampler data were obtained, twenty operatives 
wore personal air samplers. Taken over the 
whole period, the mean exposures incurred by 
the operatives ranged from 12 to 320 d.p.m.Jm 3 

hr, per 8 hr "shift", giving a ratio of about 25 
between the exposures recorded for the highest 
and least exposed individuals. (In this paper, 

the term "exposure" refers to the integrated 
level of air contamination as indicated by 
measurements with personal or static air sam
plers.) It should be noted, however, that re
sults in the high exposure range were strongly 
influenced by one or two very high results. 
For instance, the most highly exposed individual 
received 80% of his exposure in a single working 
period, the remaining 20% being spread over 
19 similar periods. 

The personal air samplers invariably gave 
results significantly higher than the installed, 
static air samplers. Using the mean data from 
the five static samplers, the ratio of the inte
grated air contamination levels (P.A.S.JS.A.S.) 
measured in units of d.p.m.Jm3 X hours, varied 
between 2 and 27 with a mean value of 11. 

The ratios for single working periods, however, 
were spread over a much wider range of values; 
using the data from the personal air samplers 
and static air samplers giving the highest results 

d . h k' . d h . P.A.S. urmg eac wor mg per10 , t e ratio ---
S.A.S. 

varied from less than 1 to 500, with a mean 
value of 12. 

Another feature of these results is that the 

. P.A.S. h d . ratio s ows a ten ency to mcrease as 
S.A.s: 
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FIG. 2. Daily air contamination level by 
personal sampler d.p.m./m1 X hours. Highest 
values of personal and corresponding installed 

samplers in a plutonium laboratory. 
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the P.A.S. activity increases and this trend can 
be seen in Fig. 2. Here there is a wide scatter 

b I
. h . h . P.A.S. . . 

a out a me s owmg t e ratio S.A.S. mcreasmg 

from I to 100, as the personal air sampler re
results increase from 10 to 1000 d.p.m.fm 3 X 

hours. This relationship demonstrates clearly 
that even static samplers in close proximity to 
the source of release of plutonium to the opera
ting area are much less sensitive to changes in 
conditions than personal air samplers. Al
though not reported here there are similar 
results for Areas B and C, the only difference 

1 . . h b 1 al f th P.A.S. . ymg m t e a so ute v ues o e --- ratio. 
S.A.S. 

This ratio is likely to be influenced by a 
number of factors, including the nature of the 
work, normal chronic background level of air 
contamination, proximity of static sampler to 
the source of release etc. 

AreaB 

Personal air samplers were worn over a two 
month period by personnel operating the plant 
from the "clean" side of the sealed face. The 
mean level of air contamination as measured 
by these samplers was 0.8 d~p.m.fm 3 as com
pared with 0.2 d.p.m.fm 3 measured on the 

· 1 . P.A.S. . f 4 static samp ers, 1.e. a --
8
- mean ratio o . 

S.A .. 

AreaC 

Three workers engaged in check monitoring 
of safety equipment and monitoring instru
ments after a decontamination process, wore 
respirators over periods of 2 to 3 months. 

Analysis of this data is difficult because the 
workers were not all engaged on this work at 
the same time. Also the work was of an inter
mittent nature; often the three workers were 
only employed for one or two hours each day 
in the area. It is thus impossible to compare 
accurately the personal and static air sampler 
results. 

However, a number of deductions are possible 
from the data available. Even though these 
workers were employed on identical work, the 
mean air contamination levels as recorded by 
their personal air samplers varied by factors 
of two or three. In each case the personal air 

samplers indicated higher levels of air contamin
ation than the static samplers; the mean ratio 
of personal to static air sample activities ex

pressed in d.p.m.fm3 hr, was 5. The use of 
personal air samplers in fact demonstrated 
that conditions in this area were not satisfactory 
and led to the introduction of improved local 
ventilation. 

Discussion 

The most important fact which emerges from 
these measurements is that personal air sam
plers invariably indicate higher levels of air 
contamination than static air samplers. The 
explanation for this would appear to be that air 
contamination in operating areas is nearly 
always associated with the actions of individual 
workers, as opposed to unexpected malfunc
tioning of plant or equipment. Because of the 
nature of the work carried out on plutonium 
facilities, particularly during glove box opera
tions, this means that the contamination will 
initially be generated close to the worker, before 
being dispersed by the ventilation system. 
Hence, the personal air sampler, with its samp
ling head in close proximity to the operator's 
breathing zone should collect samples which are 
representative of the air contamination to which 
the worker is exposed. 

The inference to be drawn is that in some 
areas the measurement of environmental air 
contamination by static air samplers is an un
reliable technique. In Area A, for example, 
about 50% of personal air sampler results at 
the 1000 d.p.m.fm 8 X hours level coincided 
with static air sampler results not significantly 
different from the normal background level of 
air contamination in the laboratory. Most 
of these exposures would have remained un
detected if personal air samplers had not been 
worn, since there were no obvious causes for 
the exposures and the incidents did not reveal 
themselves by producing abnormal surface or 
personal contamination. 

On the other hand, there is some evidence 
from this area that for exposures of the order 
of 5000 d.p.m./m 3 X hours on personal air 
samplers there are likely to be significant in
creases in static air sampler results. Also, in 
Area B operating area the results obtained with 
static air samplers, suitably corrected by a factor 
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FIG. 3. Air sample measurements in a pluto
nium laboratory. 

of about 4 give reasonably reliable estimates 
of the exposure of workers in this area. The 
results obtained from the routine use of per
sonal air samplers in areas such as this would 
add little information to that obtained from 
static samplers. The personal air sampler re
sults for this area supplement the evidence 
from static air samplers in justifying the use 
of a sealed face, on major plutonium facilities, 
to isolate the operating area from the main 
plant. . . 

Both the static and personal air sample data 
are plotted on log probability paper in Figs. 
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ing plant. 

3 to 6 inclusive. In Area B operating area and 
in Area C the observations lie on a straight Une. 
demonstrating a true log normal distribution, 
The personal air samples from Area A, and the 
static air sample results for the maintenance 
area of Area B, however, show a deviation from 
a log normal distribution caused by a larger 
number of high values than would be expected 
from a log normal distribution of data. 

It is suggested that where the spread of air-
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FIG. 6. Air sample measurements in a de
contamination centre. 
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borne contamination is due only to abrasion 
of activity from contaminated surfaces, the 
observations are more likely to follow a log 
normal distribution. Such are the conditions in 
Area B operating area and Area C. In the other 

. two areas, however, the chronic air contami
nation pattern will be modified by infrequent 
incidents due to accident or mal-operation, in 
which more significant quantities of activity 
will become airborne. Most incidents of this 
nature· are caused by glove failures. The devia
tion of the data from log normal will be depen
dent on the frequency and magnitude of the 
"incidents" in each area. 

4. PARTICLE SIZE ANALYSIS 

4.1. Measurements of total air contamination 
in the breathing zone are not necessarily an 
accurate indication of the hazard to individuals. 
This is dependent oii a number of other factors, 
notably particle size and solubility in tissue 
fluids of the material inhaled. Investigations 
made to ascertain the size spectra of plutonium 
aerosols in operating areas at Windscale are 
described below. 

4.2. Method 

The activity size distributions of plutonium 
particles collected on filter samples were deter
mined using the autoradiographic technique 
described by Carter. <3 > In this method the 
alpha particle energy is converted to visible 
light by means of a zinc sulphide screen and the 
light output is recorded on a photographic 
plate. The zinc sulphide is spread over vinyl 
backed sellotape and placed in contact with the 
sample. A photographic plate is placed under 
pressure in contact with the screen and, after 
a suitable exposure time, developed and fixed. 
Plutonium particles on the sample produce 
black spots on the plate, the diameter of a given 
spot being indicative of the associated particle 
activity. Individual particles of known activity 
are used to calibrate the system. By using an 
enlarger to view the plate, the minimum detec
table activity size for an exposure of 104 min 
is about 0.01 d.p.m. The size spectrum of 
particles in a given area was determined by 
assuming that all particles assessed autoradio
graphically were of pure plutonium dioxide 
of density 11 ·4 gfml. 
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4.3. Personal air samples from Areas A and 
B have been analysed autoradiographically. 
Samples were taken in Area A during the manu
facture of 25% Pu0 2/75% U0 2 pellets. All 
personal air samples taken over a prescribed 
period were analysed and the results for samples 
indicating an integrated air contamination in 
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excess of 400 d.p.m.fm 3 x hours were analysed 
as a separate group. 

In the decontamination centre (Area C) the 
personal air samples associated with the opera
tors responsible for (a) the decontamination of 
respirator facepieces and (b) the monitoring of 
facepieces after decontamination, were analysed 
as two separate groups. The duties of both 
these operators were carried out in the same 
room. 

The results of these analyses can be seen gra
phically in Figs. 7 and 8. Median particle 
diameters have been converted to equivalent 
aerodynamic diameters by using a multiplying 
factor pi assuming a density of 11·4 g/ml. 

4.4. Discussion 

The particle size spectrum in both areas 
closely approximates to log normal. There is, 
however, some variation in the activity median 
aerodynamic diameter (A.M.A.D.) for each 
distribution. Analysis of the most active per
sonal air samples in Area A indicates an 
A.M.A.D. of 16-17 J.L· The A.M.A.D. based 
on analysis of all the personal air samples is 
9 p., thus indicating that high air contamination 
is generally associated with the presence of 
larger particles, rather than a general increase 
in the numbers of those normally present. How
ever, it should be noted that incident conditions 
are infrequent, and contributed only 7% of 
the total air contamination over the period of 
interest. 

In Area C the A.M.A.D. for the activity on 
samples associated with the operator carrying 
out the decontamination of respirator face
pieces is about 11 p. and, not unnaturally, some
what greater than the A.M.A.D. which is 
associated with the duties of monitoring decon
taminated facepieces (7 · 5 JL). 

The interpretation of these results in terms of 
relative hazard requires a knowledge of the 
deposition and translocation of particulate 
matter in the respiratory tract. The currently 
adopted maximum permissible concentration 
for insoluble plutonium in air (4 X 10-11 p.cfcc 

or 88 d.p.m.fm•) is based on an assumed 121% 
retention of inhaled activity in the lung and a 
biological half life of one year. A task group 
appointed by the International Commission 
on Radiological Protection (I.C.R.P.) has re-

cendy proposed a new lung model defining 
the deposition and translocation of particulate 
matter in the respiratory tract. <'> The model 
assumes a log-normal distribution of particle . 
diameters and a knowledge of the A.M.A.D. and 
the nature of the activity is all that is required 
to define the M.P.G. in air for a particular 
distribution. For average conditions in Area A 
for example (A.M.A.D. : 9 p.) the derived 
M.P.G. for plutonium dioxide in air is about 
250 d.p.m.fm 3

• Under "incident" conditions 
(A.M.A.D. : 16-17 p.) the M.P.G. rises to about 
350 d.p.m.fB. In Area C the M.P.G.'s associa
ted with the decontamination and monitoring 
of respirator facepieces are respectively 270 and 
220 d.p.m.fm 3

• 

Some caution is required, however, before 
applying the data in this manner. As has been 
remarked earlier, the technique of particle 
size analysis used in these investigations only 
measures the diameter of the radioactive com
ponent of the sample. Inert dust adhering to 
active particles is not detected, nor is uraniJ.Im · 
because of its low specific activity. Therefore 
unless pure plutonium oxide is collected, par
ticle sizes are likely to be underestimated. 

On the other hand, particle activities of less 
than 0·01 disintegrations/min (equivalent to 
pure Pu0 2 particles of 0·25 JL diameter, or 
0·85 JL aerodynamic diameter) were not detec
ted, mainly because of the limited exposure time 
of the sample papers (1 week). This will intro
duce an error leading to an overestimate of the 
A.M.A.D.'s. The error is unlikely to be serious, 
because of the large numbers of small particles 
required to make any significant difference to 
the A.M.A.D.'s. However, particle size investi
gations are now in hand, using longer exposure 
periods to reduce significantly the threshold 
detection level. 

5. CONCLUSIONS 

For each type of facility considered in this 
paper it has been demonstrated that static 
air samplers invariably underestimate air con
tamination levels in the vicinity of plutonium 
workers, as measured by personal air samplers, 
This is particularly true under "incident" con
ditions; our experience shows that individual 
exposures of at least 1000 d.p.m.fm 3 X hours 
might easily escape detection by static air 
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samplers sited in the operating area. There is 
limited evidence which suggests a much higher 
probability of detecting exposures greater than 
5000 d.p.m.fm 3 hr. Static samplers will give 
more representative results the nearer they are 
sited to possible releases. Unfortunately, it is 
often impossible to guarantee optimum siting 
of these samplers because of the ·numbers of 
individuals at work and their movements 

maintenance areas. The use of a fixed air 
sampler for this purpose is illustrated in Fig. 9. 

Since an instrument of this type samples on a 
continuous basis, all the air extracted from the 
area being monitored, it can also be used to 
establish trends in air contamination conditions 
in the area. 

To establish an accurate picture of the plu
tonium air contamination levels it is necessary 

Fw. 9. Extract duct air samples. 

around the plant. In these circumstances, a 
routine air sampling programme involving the 
use of static air samplers in the working area 
is of doubtful value. , 

On all plutonium plants there is a requirement 
for a monitoring system to give immediate warn
ing of abnormal air contamination. It has been 
shown that static air samplers sited in the gen
eral working area cannot be relied on to fulfil this 
function. This requirement .can best be met at 
the present time by sampling the air in the 
ducts which extract air from operating and 

. to use personal air samplers. Particle size analy
sis of a selection of the filter papers used in the 
personal air samplers can be carried out to deter
mine how these measurements should be modified 
to give a true picture of the inhalation hazard. 
A study of particle sizes on two plutonium 
facilities at Windscale, has indicated that mea
surements of total air contamination in these 
areas using personal air samplers are likely to 
overestimate the inhalation hazard. 

If the assessed concentrations of "respirable" 
activity are below the maximum permissible 
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concentration, it may be possible to dispense 
with the use of personal air samplm-s unless 
the duct samplers suggest a deterioration in 
working conditions. The use of personal air 
samplers is recommended during the commis
sioning of new plant as an aid to detecting weak
nesses in design or operation which lead to the 
release of plutonium to the working area. To 
enhance their usefulness in this respect, it would 
be advantageous if an audible alarm system 
could be incorporated in their design. Such a 
device, employing a semi-conductor detector 

FIG. 10. Personal air sampler, with alarm 
unit. 

mounted in front of the filter paper feeding a 
transistorised amplifier circuit activating a 
whistle alarm, is being developed at Windscale 
(see Fig. 10). This prototype instrument has 
been designed to alarm at an exposure greater 
than 400 d.p.m.fm 3 hr. 

Summarising, therefore, the evidence pre
sented in this paper suggests the following basic 
principles for an air sampling programme on 
plutonium facilities: 

1. Continuous sampling in extract ducts for 
the purpose of triggering alarm systems in 

the event of abnormally high air con
tamination, and for detecting trends in air 
contamination levels in working areas. 

2. Personal air samplers to be used for 
measurement of total air contamination in 
the breathing zone, in areas where static 
air sampling has been shown to give un
reliable or ambiguous results. They may 
also be used in the collection of samples 
for particle size analysis and other opera
tional investigations. 

3. Portable, or preferably "personal", air 
samplers with audible alarm level to 
investigate transient releases of activity
such devices will indicate the time of the 
release, the location of release and the 
operation which caused the release to 
occur. 

Finally, of course, although an effective air 
sampling programme is an essential part of the 
health physics monitoring programme on plu
tonium facilities, it must be emphasised that the 
ultimate test of the effectiveness of the control of 
plutonium exposures must be made by biolo
gical sampling, and personnel monitoring. At 
Windscale, there has always been a compre
hensive urine sampling programme backed up 
by faecal sampling where significant intakes 
have been suspected, and in common with other 
radiological protection groups we are developing 
techniques, using our whole body monitoring 
facility, for measurement of plutonium in the 
lungs. 

Despite the discrepancies that have been re
ported in this paper, between static and personal 
samplers, this biological monitoring has demon
strated that the design of our plutonium facili
ties and operational procedures have been effec
tive in controlling plutonium intakes to accep
table levels. The continuous development of 
improved air sampling techniques will reduce 
still further the possibility of individual plu
tonium exposures. 
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EXPERIENCE EN MATIERE DE RADIOPROTECTION 

TIREE DE 8 ANS DE FONCTIONNEMENT D'UN 

CENTRE DE PRODUCTION DU PLUTONIUM 

J. RODIER, J.P. CHASSANY, H. PEYRESBLANQ.UES, R. ESTOURNEL et R. COURT 

Centre de l.Ylarcoule, Service de Protection contre les Radiations 

Resu:m.e-Proteger le personnel et assurer la securite de la production sans l'entraver, telle 
est la tache d'un Service de Radioprotection. Dans le Centre de Production de Plutonium, 
les activites du Service de Protection contre les Radiations ont commence avec la divergence 
de la Pile G.l. Le developpement progressif du Centre a vu la mise en place d'equipes de 
controle dont le role est precise. Des consignes de travail en milieu radio-actif ont ete elaborees. 
Un programme d'education du personnel au moyen de conferences et d'affiches a ete mis sur 

pied. 
Les resultats atteints (repartition des doses d'irradiation externe, cas de contamination 

corporelle ... ) sont discutes. Ils montrent que !'exploitation d'un Centre Nucleaire peut se 
faire sans que la securite des travailleurs soit affectee. 

LoRS de la creation du Centre de Marcoule un 
des problemes qui s'est pose aux responsables 
du Commissariat a l'Energie Atomique fut celui 
de la radioprotection du personnel. Ce pro
bH:me etait particulierement important en rai
son des quantites considerables de matieres 
radioactives qui devaient etre mises en jeu, 
et de !'inexperience des agents qui, pour la 
plupart, avaient a travailler pour la premiere fois 
en milieu radioactif. Par ailleurs, la vocation 
industrielle du Centre imposait que la solution 
retenue ne cree pas une entrave a !'exploitation 
des installations. Enfin, Marcoule etant le 
premier centre industriel franc;ais de ce type, 
aucune experience anterieure ne permettait 
d'evaluer les risques d'irradiation ou de con
tamination auxquels serait expose le personnel. 

Ces risques sont d'ailleurs differents suivant 

c'est la contamination qui constitue le risque 
principal. 

Devant l'ampleur du probleme pose par Ia 
radioprotection du personnel, le choix a ete 
fait a Marcoule de confier celle-d a un Service 
de Protection contre les Radiations independant 
des services d'exploitation. Cette solution a ete 
retenue, car en confiant la surveillance radio
logique a des agents specialises disposant de 
moyens adaptes, elle decharge les equipes d'e:x:
ploitation de la lourde tache que represente les 
controles tant du personnel, que des lieux de 
travail et du materiel. En outre, la separation 
des equipes de radioprotection et d' exploitation 
evite que l'idee "production avant tout"" ne 
prenne le pas sur la securite. 

les installations: piles plutonigenes ou usine de MOYENS MIS EN <EUVRE POUR 

traitement du combustible irradie. ASSURER LA RADIOPROTECTION DU 

A proximite des piles, qui furent les premieres PERSONNEL 

installations franc;aises de la filiere graphite-gaz, Les premieres solutions au probleme de la 
c'est le risque d'irradiation qui est predominant. radioprotection ont ete apportees lors de la 
Par contre, dans l'usine de traitement du com- construction des reacteurs et de l'usine. Des 
bustible imidie ou transitent jou.rnellemenf sous protections imporfantes destinees a 'isoler les 
forme de liquides et de precipites des quantites parties les plus actives~'des installations des lieux 
de radioactivite depassant le million de curies, de travail habituels ont ~te mises en place, tout 
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en laissant des possibilites d'intervention a dis
tance. Les constructeurs ont egalement attache 
une importance toute particuliere a la surete des 
installations. Tout accident peut, en effet, modi
fier la securite des travailleurs et avoir des reper
cussions sur la continuite de la production. 

Les moyens d'action du Service de Protection 
contre les Radiations ont ete mis en reuvre pro
gressivement au fur et a mesure de !'entree 
en production des Ensembles Industriels. Les 
agents de ce Service sont charges, en particu
lier, de !'evaluation des differents risques radio
actifs presentes par les installations et du con
trole de !'irradiation et de la contamination 
eventuelles du personnel a la fin du travail. 
Cette surveillance est facilitee par la classi
fication des lieux de travail. Les conditions 
d'acd~s dans chacun d'eux etant definies de 
fa<;on stricte, !'exposition des travailleurs peut 
ainsi etre parfaitement controlee. Les doses in
tegrees par les agents sont par ailleurs surveil
lees grace aux detecteurs individuels, films ou 
stylos dont ils sont porteurs. L'utilisation 
generalisee de moyens de protection individuels 
(vetements, masques, etc .... ), adaptes aux 
differents risques permet une lutte effi.cace con
tre la contamination. 

Un autre element contribuant a reduire le 
danger d'irradiation et surtout de contamina
tion du personnel, est !'elimination des sour
ces inutiles. Ce travail, confie a la Section des 
Operations Radio-actives appartenant au Ser
vice de Protection contre les Radiations, con
siste essentiellement a decontaminer les locaux, 
le materiel ou les vetements et a evacuer les 
residus radio-actifs. Effectue par un personnel 
specialise d.isposant de moyens adaptes, il 
permet un confinement tres efficace de la radio
activite dans les parties les plus actives des 
installations. 

Par ailleurs, la prevention technique a ete 
completee par une prevention psychologique. 
Le personnel qui dans sa grande majorite 
travaillait pour la premierefois en milieu radio
actif etait partage entre la crainte et l'incon
science. Son education par des moyens audio
visuels (conferences, films, affiches, recueils de 
consignes) lui a permis de prendre conscience 
des risques reels que presente l'industrie nuc
leaire. L'experience montre que la securite 
en a largement beneficie. 

CONDITIONS NORMALES DE TRAVAIL 

A. Marcoule, dans les Ensembles Industriels ou 
sont manipules des produits radio-actifs, tous 
les lieux de travail ont ete classes en fonction 
des risques reels ou potentiels auxquels est 
expose le personnel qui y sejourne. Cette classi
fication a ete etablie en fonction des resultats des 
mesures effectuees par les agents de radiopro
tection. 

Les 480 lieux definis et caracterises faisant 
l'objet d'une surveillance permanente se repar
tissent de la fa<;on suivante: 

-10 lieux de classe l ou les debits de dose 
dus a !'irradiation externe ou a la contamina
tion restent inferieurs a 0, 75 mremsfh. 

-310 lieux de classe 2 ou les debits de dose 
sont compris entre 0, 75 et 2,5 mremsjh. 

-160 lieux de classe 3 ou les debits de dose 
sont superieurs a 2,5 mremsfh. 

Les lieux de classe 2 et 3 sont eux memes 
divises en 3 sous classes a, b et c, en fo~ction 
de la nature du risque, irradiation ou contami
nation. Les conditions de travail et les mesures 
individuelles a appliquer a l'interieur de chacun 
de ces lieux sont strictement reglementees, elles 
sont rappelees aux agents a l'aide d'affiches. ll 
est a noter qu'a la suite de toute variation du 
risque d'irradiation externe ou de contamina
tion, chaque lieu de travail peut etre declasse 
par les agents du Service de Protection contre 
les Radiations. 

L'experience montre que ce sont dans les 
lieux de classe 1 et 2 que sont situes les princi
paux postes de travail c'est-a-dire ceux qui 
exigent le temps de presence du personnel le 
plus long. Il s'agit en particulier des ateliers, 
des pupitres de commande ou de surveillance, 
des lieux de passage, des nefs piles, des labora
toires, etc. . . . Dans ces lieux, les debits de 
dose sont suffisamment faibles pour que, sans 
limitation des temps de sejour, les doses inte
grees restent inferieures aux valeurs permises. 

Les risques de contamination sont egalement 
tres fai~les en raison de la politique adoptee qui 
vise a eliminer toutes les sources inutiles et a 
decontaminer systematiquement le materiel 
et les locaux. Les dispositifS de ventilation, 
le cloisonnement des lieux de travail, les 
multiples controles effectues sur le personnel, 
!'utilisation de sas etanches fixes ou mobiles a 
la" sortie · des zones contaminees limitent la 
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propagation des produits radio-actifs. Le port 
d'un vetement de travail particulier, appele tenue 
universelle, peut etre complete par des survete
ments; il evite la pollution des effets personnels 
et la contamination -corporelle des agents. 
L'utilisation des appareils de protection res
piratoire est relativement peu frequente car les 
contaminations atmospheriques decoulant d'ac
cidents sont elles-memes tres rares. 

Ainsi, les conditions normales de travail dans 
les installations sont telles qu'il en resulte un 
risque tres faible. Pratiquement elles different 
peu de celles rencontrees dans d'autres industries. 

CONDnnONSDETRAVML 

EXCEPTIONNELLES 

Tous les travaux necessaires a !'exploitation 
des Ensembles Industriels du Centre de Mar
coule ne peuvent cependant pas etre effectues 
dans des conditions aussi favorables. En. effet, 
les installations ayant ete concyues selon le prin
cipe de !'intervention directe: les operations 
d'entretien, de modification ou de remplace
ment des appareils situes dans les parties actives 
des reacteurs ou de l'usine ne sont pas effectue 
automatiquement. L'exposition de certains 
agents a des risques d'irradiation externe ou de 
contamination plus cleves est done inevitable. 

Toutefois, ces expositions exceptionnelles 
n'ont jamais entraine, a Marcoule, de depasse
ment des normes de radioprotection en vigueur. 
Ces resultats ont pu etre obtenus par plusieurs 
moyens. D'une facyon generale, les installations 
ont ete prevues pour que les interventions dans 
les enceintes fortement . radio-actives puissent 
etre effectuees dans les meilleures conditions. 
La mise en place des dispositifs d'observation 
(hublots, periscopes, television) ainsi que d'ap
pareils de detection, permet une appreciation 
plus poussee du risque radio-actif et des travaux 
a executer. Le danger peut generalement etre 
ramene a un niveau acceptable grace a la 
decontamination prealable des circuits: les 
injections de vapeur et de reactifs sont couram
ment utilisees. L'isolement des appareillages 
par des blindages individualises facilite les 
interventions. Ainsi, dans l'usine, la separation 
est realisee au moyen de cellules independantes 
en beton dont un des c6tes est constitue par 
des briques amovibles en beton baryte. 

Enfin, ces operations etant etudiees a l'avance, 

des mesures sont prises pour que les doses inte
grees ou les contaminations corporelles restent 
inferieures aux normes en vigueur. Elles con
sistent essentiellement a mettre en place des 
protections supplementaires, a limiter le temps 
de travail, a rendre obligatoire le port de vete
ments speciaux ou d'appareils de protection 
respiratoire. 

A Marcoule, les travaux qui entrainent une 
exposition du personnel a un debit de dose 
superieur a 7,5 mremjh, sont consideres comme 
des travaux a caractere exceptionnel. lls sont 
reglementes de facyon tres stricte et ne peuvent 
etre realises qu'apres accord d'une autorite res
ponsable. Les conditions de travail sont, dans 
chaque cas, examinees par le Service de Pro
tection contre les Radiations; ceci en liaison 
etroite avec les exploitants pour que les risques 
restent aussi faibles que possible. 

Les travaux effectues dans ces conditions 
exceptionnelles sont de natures extremement 
diverses et leurs causes sont tres variees. Cer
tains d'entre eux, tels que prises d'echantillons 
particuliers, surveillance d'appareillages situes 
dans les parties actives des installations, font 
partie de !'exploitation des ensembles indus
triels. Ils sont toutefois peu frequents et n'en
trainent que !'exposition d'un nombre reduit 
d'agents. Cependant, la grande majorite des 
travaux effectues dans des conditions excep
tionnelles est constituee par des operations 
d'entretien, de remise en etat ou de modifica
tion des parties actives des installations ou dans 
des lieux devenus radio-actifs apres un incident. 
Leur du~ee est generalement plus importante et 
peut atteindre plusieurs mois. 

Parmi les travaux de cette nature, on peut 
relever quelques exemples: 

-Une intervention a l'interieur du caisson de 
la pile G.2 a ete effectuee apres quelques mois 
de fonctionnement a pleine puissance. Elle 
devait permettre une modification de la repar
tition du gaz caloporteur devenue necessaire 
apres la mise en evidence d'un point chaud dans 
le beton. Ce travail, tres particulier, a dure 
17 jours pendant lesquels 881 entrees dans le 
caisson ont ete enregistrees. Les doses integrees 
sont restees faibles. Pour les 7 agents les plus 
exposes, elles etaient comprises entre 750 et 1 
500 mrems. Aucune contamination interne n'a 
ete a deplorer. 
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-Les modifications realisees sur les echan
geurs des piles G.2 et G.3 constituent egalement 
un exemple typique des travaux effectues dans 
des conditions exceptionnelles. L'exiguite et 
l'encombrement des lieux rendaient les condi
tions de travail particulierement penibles. Le 
port d'un equipement vestimentaire complet 
etait impose par les risques de contamination 
importants. A. l'interieur des echangeurs, la 
contamination des surfaces etait de l'ordre de 
5.10-2 p.Cifcm2• L'efficacite des survetements 
en toile a ete telle qu'aucune contamination 
des tenues universelles n'a ete decelee, sauf 
lorsque des liquides contamines (huile) avaient 
souille les vetements aux coudes et aux genoux. 
Les seules contaminations corporelles observees 
ont concerne les mains, elles ont cede a de 
simples lavages. 

-A. la suite d'un echauffement accidentel du 
canal W. 19 E du reacteur G.2, les cartouches 
d'uranium, dont certaines etaient deteriorees 
n'ont pu etre dechargees par la voie normale et 
ont du etre evacuees par la face avant de la pile. 
Les barreaux d'uranium et les debris de gaine 
etant tres actifs, les risques d'irradiation etaient 
eleves. La mise en place a l'extremite du canal 
d'un conteneur blinde et !'evacuation rapide 
de tousles residus a permis au personnel d'effec
tuer cette intervention dans une ambiance 
generalement inferieure a 7,5 mremsfh. L'in
tervention a dure 1 mois et demi: les doses 
integrees n'ont pas depasse 800 mrems, et 80% 
d'entre elles ont ete inferieures a 150 mrems. La 
lutte contre la contamination a ete menee avec 
une extreme vigueur. De ce fait, pendant toute 
la duree des operations, les enregistreurs d'aero
sols radio-actifs n'ont jamais accuse une conta
mination atmospherique superieure a la C .. M.A. 

-A. l'Usine d'Extraction du Plutonium, une 
intervention a ete effectuee sur un dissolveur 
presentant une fuite au raccordement d'un 
tuyau. Les mesures d'irradiation au contact 
du dissolveur indiquaient des valeurs allant de 
1000 radsfh a 23,000 radsfh. Une decontami
nation interne par rint;ages acides et basiques 
alternes, suivis d'une decontamination externe 
du dissolveur, permirent de ramener les niveaux 
d'irradiation de 2 a 10 radsfh. Toutefois, ces 
debits de dose ayant ete juges encore trop 
eleves, des protections de plomb furent mises 
en place avant !'intervention. Le debit de dose 

auquel ont ete finalement soumis les operateurs 
a ete au maximum de 200 mremsjh. Une 
trentaine d'agents ont participe a cette inter
vention, aucun d'eux n'a re~u plus de 360 
mrems. 

-Un autre exemple peut etre trouve dans 
une fuite peu importante sur une batterie d'ex
traction presentant cependant une forte con
tamination a et en meme temps des debits de 
dose atteignant 8 radsfh. Grace a la mise en 
place d'ecrans de protection constitues par de 
l'eau et du plomb, !'irradiation a pu etre rame
nee a un maximum de 700 mradsfh. Par ail
leurs, les soudeurs s'exercerent prealablement 
sur une piece inactive identique de fa~on a 
accroitre la precision et la rapidite de leurs 
gestes. Dans ces conditions, les doses inb!grees 
sont restees inferieures a 50 mrems. 

Un grand nombre de travaux de decontami
nation destines au maintien de la salubrite des 
lieux de travail sont egalement effectues dans 
des conditions exceptionnelles. Cependant, les 
equipes qui en sont chargees etant constituees 
par du personnel entraine au travail en actif et 
disposant de moyens adaptes, les doses integrees 
sont faibles et les contaminations corporelles 
rares. 

-11 peut etre cite comme operation typique 
le demontage d'une installation de purification 
de plutonium desaffectee qui necessita l'en
levement du materiel en place (boites a gants, 
cuves, tuyauteries) et l'assainissement complet 
des locaux. Les travaux ont dure environ sept 
mois, et a leur terme, une nouvelle installation 
pouvait etre implantee dans les salles exemptes 
de toute pollution. Initialement la contami
nation de certaines surfaces etait de l'ordre de 
10-8 p.Cijcm2 avec des valeurs beaucoup plus 
elevees dans les circuits. Malgre les decoupages, 
le personnel a rarement travaille dans une at
mosphere contaminee a plus de I0- 2 Ci/m3 de 
plutonium. L'organisation rationnelle du chan
tier et le port d'appareils respiratoires bien 
adaptes, ont permis le deroulement des opera
tions sans qu'aucun incident individuel de 
contamination ne soit enregistre. 

Dans !'ensemble, les manipulations a carac
tere exceptionnel autorisees, pour un debit de 
dose superieur a 7,5 mremsjh, sont relativement 
nombreuses, mais la plupai't d'entre elles sont 
de courte duree. 
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Tableau 1. Travaux a Caractere E;ceptionnel 

Autorisations accordees pour une exposition 
du personnel a un debit de dose 

compris entre compris entre 
7,5 et 75 mremfh 75 et 750 mrem/h 

1959 196 
1960 583 
1961 1729 
1962 2445 
1963 2791 
1964 3773 
1965 3319 

Le nombre des autorisations accordees depuis 
1959 pour les travaux entrainant une exposition 
du personnel a des debits de dose compris entre 
7,5 et 750 mremsfh. est donnee par le tableau 1. 

Ainsi, le Centre de Marcoule a ete exploite 
pendant 7 ans sans qu'il ait ete necessaire d'ex
poser un seul agent a un debit de dose superieur 
a 750 mremsfh. Ce resultat a pu etre atteint 
bien que toutes les installations soient du type a 
entretien direct. Les autorisations accordees 
pour . des debits de dose compris entre 75 et 
750 mrems/h, relativement frequentes en 1959, 
ont diminue considerablement grace a !'ex
perience acquise dans la conduite des inter
ventions. Les 3319 autorisations accordees en 
1965 correspondent a un temps de travail total 
de 42.000 heures, ce qui represente environ le 
travail a plein temps de 20 agents, c'est a dire 
de moins de 1% du personnel du Centre. En 
fait, un nombre d'agents bien plus eleve y 
participe mais pendant des temps relativement 
courts. Il en resulte que chacun d'eux est 
expose a un risque faible. Par ailleurs, les 
debits de dose pour lesquels sont autorisees ces 
operations, ne se rencontrent qu'en des points 
bien precis des chantiers. Les agents n'y sont 
pas exposes de fa<;on permanente au cours de 
!'intervention. Les resultats dosimetriques man
trent que les agents qui ont participe en 1965 a 
ces operations ont re<;u des doses individuelles 
correspondant a un debit de dose moyen de 
6 mremsfh. 

Les agents exposes a un risque d'irradiation 
externe, c'est a dire tous ceux qui travaillent a 

67 
19 

111 
6 

11 
12 
0 

proximite des installations ou sont manipules 
des produits radio-actifs, portent en permanence 
un film dosimetre. La lecture mensuelle de ces 
detecteurs individuels permet done une compt
abilisation des doses integrees au cours des 
travaux effectues dans des conditions normales 
et dans des conditions exceptionnelles. Jusqu'en 
1961, les doses moyennes annuelles ont con
stamment augmente, pour atteindre a cette date 
la valeur d'environ 250 mrems. Depuis, elles 
se sont maintenues a ce niveau, en accusant 
cependant quelques legeres variations dues a 
!'importance et a la nature des grands travaux 
effectues. Le graphique en annexe indique la 
repartition des doses mensuelles integrees par 
les agents en 1965. Celles qui correspondent a 
des films ne presentant pas de noircissement 

10 
mE) Doses identiques aux temoins 

"'o 

0,1 

Dose, rems 

Fro. 1. Repartition des doses mensuelles 
relevee en 1965. 
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apparent representent 60% du total, 0, l% 
d'entre elles sont superieures a 0,3 rem, aucune 
ne depasse 1 rem. 

Le tableau 2 indique les doses moyennes an
nuelles qui ont ete calculees a partir des resul
tats de lecture des films depuis 1956. 

Tableau 2. Evolution des Doses Moyennes Integrees 
(Irradiation en profondeur) 

Annee 

1956 
1957 
1958 
1959 
1960 
1961 
1962 
1963 
1964 
1965 

Dose en mrems 

96 
30 

143 
176 
120 
271 
251 
269 
302 
243 

CONDITIONS DE TRAVAIL ACCIDENTELLES 

Parmi tous les accidents ou incidents qui 
peuvent survenir dans des installations nuc
leaires, certains n'affectent que le fonctionne
ment des appareillages. D'autres, par contre, 
entrainent egalement une elevation brutale et 
imprevue de la radio-activite des lieux de tra
vail. Dans ces deux cas, la remise en etat de 
fonctionnement du materiel fait generalement 
!'objet de travaux effectues dans des conditions 
exceptionnelles telles que celles decrites pre
cedemment. Du point de vue de la radiopro
tection, les accidents les plus importants sont 
ceux qui creent des risques radio-actifs nouveaux. 
En effet, ils peuvent entrainer une exposition 
externe ou une contamination. Cette exposi
tion inopinee decoulant de circonstances incon
trolees peut avoir des consequences graves. 

Les accidents qui ont ete enregistres a Mar
coule, depuis la mise en service des installations, 
n'ont jamais entraine une irradiation ou une 
contamination du personnel superieure aux 
normes en vigueur. Malgre cela, leur analyse, 
l'etude de leurs causes et de leurs consequences, 
ont permis d'ameliorer leur prevention et de 
mieux connaitre le risque lie a !'exploitation 
d'un centre nucleaire. 

Les reacteurs G.2 et G.3 en service a Mar
coule, sont refroidis par du CO 8 sous pression. 
Ce gaz est contamine par des produits d'activa
tion dont la dispersion en cas ce fuite peut pro
voquer un accident de pollution atmospherique 
auquel s'ajoute celui du a la toxicite propre du 
C0 2 • La detection de ces fuites, particuliere
ment dans les points bas des installations et dans 
les locaux mal ventiles, fait !'objet d'une sur
veillance permanente basee sur la mesure de Ia 
contamination radio-active et de la teneur en 
C0 2 de !'atmosphere. 

Parmi les accidents dus a une fuite de C0 2
, 

les plus frequents ont ete causes par la mauvaise . 
etancheite de soudures, de vannes ou de joints. 
Le plus important est survenu a !'occasion du 
chargement du combustible d'un reacteur. 
L'appareil utilise pour introduire les cartouches 
d'uranium dans la pile ne s'etant pas verrouille, 
le C0 8 a fui par !'orifice d'un canal. A. proxi
mite du lieu de !'incident, la contamination 
atmospherique a atteint des valeurs variant de 
5 a 60 CMA. La contamination du sol est restee 
inferieure a 5.10-Z p.Cifcm 8

• L'evacuation du 
personnel ayant ete immediate, aucune con
tamination individuelle n'a ete enregistree. 

Lors du demarrage des reacteurs, le transfert 
des cartouches irradiees s'effectue par gravite 
dans des conduits metalliques qui les achemi
nent jusqu'a l'appareil assurant leur mise en 
conteneurs. Ces installations sont situees dans 
des enceintes dont l'acces est habituellement 
interdit. Cependant lorsqu'une cartouche se 
trouve coincee a la sortie du canal, une inter
vention directe est necessaire. Bien que les 
manreuvres de dechargement soit alors inter
rompues, et malgre !'existence de dispositifs de 
securite, la chute inopinee de cette cartouche 
entraine une irradiation exceptionnelle du per
sonnel. Le temps d'exposition est tres court 
car la chute de la cartouche est rapide. Dans un 
cas de ce type, la dose integree par I' agent expo
se au debit de dose le plus eleve ( 150 rems/h 
environ) a ete de 450 mrems. Chacun des autres 
agents exposes a rel):u une dose de 50 mrems. 

Dans l'U sine d'Extraction du Plutonium· et 
ses annexes, laboratoires et Station de Traite
ment des Effluents, transitent journellement des 
liquides et des boues dont la radiotoxicite tres 
elevee est due a des produits de fission et a 
du plutonium. Malgre les moyens effi.caces et 
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couteux destines a confiner ces produits dans 
les parties les plus actives des installations, leur 
dispersion au hasard d'interventions ou en cours 
d'exploitation peut etre a l'origine d'accidents. 
En particulier, leur acidite provoque des pheno
menes de corrosion qui s'ajoutent aux causes 
habituelles des _fuites: joints defectueux, vannes 
non etanches, debordements, etc .... Les ejec
teurs a vapeur frequemment utilises sont, dans 
certaines circonstances, a l'origine d'une disper
sion de la radio-activite. 

A. !'occasion d'operations de transfert par 
siphonnage ou de mise en depression pour ef
fectuer des prises d'echantillons, des remontees 
d'activite dans les circuits de vide peuvent se 
produire malgre !'existence de pots de garde 
et de filtres. La contamination de ces Circuits 
pour lesquels une protec.tion n'a generalement 
pas ete prevue peut etre a l'origine d'accidents 
d'irradiation. u n accident de ce type a ete 
enregistre a !'atelier de concentration des pro
duits de fission. Cependant, malgre les debits 
de dose eleves (jusqu'a 720 remsfh), il n'y 
a pas eu d'incident d'irradiation car on se trou
vait dans une zone de travail occasionnel bien 
delimitee. 

Une dispersion des produits radio-actifs peut 
egalement se produire a !'occasion d'operations 
de demontage des circuits. Un tel accident a 
ete enregistre lors du decoupage d'une tuyau
terie contenant de !'oxalate de plutonium. Il 
a entraine une contamination atmospherique 
importante de plusieurs locaux qui a atteint en 
certains points la valeur ·de 4000 CMA. La 
decontamination des surfaces a exige 2 mois 
de travail. Grace a !'evacuation immediate 
des personnes presentes sur les lieux et au port 
du masque, cet incident n'a pas eu de conse
quences pour le personnel. 

L'etablissement d'une liste exhaustive de tous 
les accidents qui peuvent survenir dans des 
installations nucleaires est tres difficile. Les 
causes pouvant provoquer Ia dispersion de 
produits radio-actifs ou !'exposition du personnel 
a une irradiation elevee sont en effet tres 
nombreuses et varices. On . peut citer a titre 
d'exemple les accidents mineurs consecutifs au 
renversement de flacons, a la rupture de disposi
tifs d'isolement ou d'emballages d'objets con
tamines, a l'incendie de sas en vinyle .... 

Les accidents dus a des . defaillances du 

materiel ou des dispositifs de securite sont les 
phis frequents. L'importance des quantites de 
produits radio-actifs mises en jeu, !'utilisation 
de C0 2 sous pression dans les reacteurs, l'aci
dite des liquides manipules a l'Usine d'Extrac
tion du Plutonium constituent autant de fac
teurs d'accroissement des risques. Cependant le 
nombre des incidents a pu etre reduit d'annee 
en annee grace a une constante recherche de 
!'amelioration de la securite des installations. 
D'une fa<;on generale, un soin particulier a ete 
apporte au choix du materiel de maniere a 
avoir des installations robustes, d'une surveil
lance aisee et de reparation facile. Pour Iutter 
contre les phenomenes de corrosion, des aciers 
inoxydables particulierement resistants ant ete 
adoptes pour la construction des appareils les 
plus delicats. Les soudures realisees avec Ie 
plus grand soin font !'objet de contr6les radio
graphiques systematiques. Enfin, toutes les pre
cautions prises lors de la conception des instal
lations sont completees par de frequentes veri
fications de l'etat du materiel et par la mise en 
place de dispositifs de securite et d'alerte. 

Mais les accidents ne sont pas taus dus a 
des facteurs techniques. La defaillance du 
materiel ou d'une methode trouve: souvent son 
origine dans le comportement des individus et 
les consequences d'un incident peuvent etre con..: 
siderablement modifiees par des initiatives 
heureuses ou malheureuses. Dans l'industrie 
nucleaire les facteurs humains pouvant etre a 
l'origine d'accidents ne sont pas differents de 
ceux mis en evidence par les specialistes de la 
securite du travail classique. C'est pour cette 
raison qu'a Marcoule, la prevention technique a 
ete completee par une prevention psychologique. 
Grace a la mise en reuvre generalisee de moyens 
audio-visuels (conferences, films, affiches), la 
grande masse des travailleurs a pris conscience 
des risques reels que presente l'industrie nu
cleaire. Cette prevention psychologique est 
renforcee par la presence constante des agents 
de radioprotection parmi les travailleurs. 

L'experience montre que la securite a large
ment beneficie de tous les efforts depenses pour 
ameliorer la prevention. En analysant les re
sultats obtenus apres 8 ans de fonctionnement, 
il apparait que c'est une erreur de croire que 
le travail dans l'industrie nucleaire est particu
lierement dangereux. Les incidents survenus a 
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Marcoule n'ont jamais eu de consequences 
graves pour le personnel tant du point de vue 
d'irradiation externe que du point de vue con
tamination individuelle. Ainsi !'habitude est 
prise de developper immediatement le film 
dosimetre chaque fois qu'un agent est suppose 
avoir ete victime d'une irradiation accidentelle. 
Pour une centaine de lectures effectuees chaque 
annee dans ces conditions 85 n'ont donne aucun 
resultat significatif. Pour les 15 autres les doses 
lues-, generalement de quelques mrems, n'ont 
jamais depasse 3 rems. 

Les cas de contamination corporelle sont plus 
nombreux. Ils ont des causes tres diverses. Les 
ingestions ou inhalation de produits radio-actifs 
sont generalement consecutifs a un accident de 
contamination atmospherique ayant entraine 
!'exposition_ d'agents non equipes de masques. 
Les blessures et les brulures de tous types peu
vent aussi etre a l'origine de contamination 
interne. En particulier des piqures avec des 
aiguilles de prise d'echantillons ont ete enregis
trees a plusieurs reprises. 

Les contaminations externes sont dues, dans la 
plupart des cas, soit au manque de precautions 
des agents lorsqu'ils se debarrassent de leurs vete
ments, soit a des dechirures de gants. II y a lieu 
de signaler ici que les vetements de toile dont 
!'utilisation a ete generalisee constituent une 
protection particulierement efficace contre la 
contamination corporelle. IIs absorbent tres 
bien des projections de liquides contamines et 
leur port ne constitue pas une gene pour le 
personnel. 

En cas de contamination individuelle, de
tectee ou suspectee par les agents de radiopro
tection, les travailleurs sont diriges vers le bloc 
de decontamination du Service Medical qui 
est equipe pour appliquer des traitements effi
caces et pour effectuer des controles precis. 
Ainsi, les controles exceptionnels s'ajoutent aux 
controles systematiques et periodiques de !'en
semble du personnel du Centre. Jusqu'a main
tenant aucune contamination interne superieure 
aux Quantites Maximales Admissibles n'a ete 
enregistree, la plupart d'entre elles etant de 
l'ordre de la centieme de Q.M.A. 

CONCLUSION 

Malgre les quantites enormes de radio-activite 
manipulees, le Centre de Marcoule a pu etre 

exploite en restant largement au-dessous des 
limites fixees par les normes d'irradiation et il 
n'y a pas eu d'accident ayant entra.lne des 
consequences graves pour le personnel. 

Ces resultats sont peut-etre dus au facteur 
chance, mais aussi beaucoup a !'organisation de 
la radioprotection. La stricte definition des 
lieux et des conditions de travail, la reglemen
tation severe des manipulations considerees 
comme exceptionnelles des que le debit de dose 
depasse 7,5 mremsjh, la preparation des chan
tiers, !'education du personnel constituent au
tant d'elements favorables. 

Comme toute chose, la securite se paie. Elle 
est toujours le resultat d'une somme d'efforts 
patients et elle exige une infrastructure et du 
personnel. II devrait etre evident pour tous que 
son prix est moins eleve que la reparation des 
accidents qu'elle evite. Cependant les installa
tions de controle sont parfois jugees cheres et 
les effectifs indispensables pour la surveillance 
sont souvent trouves trop importants. Dans 
!'ensemble du Centre, nous avons de nuit, di
manches et fetes 24 agents de radioprotection 
presents en permanence, ce qui conduit, par 
le jeu de la releve des equipes, a un effectif de 
140 agents encadres par 4 ingenieurs. II est 
possible de discuter de la necessite de ce per
sonnel qui parait ne pas participer directement 
a la production. Les agents de radioprotection 
sont toutefois intimement meles a la vie des en
sembles industriels et leur influence est insepa
rable de !'experience acquise pendant c:es der
nieres annees. Quels auraient ete les ro;ultats 
en !'absence d'un systeme de radioprotection 
bien structure? II est evidemment difficile de 
repondre a cette question; cependant quelques 
remarques peuvent etre faites. Lorsqu'on parle 
d' evolution de la radioprotection, il est souvent 
fait appel a la notion de "protection indivi
duelle" ou d"'autoprotection". Pratiquement 
ceci revient a confier des responsabilires plus 
ou moins grandes au personnel d'exploitation. 
Cela suppose que l'on accorde une certaine 
confiance a la comprehension et a !'esprit de 
discipline des individus. Les resultats obtenus 
ne peuvent que dependre du bon usage que 
les agents feront de leur liberte. 

En fait pour pratiquer sans contrainte ce 
qui leur est recommande par les consignes, 
les travailleurs doivent avoir bien assimile les 
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risques radio-actifs et etre solidement eduques. 
Mais ce n'est pas seulement un probH:me d'edu
cation, c'est aussi une question d'individu. 
Ainsi, il semble qu'il soit plus facile de faire res
pecter les consignes en pays anglo-saxon qu'en 
pays latin. II est bien evident qu'une legis
lation reglementant la circulation routiere mais 
sans organisme de controle pour la faire res
pecter, tomberait inevitablement en desuetude. 
En radioprotection, !'evolution ne pourrait 
etre qu'identique; si l'on peut envisager de 

I.R.P~ VOL JI-G* 

diminuer ces controles, il n'est pas possible de 
les supprimer dans leur totalite. En ce qui nous 
concerne, environ le 1/6 du travail de nos 
equipes de radioprotection est constitue par 
la surveillance du bon respect des consignes. 
Certes, la suppression de ces controles pourrait 
conduire a une economie. II ne nous est mal
heureusement pas possible de preciser queUes 
en seraient les consequences sur le niveau de la 
securite. 



CONCEPTION ET EXPLOITATION DU TABLEAU DE 

CONTROLE DES RADIATIONS DU LABORATOIRE 

D'EXAMEN DES COMBUSTIBLES IRRADIES DU 

CENTRE D'ETUDES NUCLEAIRES DE SACLAY 

J. BERTRAND, Y. MARQUE et F. MATHERN 

Service de Protection contre les Radiations, CEA, Centre d'Etudes Nucleaires, 
Saclay, France 

Res~La mise en place et !'exploitation des dispositifs fixes de controle des radiations 
aupres du Laboratoire d'Examen des Combustibles Irradies de Saclay ont ete effectuees dans un 
double but: 

I. Evaluer avec toute Ia precision possible les niveaux de radiation et rassembler le maxi
mum de renseignements concernant le fonctionnement des installations de securite du labora
toire de fa~on a assurer la securite du personnel et des installations. 

2. En fonction des renseignements recueillis, etre en mesure de definir rapidement les condi
tions de travail pour les manipulations proposees par les utilisateurs, de fa~on a limiter au 
mieux les sujetions imposees par les imperatifs de radioprotection, ne pas ralentir les cadences de 
travail du laboratoire, et par Ia meme accroitre le rendement. 

Les controles automatiques et continus effectues sont de nature diverse: 
Controles de rayonnement (irradiation ambiante, contamination atmospherique, contamina
tion du personnel ala sortie des zones actives). 
Controle des acces aux zones actives. 
Controle des reseaux de ventilation. 
Controle des mouvements des convoyeurs d'elements combustibles dans les cellules fly. 

Detection des incendies eventuels dans les points importants du laboratoire (ligne a.fly, ligne 
fly, ventilations, tableau de contole). 
Controle du niveau des effiuents dans les cuves actives. 
L'ensemble de ces dispositifs de controle et de commande est regroupe dans la salle de 

Controle des Radiations du batiment. Un tableau de controle abrite la totalite des chaines 
electroniques de mesure et les appareillages d'enregistrement. Un tableau synoptique permet 
a tout moment d'avoir une vue d'ensemble sur les niveaux de radio-activite et sur Ia totalite des 
securites du laboratoire. 

Une camera de television, implantee dans la zone a acces reglemente, et telecommandee 
depuis la salle de controle, permet de suivre avec efficacite les manipulations d'introduction et 
d'extraction dans les cellules. 
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EVALUATION DU RISQUE INDIVIDUEL LORS DE 

CONTAMINATIONS ATMOSPHERIQUES .PAR 

LE PLUTONIUM 

J. POMAROLA, A. RISSELIN et P. FELlERS 

Section de Protection contre les Radiations, CEA, Centre d'Etudes Nucleaires, 
Fontenay-aux-Roses, France 

ResUJD.e--Le controle de la contamination atmospherique dans un laboratoire vise generale-
ment trois objectifs distincts: ·::;. 

1. Obtenir une alarme en cas d'incident de contamination atmospherique. 
2. Obtenir des prelevements representatifs pour evaluer le risque encouru par chaque agent 

present. 
3. Suivre !'evolution de la contamination au cours du temps. 

Le plus souvent, il n'est pas possible d'atteindre ces trois objectifs au moyen d'un appareillage 
unique, c'est pourquoi nous avons fait realiser d'une part deux installations pilotes destinees a 
l'alarme eta la mesure continue, d'autre part deux installations pilotes destinees a !'evaluation 
du risque individuel. 

Apres avoir indique les avantages et les inconvenients des appareils generalement utilises 
au CEA pour evaluer !'exposition du personnel, cette communication se propose de decrire 
l'une des installations pilotes realisees dans ce but et de faire le bilan des resultats obtenus, a pres 
une annee d'exploitation dans un laboratoire de Metallurgie du Plutonium. 

Grace a cette installation, nous avons pu mettre en evidence l'heterogeneite de la contamina
tion lors de plusieurs incidents. A cause de cette heterogeneite, le niveau du risque encouru, par 
le personnel, a differents postes de travail peut varier d'un facteur 200, ce qui necessite de dis
poser, dans le laboratoire, de nombreux points de prelevement. Cette multiplicite des points 
de prelevement permet en outre, eventuellement de confirmer ou de localiser l'origine de 
!'incident. 

Le coilt de cette installation a ete tres inferieur a celui de l'equipement, en appareils tradition
nels, qui aurait ete necessaire, pour obtenir des resultats comparables. 

Enfin une telle installation, peu bruyante et d'entretien aise, est mieux acceptee par les 
utilisateurs que les appareils traditionnels. 

Pour toutes ces raisons, nous avons decide d'equiper entierement, selon cette conception de 
prelevement, un nouveau b!timent de Metallurgic du Plutonium en cours d'amenagement. 
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VENTILATION SYSTEM FOR A RADIOMETALLURGICAL 

BUILDING. DESIGN, COMMISSIONING AND 

OPERATING INSTRUCTIONS 

M. A. CRESPI GONZALEZ 

Division de Ingenieria, Junta de Energia Nuclear, Ministerio de Industria, 
Madrid, Spain 

Abstract-The ventilation system of a radiometallurgical building, belonging to the Junta 
de Energia Nuclear of Spain, is described. The building is located at the Centro Nacional de 
Energia Nuclear Juan Vig6n of the Junta de Energia Nuclear in Madrid and is destined to 
house a 1000 Ci (1 MeV) fl-y metallurgical cell. This cell will be operated by the Metallurgy 
Division for dismantling experimental loops, handling irradiated materials, disassembling 
irradiated fuel elements and other operations. The hot cell will be mainly used for handling 
materials irradiated in the adjacent JEN-1 pool reactor. 

Design criteria of the ventilation system are shown in the first part of the paper. Zoning of the 
building according tO the contamination probability is indicated. A brief outline is given of the 
ventilation system design, with indication of the selected equipment to obtain these conditions. 

The cell filtration system is described in detail because of its importance in preventing out
leakage of contaminated dusts that may follow a failure of the ventilation system. 

The air flow control system and monitoring and warning equipment used are described. 
Finally the commissioning procedure and operating instructions are presented. 
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DISCUSSION 

w. N. SAXBY (U.K.): 

From his experience and measurements does Mr. 
Steele consider that it would be practicable to handle 
long irradiated plutonium in quantity by using a 
combination of (a) local shielding, both against 
neutrons and Xfy radiations around apparatus 
within the glove-box and (b) distant handling by the 
use oflong manual handling tools. This if practicable 
would give flexibility and be less expensive than the 
complicated automatic handling systems. 

I would also like to ask what instruments Mr. Steele 
used for measuring the neutron dose rates in arriving 
at his personal exposures. 

T. A. STEELE: 

Fabrication of small amounts ( < 10 kg/year) of 
recycled plutonium would be possible under local 
shielding conditions using careful planning. Fabrica
tion of large amounts ( > 100 kg/year) of recycled 
plutonium having an isotopic composition of 0.1 
wfo Pu238

, 34.9 wfo Pu 2 ~ 9 , 35 w/o Pu 240
, 10 wfo Puw 

and 20 wfo Pu200 would require automated fabrica
tion and inspection techniques. 

As for the method we use for neutron personal 
monitoring, at Argonne the Kodak NT A neutron 
film is used; however, in the plutonium facility the 
energy and intensity of the neutron background are 
not sufficient to make the film useful. At the pluto
nium facility, neutron exposures are assigned as a 
function of the neutron backgrounds, working times 
and the gamma radiation exposures. 

D. K. CRAIG (S~uth Africa): 

It seems to me that very little airborne plutonium 
has any chance of reaching the functional areas of the 
lung. Do you not think that it would be more appro
priate to use a respirable fraction sampling device (a 
size selection sampler) for your personal air sampler? 

What is the source of the relatively high levels of 
airborne Pu that you have reported, apart of course 
from glove fractures and other breaks in the s1rals of 
your glove-boxes or contaminants? Finally, have you 
attempted to make any correlation between the 
results obtained n the personal air samplers and the 
results of analyses for the plutonium content df urine 
samples and, if so, what are the results? . · 

s. T. HERMISTON: 

I. The particle diameters that I referred to in my 
talk were the activity median aerodynamic diameters 
(A.M.A.D.). This is the most appropriate unit of 
measurement if we are interested in the amount of 
deposition in the lung. For instance, the ICRP Task 
Group on Lung Dynamics has proposed a lung model, 
which allows deposition patterns to be assessed from a 
knowledge of the A.M.A.D.'s. For comparison with 
our own results, this Task Group suggests a A.M.A.D. 
of li-t to be used, if the actual A.M.A.D.'s have not 
been determined by practical measurements. 

2. It would seem to me that a size selection samp
ling device might well be used, particularly if air 
contamination levels are approaching maximum 
permissible concentrations. We are looking into this: 
our difficulty at the present time is that I am unaware 
of any size selection device which closely matches 
current lung deposition models. In many areas where 
air contamination levels are well below the maximum 
permissible concentration, measurements of total air 
contamination will be sufficient to demonstrate that 
working conditions are satisfactory. 

3. The main source of plutonium air contamina
tion in working areas, is leakage of activity through 
gloves. For this reason, on our major plutonium pro
duction facilities we have eliminated the use of gloves, 
by the use of a "sealed face"' and provide completely 
separate ventilation for maintenance and operating 
areas. 

4. We have not yet attempted to correlate. the 
results obtained with personal air samplers, with 
plutonium in urine measurements. When ."in
soluble" plutonium is being handled, faecal measure
ments made during the first four days following a 
possible exposure are the most profitable to make. 
However, due to the difficulties of collecting much 
samples, we have no detailed results to report. · Mr. 
Johns, from Winfrith, has carried out such sampling 
programme, and may wish to comment. 

T. F. jOHNS (U.K.): 

We have considerable information on the relation
ship between the readings of personal air samplers 
and subsequent excretion in urine and faeces·. We 
have, at Winfrith, an area in which large (tonne), 
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quantities of PuOJU0 1 fuel elements are manu
factured in a large number of free-standing glove
boxes. Our experience is that there is no chronic con
tamination of the air; . the exposure of individuals 
arises from a small number of discrete incidents, in 
most of which Pu0 1 is released to the air as the result 
of damage to one of the gloves. The airborne con
tamination is very localised in both space and time, 
and usually only the individual working at that 
particular glove-box is significantly exposed. In 
most of these incidents we find good agreement be
tween the estimate of personal exposure made from 
the personal air sampler, on one hand, and from 
faeces measurements on the succeeding five days, on 
the other. This confirms that the personal air 
sampler does give a good measure of the amount of 
plutonium inhaled. On the other hand we have 
found little or no plutonium in the urine of such 
individuals, and this urine data strongly suggests that 
only a small proportion of the Pu01 initially taken 
into the body is retained in the lungs. This confirms 
Dr. Craig's suggestion that these gross measurements 
of intake lead to an over-estimate of the hazard 
(because of the large particle size of much of the 
aerosol). 

There is one other point to which I would draw 
your attention. Although our experien~e shows that 
normal installed air samplers usually lead to a gross 
underestimate of the exposure of individuals, we are 
hopeful that a new air sampling system which we have 
recently installed will obviate the need for many 
personal air samplers. This system, which is demon
strated outside this hall, provides an air sampling 
point near the operating face of each glove-box, and 
gives an alarm in case of unusually high airborne 
levels. 

D. C. LAWRENCE (U.S.A.): 

1. What type of filter media are used and how are 
they counted? 

2. How do they propose to solve the Radon-Thoron 
problem for their personal-alarm type air sampler? 

3. Why do they use glass filter paper?· 

S. T. HERMISToN: 

1. We use glass fibre papers. The detector in the 
personal sampler with alarm is a semi-conductor. 
However, for accurate assessment of the filter papers 
from the sampler we allow 72 hr to elapse from the 
end of sampling to allow daughter products of radon 
and thoron to decay. We then assay the papers using 
scintillation counters. 

2. Whether we need be concerned about inter
ference from natural activity on the P.A.S. with 
alarm, depends on the alarm setting. When the con-

tamination is "insoluble" plutonium oxide, with a 
relatively high MPC in air, this interference is not 
important. On the other hand, if the contaminant is 
soluble plutonium with an MPC in air only 1/20 of 
that for insoluble plutonium, then it is possible that 
alpha energy discrimination might be used to achieve 
a desired sensitivity. 

3. The glass fibre paper that we use has a very good 
efficiency over all particle sizes of interest. I will be 
pleased to supply you with the specification for this 
paper, if you wish. 

M. GruBILEO (Euratom) : 

Vorrei sapere se i dati di dosimetria esterna esposti 
nella tabella si riferiscono a dosi alfa oppure aile 
comuni dosi beta-gamma globali. 

J. CHASSANY: 

Les doses integrees citees sont des doses "en pro
fondeur" indiquees par les films dosimetres. 

HUB. WJIKER (Netherlands): 

In Fig. 2 I noticed the following sequence in the 
colours used when going from a less dangerous to a 
more dangerous zone: white, blue, green, yellow, red. 
My question is: why has green been taken for a more 
dangerous zone than blue and not the other way 
round? We are accustomed to the use of green for 
safety, e.g. in traffic. 

J. CHASSANY: 

Les zones de travail sont definies dans le Dictionnaire 
des Sciences et Techniques Nucleaires, 1963. 

C. 0. WIDELL (Sweden) : 

I would like to answer your question about the 
colour code. This is a code adopted by ISO and 
almost adopted by the Committee ISOfTC 85/SC 2, 
Radiation Protection. Green for safety and red for 
danger. 

S. A. KHAN RANA (Pakistan): 

The speaker has pointed out that there were no 
cases of internal contamination. Could I ask him the 
criteria on the basis of which this conclusion was 
arrived at and which particular group of workers was 
subjected to the examinations? 

J. CHASSANY: 

Le personnel affecte aux Ensembles Industriels est 
controle systematiquement par le Service Medical. 
Ces controles consistent en des examens spectro
metriques pour le depistage des contaminations {1 y et 
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concement l'ensemble du personnel. Les controles 
de la contamination interne a sont pratiques sur les 
travailleurs de l'Usine d'Extraction de Pu et com
prennent des prelevements d'urine. Par ailleurs le 
Service de Protection contre les Radiations a la 
possibilite de detecter une contamination des son 
origine dans taus les Iieux frequentes par le per
sonnel. Si, a la suite de ses controles, il estime qu'un 
agent a pu ~tre expose ille dirige immediatement vers 
le Service Medical qui procede alors a des examens 

particuliers. 

R. BAZIRE (France) : 

Dans quelle mesure les appareils de prelevement 
tiennent-ils compte de la granulometrie du Plutonium? 

j.POMAROLA: 

Nous avons deux types de circuits dans !'installation 
en vue du controle de la contamination du Pu !lSD: 

1. Ceux qui permettent d'obtenir une alarme et 
une mesure en continu de la contamination. 

2. Ceux qui permettent d'obtenir une evaluation 
de la dose r~ue au paste de travail, par des preJ.eve
ments continus sur filtre. Dans Ies deux cas nous 
tenons compte de la granulometrie: 

1. Les appareils d'alarme par impacteur ou sur 
filtre. 

2. Les filtres utilises sont des filtres en papier alpha 
et fibre de verre dits "absolus" dont l'efficacite est de 
99,98% pour des aerosols de 0,3 p., en moyenne, mais 
qui peuvent arr~ter aussi des poussieres de 0, 1 JL· 

M. GIUBILEO (Euratom): 

A proposito delle determinazioni granulometriche 
sull'aria contaminabile da plutonic, vorrei conoscere 
se ritiene sufficiente per il controllo del personale 
l'efficienza dei filtri fino a 0,3 micron di diametro. 
Tenendo canto che generalmente le particelle piu 
fini di 0,5 micron costituiscono Ia meta della quantita 
totale, esse sono le piu interessanti dal punto di vista 
tossicologico, anche per Ia possibilita di una solubiliz-

zazione nei liquidi biologici e di un passaggio nelle vie 
linfatiche. 

J. PoMAROLA: 

J e ne crois pas que nous puissions repondre de 
maniere complete ala question qui vient d'~tre posee, 
parce que cela nous entrainerait dans un debat 
extr~mement long. Ce que je peux dire c'est ceci: 
lorsque je dis que les poussieres, les aerosols retenus, 
ont une dimension de 0,3 micron, il s'agit d'une 
dimension moyenne. Les filtres sont capables 
d'arr~ter des poussieres jusqu'a 0, I micron, mais ils 
sont presque totalement ef!icaces pour les poussit!:res 
de0,3 micron, tandis que Ie pourcentage des poussieres 
de 0, I micron arr~tees est beaucoup plus faible. On 
peut admettre que 99% des poussieres de 0,3 p. sont 
arr~tees mais non pas celles de 0,1 p.. Nous avons fait 
des experimentations a Ia fois sur des aerosols liquides 
et sur des aerosols solides par emission dans des 
installations et cela nous a permis de determiner quel 
type de filtres ii fallait adopter pour Ies pr6levements 
et que! type d'appareillage pour les alarmes. Nous 
nous sommes arretes, pour Ies installations de radio
metallurgie, aux impacteurs, puisque la nous nous 
trouvions exclusivement en presence de poussieres 
solides d'une certaine granulometrie. Pour Ies autres 
Iaboratoires, en particulier les laboratoires de radio
chimie nous utilisons des filtres absolus. 

D. K. CRAIG (South Africa): 

If I understand correctly, Mr. Pomarola said that 
his particles had a mean size of 0.3 p. physical dia
meter. I would like to emphasize that it makes litde 
sense to talk of an 0.3 p. diameter plutonium particle 
in terms of its inhalation hazard to man, as this is 
equivalent to an aerodynamic equivalent sphere of 
about 6 microns, which has litde chance of reaching 
the functional areas of the lung or of staying in the 
body for a long enough time to present a hazard. I 
think that it is very important to attempt, in our air 
sampling, to determine the respirable fraction of the 
aerosol of interest by using some sort of size selection 
sampler. 



EXPERIENCE WITH THE USE OF A CONTINUOUS ALPHA 

AIR MONITOR, USING LARGE AREA PROPORTIONAL 

COUNTERS AND AN IMPROVED PSEUDO COINCIDENCE 

CIRCUITRY 

J.P. V AANE and E. M. M. DE RAS 

European Transura~ium Institute (Euratom), Karlsruhe 

Abstract-The construction of a continuous alpha particulate air monitor is described and 
experience during one year of sampling air from active glove boxes is discussed. 

The detection of alpha contamination in the presence of natural radioactivity uses the prin
ciple of counting pseudo-coincidences between the beta-disintegrations from RaC (or ThC) 
and the alpha disintegrations from RaC' (or ThC'). 

Compared with earlier instruments, ·.ll second pseudo-coincidence circuit has been intro
duced, in which the alpha-pulses arrive 350 p.Sec later than in the first one. 

Thus the chance coincidences can be subtracted from the total coincidences, making the 
instrument very insensitive to changes in the equilibrium between the various radioactive 
natural daughter products, as well as to a background of beta radiation. 

A sensitivity of6 X 10-12 Ci hr m-8 (3 rope hr) has been obtained under normal conditions 
of ventilation. 

1. DETECTION PRINCIPLE 

The use of pseudo-coincidence counting to 
measure alpha contamination in the,;presence 
of natural radioactive daughter products of 
radon and · thoron in the air of nuclear installa
tions is of course not new. <1> The method 
depends upon the following facts: 

(a) In the decay chain of radon daughter 
products (Fig. 1) an alpha disintegration 
from RaC' ( 114Po) follows the beta 
disintegration of RaC (114Bi) within 
160 p.sec, with a probability of 50%. A 
similar sequence of events exists in the 
thoron series CmBi~ 212 Po; T 112 = 0·3 
p.sec). 

Because of the very short time interval 
between these beta and alpha disinte
grations, the events are called pseudo
coincidences. 

(b) When the "total alpha count rate" 
( atot) and the "pseudo-coincidence alpha 
count rate" (apsco) are determined from 
filters containing dust sampled from air 
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FIG. 1. Daughter products of radon and 
thoron. 
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f3 

Detector unit 

FIG. 2. Block diagram of the instrument. 

which is free from radioactive contamina
tion, the fraction 

K = atot 

apsco 

does not vary much under the usual 
circumstances of ventilation in a nuclear 
installation. 

Therefore, taking an average value of 
K, the alpha count rate from contami
nation can be derived from 

llcont = atot - K · apsco. 

2. DETECTION SYSTEM 

A diagram of the detection system is shown 
in Fig. 2. 

2.1. The detector unit consists of a sandwich of 
3 proportional counters of which only two, the 
a- and the {l,y-detector, are used for our pur
pose. The counting gas is a mixture of 90% 
argon+ 10% methane; window size 25 X 25 
em, thickness 0·9 mg/cm- 2

• 

A 20 em 0 glass fibre filter is positioned a few 
mm from the window of the alpha detector. 

A second window of 10 mg em -a separates 
the a-detector from the {l,y-detector. 

The preamplifiers, and the filter housing, are 
contained in this same unit (Fig. 3). 

FIG. 3. The detector unit with the 20 em 0 
filter shown in the position ready to be changed. 
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An important advantage compared with 
instruments using scintillators is the fact that, 
in our case, both detectors are situated on the 
same side of the filter. This simplifies the solu
tion of the problem of obtaining a homogeneous 
distribution of dust on the filter. 

2.2. The electronic system contains a conven
tional pseudo-coincidence unit [psco ( 1)], in 
which every beta pulse opens an electronic gate 
for 300 p.sec. 

All the alpha pulses are fed into this unit 
which only passes those which arrive within 
the 300 p.sec opening period. All air monitors 
described in the literature use the pseudo
coincidence principle to derive the factor K, 
and thus the acont from a.psco. 

However, the number of counts, apsco (total), 
through the gate of psco ( 1) consist of two cate
gories: 

(a) the real apsco, 

(b) the chance coincidences ( a1), cons1stmg 
of alphas not originating from 214Po (or 
212Po), but incidentally arriving at the 
gate during the opening period. 

The number of these coincidences depends on 
the a and f1 count rates and the opening time 
of the gate. 

It is obvious that the presence of a1 results 
in an underestimation of possible contamination. 

To avoid this, a second pseudo-coincidence 
unit [psco (2)] parallel to the first has been intro
duced in this instrument. Every alpha pulse fed 
into [psco ( 1)] is also fed into this second unit, 
but after a delay time of 350 p.sec. Thus, the 
alphas which pass this second 300 p.sec gate 
are (statistically) only chance coincidences. 
They are, therefore, subtracted from apsco (total) 
in a differential unit. 

The resulting apsco count rate is fed into the 
unit marked "lin" into which atot is also fed. 
In this unit the following equation is computed: 

atot acont 
-- apsco =--
K K 

The factor K can be chosen by varying a 
potentiometer. 

The result is shown on a count rate meter and 

d acont • d d Al atot an K are reg1stere on a recor er. arm 

. f acont 
can be g1ven at a preset cou~t rate o K. 

The electronic equipment with the registra
tion unit (Fig. 4) has been placed in a second 
rack, which is situated in a central control room. 

Fm. 4. Cabinet containing, from top to 
bottom: (a) Alarm indicator unit. (b) Regi
stration units. (c) Ratemeters. (d) High voltage 

supply units. 

3.RESULTS 

A monitor of this type has been used for one 
year to monitor the air coming from 150 con
taminated glove boxes before it enters the final 
absolute filters in the ventilation stack. The 
air from every box passes through 2 absolute 
filters before it reaches the sampling point. The 
sampling rate is 25 m 3 hr-1• Figure 5 shows a 

plot of atot (on the right) and a~nt. The value of 

K was obtained from the measurement of atot and 
apsco and set to a fixed value of 3.8. The glove 
box ventilation rate was reduced to half the 
normal rate of 10 changes per hour, for the 
period shown on the diagram. It is clear that 
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this has practically no influence on the average 
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Calculation shows that with normal ventila
tion, assuming atot = 160 cpm and apsco = 40, 
then a change in K from 4 to 4 · 4 gives a simu
lated acont of 16 cpm. 
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4. SENSITIVITY 

The sensitivity of the instrument, which is 
approximately 3 mpc hr (1 mpc = 2 X 10-12 

Ci m -a) can be calculated from the following 
data: 

An 1 . facont (a) a arm settmg o K = 16 cpm, and 
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Fxo. 6. Recorder traces, showing contamination of the sampled air coinciding with an 
increase of atot, the latter being due to a decreased ventilation rate. 
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an RC-time constant ('r) of 2 min, have 
been chosen for practical reasons (no 
false alarms, reasonable statistics). 

(b) Counting efficiency= 20%. 
(c) Air sampling rate 25 m 3 hr-1. 
(d) K = 3·8. 

Substituting the corresponding values in the 
formula 

[cpm] 

[dpm] 

[cpm] 
acont 

[dpm] [Ci] • [ms]-1 [ms]' 

X [ Ci ] X [mpc] X [hr] 

we obtain a sensitivity of2.8 mpc hr. 

With aT = 2 min, ac;nt reaches 99 ·9% of its 

final value in 14 min. Thus 14 min is the limi
ting time period in which an alarm can be 
obtained for a contamination of 2.8 mpc hr. 
This corresponds to 12 times the mpc during this 
period. 

The fact that the contamination usually con
sists of several small particles, which will not 
be deposited simultaneously on this illter is 
not taken into account in this calculation. In 
reality therefore the sensitivity may be slightly 

less than 2.8 mpc hr. Figure 6 shows the re
corder traces taken after a small leak had oc
curred in one of the glove box filters. The 
diagram shows clearly that atot cannot be used 
with sufficient sensitivity for alarm purposes. 
(The increase in atot is due to a decrease in 
ventilation rate during this period.) 

Measurement of the filter (after 8 days) 
showed an alpha count rate of 120 cpm (5 
mpchr). 
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Abstract-A rapid increase of the amount of plutonium to be handled in our Institute has 
accelerated the need for preparation of wound counters capable of detecting at least a fraction 
ofMPBB (40 nCi) in a plutonium contaminated wound. 

Two kinds of wound counters, a xenon gas-filled proportional counter and a cesium iodide 
crystal scintillation counter, were constructed and their characteristics were examined. The 
minimum detectable amount for the former was 5.5 nCi and that for the latter was 0.83 nCi 
when the plutonium was imbedded 6 mm under tissue and the window of the detector was 
positioned at 3 mm above the skin surface. In order to determine the location of plutonium, 
a 0.1-mm-thick lead plate and a lead-impregnated flexible material were prepared. 

The method of determination of the effective depth of contaminants is discussed below 
mainly for the cases of pure plutonium and plutonium with an unknown content of americium 
in the wound. Furthermore, we have shown that the depth distribution of the contaminants 
can be obtained in fairly good agreement with the actual distribution by the method of expan
sion of source distribution using the orthonormal function series method. This method will be 
valid provided the contaminant lies continuously in the wound. 

1. INTRODUCTION 

Following the rapid increase of the amount 
of plutonium handled in the plutonium labora
tory in our Institute, the preparation of wound 
counters has become an urgent necessity in 
order to determine the location, the depth and 
the amount of plutonium in wounds when such 
an accident occurs and surgical excision of 
skin and tissue is required. It is necessary to 
detect at least a fraction of the maximum per
missible body burden (MPBB = 40 nCi) in a 
plutonium contaminated wound; without cut
ting or probing, in order to aid the decontam
ination operation and the medical treatment 
of personnel who sustain such injuries. Similar 
counters, especially the scintillation types, were 

emitted from plutonium. A cesium iodide cry
stal scintillation counter was also examined to 
determine the effective depth using L-X and 
y-radiation. Other characteristics of these two 
counters were compared. 

In order to determine the location of con
taminants, a 0.1-mm-thick lead plate or a lead
impregnated flexible material were prepared to 
perform grid surveys. A transparent material 
is preferable. 

Furthermore, the development of a code for 
computing the depth distribution of contami
nants in a wound was carried out by means of 
an expansion of the source distribution using 
the orthonormal function series method. < 5 > 

already developed in several other countries. (1-4) 2. EXPERIMENTAL ARRANGEMENTS 

But, considering the cases of pure plutonium A proportional type detector, Aloka PC-101 
or unknown content of americium in plutonium Xe tube filled with xenon gas containing 10 
to be handled, a xenon gas-filled proportional per cent methane gas under a pressure of 32 
counter was examined to determine the effec- em Hg and having a 1.8 mgfcm 2 mica window, 
tive depth of contaminants in wounds using the was used. The mica window was, covered by 
photopeak ratio of L,.-X and Lo-X rays an aluminium foil with sufficient thickness to 
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cut off a-rays emitted by plutonium. The sen
sitive volume of the counter is 24 mm (diameter) 
X 100 mm. 

The scintillation type detector probe assem
bly contains a cesium iodide scintillation c,rystal, 
I in. in diameter and 1 mm in its thickness 
with an aluminium foil having sufficient thick: 
ness to cut off a-rays. The crystal was mounted 
on a Toshiba 7696 photo-multiplier tube. 

These detectors were used together with a 
TMC 400 channel pulse height analyzer. 

In both cases L-X rays produced by the 
internal conversion of 37- and 51-keV gamma 
radiation associated with the alpha decay of 
plutonium-239, the energy ranging from 13.6- to 
20.5-keV and having an emission rate of 3.8% 
against alpha decay, were used because the 
51-keV gamma-ray was difficult to detect. 

Acryl acid resin plates having various thick
nesses and with specific gravity in the range 
1.16-1.2 were used as tissue equivalent material 
instead of human tissue to measure the absorp
tion curves of the X-rays and thus assess an 
effective depth of plutonium in tissue. 

The standard source of plutonium-239 made 
in the Radiochemical Centre (RCC) in England 
having activity equal to (8.897 ± 0.01) x 10-a 
p.Ci and distributed on a platinum plate for 
about 3 mm in diameter, and a standard source 
of americium-241 made in the radiochemical 
laboratory in JAERI having the activity of 
0.5 p.Ci in alpha decay were used. 

3. RESULTS AND DISCUSSIONS 

3.1. Proportional Counter Method 
A plateau curve and a background counting 

rate of the xenon gas-filled proportional counter 
were measured using an am.ericium-241 stan
dard source in order to obtain an adequate 
working high voltage with background counting 
as low as possible, as shown in Fig. 1. From 
Fig. 1, the working high voltage of 1600 V was 
selected, the background counting rate for the 
whole energy range being about 54 cpm. 

Figure 2 shows the relationship between the 
channel number of the multichannel pulse height 
analyzer and the X-ray energy when the xenon 
gas-filled proportional counter was operated 
under the' high voltage of 1600 V. Standard 
sources of barium-133 and selenium-75 were 
used to plot the c~rve. · 
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FIG. I. Plateau and background curves of 
Xe gas-filled proportional counter. 

Figure 3 shows the X-ray spectrum of plu
tonium-239 obtained by the proportional 
counter. The second and the third photopeaks 
are considered as Lc and L,-X rays emitted 
by the plutonium-239 source, respectively, on 
the basiS of the channel number to the pulse 
height-energy dependence curve in Fig. 2. The 
distance between the source and the window 
of the proportional counter was 3 mm. The 
first peak lying at the energy of about 6 keV 
was investigated by comparing the spectra 
with and without absorber as shown in Fig. 4. 
The lead plate having 0.1 mm thickness was 
used as an absorber and inserted between the 
americium-241 source and the window of the 
counter. It is obvious from the figure that the 
occurrence of the first peak is not due to emis
sion from the source because, in spite of the 
disappearance of the peaks of the Lc and 

40 

~ 30 

... 
f' 
~ 20 

LLI 

... 
f 
I 10 

X 

Xe-gas. 32cmHg 
H.V. 1600V 

0~-=--~--~~--~--L--L--~~~ 
o 20 40 60 eo 100 120 140 160 reo 

Channa I Number 

FIG. 2. Relation between pUlse height and 
energy of Xe gas-filled proportional counter. 
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FIG. 3. X-ray spectrum of 239Pu measured by 
Xe gas-filled proportional counter. 

LrX rays with absorber present, the first peak 
with lower energy remained almost unchanged. 

The attenuation coefficients of Lc and LrX 
rays in tissue differ according to their energy 
as shown in Fig. 5, for example. In this case, a 
3.1 rom thick acryl acid resin plate was inserted 
between the americium-241 source and the 
window of the counter. Curves (a) and (b) 
in Fig. 5 show the spectra of the americium-241 
source without and with the 3.1 mm thick acryl 
acid resin plate, respectively. . 

It is easy to calculate the depth of contami
nants in tissue in the case of a point source 
by using results obtained for the arrangements 
shown in Fig. 6 (a) and (b). Fig. 6 (a) shows 
the case when the contaminants were imbedded 
at the depth x under the skin surface and the 
end of detector was positioned at the distance t 
from the skin surface. The counting rates and 
the attenuation coefficients of X-rays are de
signated by Na. and f.La for the L~~.-X ray and by 
Nfl and p,0 for the LrX ray, respectively. If 
the tissue in Fig. 6 (a) was removed, the counting 
rates will be designated N~~. 0 for the L~~.-X ray 
and by N0o for the. LrX ray, and the attenua
tion coefficient for air is nearly equal to unity, 
as indicated in Fig. 6 (b). In both cases. the 
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geometry remains the same. The following 
relationships hold with these notations: 

Na. = Na.0 e-<'"a.)X J~ 

NfJ = Nooe-<~"D>X 
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Counting Rate 
and Attenuation 
Coefficient 

Geometry 

(a) (bl 

Dea Dr 
1 t+x 

)j( I 

tissue 
239pu 

N01 , }Ja Nao 

Np , JJ{J N11o 

G (t+xl G (t +xl 

FIG. 6. Schematic arrangement of detector 
and source. 

If we put, 

K = (N«fNu)f(N«o/NIIo) 

= (N«fN«o)f(NufNt~o) 

then, 

ln K = -(p,« -p,11 ) x. 

(2) 

(3) 

If we consider that the values 11-« and p,6 for 
the tissue are constant, the depth x can be cal
culated from equation (3) when the value K 
is known. In Fig. 7, the straight lines LeX and 
LrX show the values N«/N11.0 and N6 fNpo of 
equation (2), respectively, when the thickness 
of the acryl acid resin plates is changed, and the 
straight line K shows the change of the ratio 
(N,./N«o)f(N8 fNpo) with the increase of the 
thickness of the plate. In practice, N,. and N 11 
can be obtained easily from measured values for 
the contaminated wound with the proportional 
counter, and the value K by dividing the ratio 
N,.f N6 by the value N«of N flO measured before
hand. Then the depth of the point source con
taminant x can be obtained from the straight 
line Kin Fig. 7, and the amount of contaminant 
in the wound can also be obtained from the 
peak value of the spectrum. At the same time 
the location, of the contaminant can easily be 
determined by a grid survey method using a 
0.1-mm-thick lead plate or a lead-impregnated 
material. 

But, it is not practical to consider that the 
contaminants always lie in the wound in such a 
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FIG. 7. X-ray attenuation curves in aery! 
measured by Xe gas-filled proportional counter. 

single point source. It is rather usual that the 
contaminants are distributed in several points 
in the wound in the case of insoluble contami
nants, and distributed continuously in the case 
of soluble contaminants. In such cases, the 
estimated value of the depth x will become an 
effective depth of the whole contaminants. It is 
desirable to know the exact depth distribution of 
contaminants quickly, if possible, in order to 
perform an effective surgical excision of skin 
or tissue. Consequently, the development of a 
code for computing the depth distribution of 
contaminants in a wound was carried out 
theoretically. 

Let us consider that contaminants having 
unit activity are imbedded in tissue at various 
depths x and the spectra having n peaks were 
measured from outside the skin surface. Fur
thermore, let us put gt (x) for the counting rates 
of the ith peak for various x's. Then, it is pos;, 
sible to obtain an orthonormal function set 
{cpt(x)} from the response group {gt(x)} by 
applying the Gram-Schmidt process. The rela
tionship can be represented by a matrix G as 
follows: 

(4) 

where G is an n-column matrix having {gt(x)} 
as the elements, B is a conversion matt:.i?C (n X n), 
and t/J is also ann-column matrix having {cfo,(x)} 
as the elements. 
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Now, let us represent the distribution func
tion of the contaminants along the depth x 
of the wound by s(x). Assuming that the 
function s(x) can be expanded by the ortho
normal function set {c/>t(x) }, we have again the 
following matrix equation; 

s(x) ~A · ifi (5) 

where A is an unknown conversion matrix. If we 
denote the measured value of the ith peak of the 
spectrum by n1, it follows that 

m = I gt(x) · s(x)dx. 

Therefore, 

N ~ B · I ifi · ifiT dx · AT 

=B·W·AT (6) 

where N is a column matrix having { n1} as the 

elements, and W is I ifi · ifi T dx. From equation 

(6), we have 
A~ (W-1 

• B · N)T. (7) 

Substituting from equations (4) and (7) into 
equation (5), we have 

s(x) ~ NT · (B-1)T · (W-1)T · B-1 
• G. 

(8) 

It is obvious from equation (8) that the ap
proximate distribution of contaminants can be 
obtained by the combination of the response 
function G weighted by the counting rate N. 

In order to confirm the theoretical results 
experimentally, a 0.5 f-LCt americium source 
was used to obtain the spectra for americium 
imbedded at various depths under tissue. The 

g1(x)'s for the counting rates of L"-' Lp- and 
L

7
-X rays of the spectra were plotted as shown 

in Fig. 8. Using these gt(x)'s, two different 
kinds of depth distributions s(x)'s which were 
assumed as the solid lines in Fig. 9, were calcu
lated by IBM computer. The calculated s(x)'s 
are shown by the dotted lines in the same figure. 
It is obvious from the figure that the calculated 
distributions agree fairly well with the assumed 
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FIG. 8. Depth dependence curves of counting 
rate for L"-, Lp- and L

7
-X rays. 

distributions of contaminant in the case of a 
continuous distribution, but presumably it is 
difficult to obtain such a successful agreement in 
the case of discontinuous distribution. 

3.2. Scintillation Counter Method 

Another experiment using a thin cesium io
dide scintillation crystal was carried out . in 
order to compare with the results obtained 

-- assumed S(x) 

-~-- calculated S(x) 

5 10 

Depth (mm) 
!'! ' .F 

FIG. 9. "A~s~med and calculated depth distri
butio~~ of contaminants (241Am). 
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with the xenon gas-filled proportional counter. 
Figure 10 shows the X- and y-rays spectra of 
americium-241 and p1utonium-239 obtained by 
the cesium iodide scintillation crystal, 1 in. in 
diameter and 1 mm thick. It is obvious from 
the figure that the plutonium-239 source has a 
small content of americium-241. 

Here again we have examined the sensitivity 
for determining the depth of contaminants using 
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FIG. 10. X- and y-ray spectra of 241Am and 239Pu 
measured by Csi (T I) crystal. 
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FIG. 11. X- and y-ray attenuation curves in aery! 
measured by Csi (T I) crystal. · 

L-X and y-rays (60 keV) emitted from the 
americium-241 source and acryl acid resin 
plates having various thicknesses for absorber, 
as shown in Fig. 11. By comparing Figs. 7 and 
11, it is clear that the sensitivity for determining 
the depth of contaminants is greater for the 
scintillation counter than for the proportional 
counter owing to the utilization of the higher 
energy 60 keV y-radiation. The minimum de
tectable amounts for the proportional counter 
and for the scintillation counter were 2.5 x I0-3 

and 3 X 10-4 f.LCi, respectively, when the con
taminants were on the skin surface and 5.5 x 
10-3 and 8.3 X I0-4 f.LCi, respectively, when 
the contaminants were at the depth of 6 mm in 
the tissue equivalent acryl acid resin plate, for a 
measuring time of 10 min with a confidence 
limit of 95% if the window of the detector were 
positioned at 3 mm above the skin surface, as 
shown in Table 1. From these results, a scin
tillation counter appears to be more effective 
than a proportional counter, but the propor
tional counter is useful when the orthonormal 
function series method is used to obtain the 
depth distribution of contaminants in a wound, 
especially in the case of a contaminant composed 
of pure plutonium. 

4. CONCLUSION 

Because of the urgent need for wound coun
ters in order to determine the location, the 
depth and the amount of plutonium in wounds 
as an aid in determining the need for surgical 
excision of skin and tissue, a xenon gas-filled 
proportional counter was examined as a means 
of making effective depth estimation when the 
wounds were contaminated by pure plutonium. 
A thin cesium iodide crystal type scintillation 
counter was also examined to compare its· sen
sitivity for determining the effective depth and 
the minimum detectable amount of contami
nants in a wound with the comparable results 
using the proportional counter when the 
wounds were contaminated both by plutonium 
and americium . 

In the case of a contaminant including both 
plutonium and americium, the sensitivity for 
effective depth determination and the minimum 
detectable amount were better for the scintil
lation counter than for the proportional coun-
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Table I. Characteristics of detectors. 

( 289Pu source: 8.89 x 10-2 I'Ci) 

Detector Proportional 
counter 

Csi (Tl) crystal 
1 in. dia X 1 mm 

thick 

Distance to source 
(rnm) 3 3 

Energy range of 
L-X ray (keV) 

Net counting rate 
(cpm) 

Background ( cpm) 
M.D.A.* (JLCi) 

Skin surface 

10.5-22 10.5-22 

106 
9 

2482 
67 

Under tissue (6 mm) 
2.5 X 10-3 

5.5 X 10-a 
3 X 10-• 

8.3 X 10-• 

* Measuring time, 10 min. 
Limit of confidence, 95%. 

ter, but the effective depth estimation was 
only possible by use of the proportional coun
ter when the contaminant includes only pure 
plutonium. 

Furthermore, the development of a code for 
computing the depth distribution of contami
nants in a wound was carried out, theoretically, 
by means of an expansion of results obtained 
by the counters, using the orthonormal function 
series method. For this purpose, the high resolu
tion of the proportional counter is needed to 
make it successful. A verification of this method 
was performed using measured {gi(x)} values, 
and has shown that the two calculated distri
bution curves of the contaminants agree fairly 
well with the assumed distribution curves. 
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DETECTEUR DE PARTICULES IONISANTES 

ET DE NEUTRONS RAPIDES PAR SCINTILLATION 

DANS L'HELIUM OU L'ARGON SOUS FORTE PRESSION 

DANIEL BLANC, JACQUES GALY et JEAN-LOUIS TEYSSffiR 

Centre de Physique Atomique et Nucleaire, Faculte des Sciences de Toulouse, France 

Resu:nuS-·Pour detecter des neutrons rapides a I' aide d'un scintillateur gazeux, il est necessaire 
de faire des remplissages sous des pressions de plusieurs dizaines d'atmospheres. C'est dans ce 
but qu'on etudie ce type dedetecteur. 

On emploie !'helium ou !'argon contenant respectivement 5 et 10 ppm (partie pour million) 
d'azote, 5 et 3 ppm d'oxygene, 5 et I ppm de vapeur d'eau. L'intensite de la fluorescence de 
!'helium irradie par les particules a du 210Po decroit lorsque la pression passe de 6 a 40 atmo
spheres. L'addition d'azote en quantite controlee (concentration maximale: 10%) montre que 
cette diminution ne depend pas de la quantite d'azote introduite. Ceci justifie la diminution 
observee, lorsque les impuretes sont presentes a l'etat de traces. Un phenomene identique se 
produit dans !'argon. 

Pour recueillir suffisamment de lumiere avec un remplissage sous pression elevee, on fait 
appel a un convertisseur de longueurs d'onde, le salicylate de sodium en !'occurrence. Celui-ci 
degaze peu et la reponse du detecteur est stable dans le temps. Dans ces conditions, l'intensite 
de la fluorescence de !'argon reste constante entre 2 et 7 atmospheres. Des qu'on ajoute de 
!'azote, tant dans l'helium que dans !'argon, l'intensite de la lumiere emise diminue. Lorsqu'on 
augmente la pression, les courbes obtenues pour des concentrations differentes, sont paralleles, 
comme precedemment. 

Pour les neutrons de 14 MeV, obtenus par reaction (d, t), !'helium sert ala fois de cible et de 
scintillateur. Ceux-ci sont detectes a l'aide des noyaux de recul d'helium produits par diffusion 
elastique. On trace les spectres en energie des noyaux de recul. On app<3rte a ces spectres 
experimentaux les corrections d'effet debord et de resolution en energie, ce qui est necessaire 
pour obtenir les valeurs de la section efficace differentielle de diffusion elastique. 

INTRODUCTION ployer pour detecter les neutrons rapides de 
Les scintillateurs gazeux ne sont pas couram- 14 MeV produits par la reaction (d-t) a !'aide 

ment utilises en physique nucleaire, car ils de l'accelerateur electrostatique Sames que pos
sont d'un emploi peu commode: si l'on aug- sede notre Centre. Austin, <1> Jenkin, <8> Pas
mente le rendement lumineux grace a un con- ma< 3> et Czmider<4> ont fait appel au melange 
vertisseur de longueurs d'onde, la reponse n'est contenant 90% d'helium et 10% de xenon, 
pas stable en fonction du temps. On peut pal- qui delivre la meme quantite de lumiere que le 
lier cet inconvenient en assurant une purifica- xenon pur. Nous avons choisi non plus un 
tion continue du gaz de remplissage, mais le melange, mais un seul gaz, !'helium en l'oc
dispositif est tres complexe et ne peut etre facile- currence, qui sert a la fois de cible et de scintil
ment deplace. lateur. A pression egale, l'efficacite de detection 

Pourtant, ces scintillateurs presentent l'avan- se trouve amelioree. 
tage de ne pas etre sensibles au rayonnement Il est indispensable, pour obtenir une effica
gamma qui accompagne toujours !'emission de cite convenable, de faire des remplissages sous 
neutrons. C'est ce qui nous a incite a les em- des pressions elevees. C'est pourquoi, nous 

1011 
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avons d'abord etudie le comportement des 
scintillateurs gazeux aux fortes pressions, dans 
le cas de l'argon et de !'helium. 

I. LE DISPOSITIF EXPERIMENTAL 

L'emploi de gaz sous des pressions elevees pose 
des problemes techniques difficiles a resoudre. 
Le boitier doit satisfaire a deux exigences contra
dictoires: il doit etre etanche pour un vide de 
l'ordre de 10-6 torr, vide limite de !'installation 
de pompage; il doit pouvoir supporter des pres
sions voisines de 50 atmospheres, ce qui est 
necessaire pour la detection des neutrons. L'en
semble de detection est represente sur la figure 1. 

P.M 

Fm. I. Le detecteur. 

La chambre est en acier inoxydable, materiau 
qui degaze peu, et qui ne s'active pas lorsqu'il 
est irradie par des neutrons. 

Sa forme est cylindrique ( diametre 6 em, hau
teur 6 em), les parois ont 5 mm d'epaisseur; un 
hublot en silice· fondue isole le photomultipli
cateur du remplissage gazeux; son epaisseur de 
3 em, permet de supporter une pression de 50 
atmospheres. Un joint torique en viton assure 
l'etancheite au vide. Les gaz de remplissage 
sont !'helium et l'argon qui contiennent res
pectivement comme impuretes: 5 et 10 ppm 
d'azote, 5 et 3 ppm d'oxygene, 5 et 1 ppm de 
vapeur d'eau (ppm: parties pour million). 

Pour avoir un rendement lumineux conven
able, nous avons ete obliges d'employer un con
vertisseur de longueurs d' on de, malgre to us 
les inconvenients que cela entraine. <6 > 

Le salicylate de sodium a l'avantage de pas
seder un rendement quantique constant entre 
850 et 2500 A. Applique en solution dans le 
methanol, il se depose en couche homogene, 
apres evaporation du solvant. Le quaterphenyl 
donne de meilleurs resultats: l'intensite de la 
lumiere recueillie est 7 fois plus grande. La 
difficulte provient du fait qu'il doit etre depose 
sous vide et qu'il existe une epaisseur optimale, 
de l'ordre de 75 gfcm 2

• <5 > Compte-tenu des 
dimensions de la chambre, il est d.ifficile d'ob
tenir des depots uniformes dont l'epaisseur soit 
connue avec precision. 

Avec ces deux convertisseurs de longueurs 
d'onde, la reponse du detecteur varie en fonc
tion du temps: a la temperature ambiante, 
!'amplitude des impulsions delivrees par le 
P.M. diminue d'environ 8% par heure. Nous 
avons ameliore les chases, en etuvant la cham
bre sous un vide de 5.10-8 torr pendant 48 
heures a la temperature de 80°C. Au bout de 
12 heures, la diminution n'est que de 8%. Com
pte-tenu de la duree moyenne de nos experi
ences, le degazage n'est alors pas genant. 

On augmente encore le rendement lumineux 
du dispositif en recouvrant les parois de la 
chambre d'une substance reflectrice pour les 
rayons ultra violets. Avec le salicylate de sodium, 
nous employons !'aluminium; avec le quater
phenyl, la combinaison oxyde de magnesium et 
aluminium. 

Nous avons choisi le photomultiplicateur 56 
UVP Radiotechnique qui a une tres grande 
rapidite de reponse et un gain tres eleve. 

n. COMPORTEMENT DES SCINTILLATEURS 

GAZEUX AUX FORTES PRESSIONS 

II. 1. Influence de la pression sur l'intensite de la 
luminescence 

Nous avons place a l'interieur du detecteur, a 
2,6 em de Ia face interne du hublot, une source 
non collimatee de particules a (ZI0Po). Cette 
distance est egale au rayon interieur de la 
chambre. Ainsi, pour toute pression superieure 
a Po, si Po est la pression du gaz correspondant a 
un parcours des particules a de 2,6 em, les 
particules emises dans l'angle solide 21T perdent 
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Fm. 2. Variation de l'amp1itude des impulsions alpha en fonction de 1a pression 
pour l'helium et l'argon. 

la totalite de leur energie dans le gaz. Dans 
!'argon Po = 1,6 atmosphere et dans !'helium 
Po = 8 atmospheres. Po fixe la limite inferieure 
du domaine des pressions etudiees. Le con· 
vertisseur de longueurs d'onde est le salicylate 
de sodium. 

La figure 2 montre la variation de ]'amplitude 
des impulsions alpha en fonction de la pression 
Pdugaz. 

Si les resultats obtenus pour ]'argon sont con
formes a ceux de Perrin <6 > et de Sayres et 
Wu, <7 > pour !'helium par contre, le desaccord 
est plus net. Esterling <8> et Rubbia <9 > trouvent 
que la hauteur d'impulsion reste constante ou 
augmente legerement entre 20 et 100 atmo-

. spheres; Baldin <10> observe une augmentation 
d'un facteur 2 environ, lorsque la pression passe 
de 20 a 70 atmospheres. 

Ces desaccords tiennent aux effets d'ordre 
geometrique dans les chambres a scintillations 
employees et a l'etat de purete des gaz. Nous 
allons examiner ces deux questions. 

II. 2. Les ejfets d'ordre geometrique 

Lorsque la pression de remplissage augmente, 
le parcours des particles a diminue. Deux phe
nomenes qui ont des effets opposes se manifes
tant: 

(a) La source lumineuse est plus ponctuelle. 
Le nombre de photons susceptibles d'etre 
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Tableau 1. lnjlzience du corwertisseur de longueurs d'onde et du rij/ecteur sur l'intensite de 
la lumiere recueillie 

Diminution 

Conditions experimentales hauteur resolution de la hauteur 

Helium d'impulsion en% d'impulsion 
(p = 8atm) (p = 8 atm) entre 8 et 12 
(un. arb.) atrn en% 

---- -----

(I) Chambre sans reflecteur, 
ni convertisseur 

(II) Avec Aluminivm, sans 
convertisseur 

(III) Avec Aluminium et 
salicylate de sodium 
depose sur les parois 

(IV) Avec oxyde de magnesium 
depose sur !'aluminium, et 
quaterphenyl depose sous 
vide sur les parois et Ia face 

. interne du hublot. 

collectes directement par le photomultiplicateur 
augmente par rapport au nombre de photons 
reflechis. 

(b) La source lumineuse est plus eloignee du 
photomultiplicateur. On collecte moins de 
photons, car l'angle solide sous 1equel le PM 
voit la source diminue. 

Ce que l'on observe represente la resultante 
des deux phenomenes. Ainsi, 1a variation de 
l'intensite de la lumiere recueillie en fonction de 
la pression depend etroitement des parametres 
d'ordre geometrique. 

Le tableau 1 en donne la confirmation: la 
loi de variation change selon les conditions de 
!'experience. Une comparaison entre les resul
tats trouves par les differents auteurs n'a pas 
de valeur significative. 

La presence d'un convertisseur de longueurs 
d'onde et d'un reflecteur est interessante car elle 
ameliore le rendement lumineux du detecteur. 
De plus, le nombre de photons recueillis apres 
conversion et reflexion sur les parois de la 
chambre augmente par rapport au nombre de 
photons collectes directement. Les effets d'ordre 
geometrique s'en trouvent attenues d'autant. 
Ainsi, sous une pression de 30 atmospheres 
d'helium, lorsque la distance d qui separe la 
source de la fenetre passe de 10 a 50 mm, la 

I 80 23 

3 45 16 

7 36 11 

42 20 7,5 

quantite de lumiere recueillie dans les condi
tions (I) diminue de 90%. Par contre, dans les 
conditions IV, lorsque d augmente de 13 a 
40 mm, on observe une augmentation de 32%. 

II. 3. Role des impuretes 

Nous nous sommes interesses au cas de !'azote 
qui est l'impurete presente en concentration 
la plus elevee dans les gaz de remplissage. Nous 
nous sommes places dans les conditions III du 
tableau I. Les concentrations en volume d'azote 
sont comprises entre 0,12 et 7% pour !'argon, 
entre 0,06 et 0,84% pour !'helium. 

Des que I' on introduit de !'azote dans I' argon, 
la luminescence diminue constamment, lorsque 
la pression croit (figure 3). Ces courbes ·nor
malisees pour une pression de 1,6 atmosphere 
sont superposables (figure 4). Ceci signifie que 
le mecanisme de la scintillation des mel~nges 
d'argon et d'azote est inchange pour les teneurs 
en azote considerees. 

On observe dans l'helium des phenomenes 
similaires, comme le montre la figure 5. Dans 
les melanges d'argon ou d'helium avec !'azote, 
le mecanisme de 1' emission lumineuse est done 
le meme, pour les concentrations considerees. 
II s'agit vraisemblablement de la destruction 
d'etats metastables. Enfin, il apparait que 
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pour les fortes pressions, la quantite de lumiere 
recueillie est d'autant plus faible que la con
centration en azote est plus grande. 

m. DETECTION DES NEUTRONS DE 14 MeV 

Nous avons utilise le detecteur precedent 
rempli d'helium sous une pression de 40 atmo
spheres. Nous avons opere successivement dans 
les conditions III et IV du tableau I. 

III. 1. La methode experimentale 

Au cours de la reaction (d -t), la cible de 
tritium se charge progressivement en deuterium; 
il apparait des reactions parasites telles que 
d(d, n)He 3 et d(d,p)t. C'est une des raisons pour 
lesquelles nous avons employe la methode de la 
particule associee, appelee ainsi, car on met en 
coincidence le neutron et la particule a. crees en 
meme temps par la reaction (d, t). 
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FIG. 5. Courbes normalisees de variation de 
!'amplitude des impulsions alpha en fonction 
de Ia pression pour !'helium et les melanges 
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(a) Methode de la particule associie. Si l'on 
place deux detecteurs, l'un sur la "voie alpha", 
I' autre sur la "voie neutron", il est possible de 
compter les neutrons, apres mise en coincidence 
des 2 voies (figure 6). 

"Voie alpha" 

Nous detectons les particules a. emises per
pendiculairement a la direction du faiscea~ 

incident, a !'aide d'un scintillateur plastique de 

~ Deutons 

Detecteur a I Cible 
r--1_ a 1/ n Detecteur n 

r-L_._J---r- ---J::::::f.. 
t · . D14t Qc.F. 

~""' "'"~ \ 
t Coincidence f \(1 

0 

L--------r-1---0-J ~etard 
f Ampli. + 

Oiscriminateur 9 : 
L~ 

Retard Porte Selecteur 
400Cx 

FIG. 6: Schema du montage experimental. 
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0,1 mm d'epaisseur place devant un photo
multiplicateur (en abrege PM) Radio technique 
56 AVP. L'angle solide delimite par le scintilla-
teur est de 5,65.10- 3 steradian. · 

"Voie neutron" 

Le detecteur est constitue par le remplissage 
d'helium sous 40 atmospheres. 

-Circuits d' llectronique 

Le principal element est le circuit de coinci
dences (SAIP, type TNC 2-3), dont le temps 
de resolution est fixe par le seuil d'un discri
minateur d'amplitude place a la sortie. Le 
temps de resolution choisi est de 6.10-9 s. 

Nous avons procede aux reglages habituels: 
-Retard entre les 2 voies; position optimale 

du detecteur par rapport a la cible (5° par 
rapport a la direction des particules a), 

-Reglage de l'ouverture de la porte du 
selecteur d'analyse a 400 canaux. 

(b) Mesure de .flux de neutrons. Les neutrons sont 
detectes a l'aide d'un scintillateur d'anthradme 
associe a un P.M. 53 AVP. Les impulsions dues 
aux protons de recul sont decomptees apres 
passage dans un selecteur d'amplitude mono
canal. Comme l'on connait l'efficacite de ce 
detecteur, on peut determiner la valeur du 
flux de neutrons. 

III. 2. Rlsultats expfrimentaux 

(a) Spectres des neutrons. Les figures 7 et 8 
donnent la repartition en energie des noyaux de 
recul, dans le cas ou 1'on utilise comme convertis
seurs de longueurs d'onde 1e salicylate de sodium 
puis le quaterphenyl. 

Ces spectres experimentaux sont entaches de 
distorsions d' origines tres diverses : effets de 
bord, pouvoir de resolution non nul du detec
teur. Dans ce qui suit, nous allons etudier le 
role de ces differents facteurs. 

(b) Efficaciti de detection. La mesure du flux 
de neutrons permet de connaitre le nombre 
de neutrons qui arrivent sur le detecteur; 
l'integrale du spectre experimental fournit le 
nombre de noyaux de recul crees, done ie 
nombre de neutrons detectes. On peut deter
miner la valeur experimentale de l'efficacite 
qui est de 4,5.10-'. 

11 est difficile de recouper ce resultat par la 
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Fra. 7. Spectre des noyaux de recul obtenu 
avec !'helium et le salicylate. 
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Fta. 8. Spectre des noyaux de recul obtenu 
avec !'helium et le quaterphenyl. 

theorie, car le calcul rigoureux de l'efficacite 
est complique, mais on peut avoir un ordre de 
grandeur par un calcul approche. On peut sup
poser <11> que pour un scintillateur de longueur 
L compose d'atomes de meme nature, place 
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dans un flux de neutrons monoenergetiques, 
l'efficacite e s'ecrit: 

e = 1 - exp (- aL) 

oil a= nu; n = nombre d'atomes de la cible/ 
ems; u =section efficace de diffusion pour l'en

ergie consideree. Si aL 4.; 1 

e # aL 

dans les conditions de !'experience (helium 
sous 40 atmospheres), n = 0,106.10 22 atomesf 
cm3• La section efficace totale de diffusion 
des neutrons de 14 MeV dans I' helium 4 est de 
1,02 barns (cf par exemple: Austin<1>). On 
trouve que: 

e # 6.10-4 

III. 3. Corrections des spectres experimentaux 

(a) Effets de bord. Un noyau de recul qui est 
cree a une distance des parois inferieure a son 
parcours, ne cede pas toute son energie au 
milieu gazeux; la hauteur d'impulsion · corres
pondante est plus petite qu'en !'absence des 
effets de bord. 

Le detecteur etait place a 50 centimetres 
de la cible et son axe de symetrie etait dirige 
selon Ia direction des neutrons incidents. Com
me le faisceau des neutrons associe aux particules 
a detectees delimite un angle solide tres faible, 
les effets de bord sur la paroi cylindrique de Ia 
chambre n'interviennent pas; seuls se mani
festent les effets sur Ia face terminale (figure 9). 

NEUTRONS 

"~-r--
1 

--- ---l--

1 
IR 
I 

--*---

FIG. 9. Effets debord sur 1a face termina1e du 
detecteur. 

Le faisceau de neutrons a une ouverture tres 
faible. Pour le calcul, on peut supposer qu'on a 
affaire a un faisceau cylindrique; le rayon r du 
cylindre est egal a celui du cercle intersection du 
cone des neutrons incidents avec la face ter
minale du detecteur. 

La fraction des noyaux de recul d'une energie 
donnee affectes par les effets de bord est egale 
au rapport du volume ABCD et du volume du 
detecteur. Le tronc de cone ABCD a pour 
hauteur:: 

h =a' cos tP 

et pour rayons: r et R = r + a' sin tP, oil tP 
est !'angle de diffusion des noyaux d'energie E 
dans le systeme du laboratoire. 

Les calculs montrent que la fraction de 
noyaux de recul d'energie maximale affectes par 
les effets de bard atteint 20% (cftableau 2). La 

Tableau 2. Quelques valeurs du pourcentage de noyaux de recul affectes par les effets de 
bord 

Energie des noyaux de recu1 
(en MeV) 

1 

2 
3 
4 
5 
6 
7 
8 
8,96 (Emax) 

Pourcentage des noyaux affectes 
par 1es effets de bord 

0,204 

0,90 
2,19 
4,11 

56,75 

10,1 
14,06 

18,28 

20,76 
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distorsion correspondante ne peut etre negligee 
et l'on voit qu'il est indispensable de faire des 
remplissages sous des pressions tres elevees. 

Pour faire les corrections, nous supposons que 
les impulsions a d'energie E effectees par les 
effets de bord se repartissent uniformement 
depuis l'energie zero jusqu'a E- e' (e'-+0). 
Cependant, il faut connaitre la position dans 
le spectre du point d'energie maximale. Ce 
probleme ~st aborde plus loin. 

(b) Pouvoir de. resolution en energie. Ved
renne (!2) a evalue 'I' importance de la distorsion 
introduite par le pouvoir de resolution non nul 
des detecteurs. Nous utilisons cette methode 
de correction dans le cas d'un scintillateur 
gazeux. Rappelons-en brievement le principe: 

Un scintillateur irradie par des particules 
ionisantes monoenergetiques delivre des im
pulsions qui se repartissent autour d'une valeur 
moyenne, selon une loi de Gauss. La repar
tition en energie correspondante autour de la 
valeur E' est done de la forme: 

1 (E- E') 2 

f(E, E') = ay7i exp - -a--

la llargeur a de la courbe, prise a lfe du maxi
mum, fixe la resolution du detecteur. a est 
bien sur fonction de E'. 

Lorsque le scintillateur est SOumis a un flux 
de particules dont les energies sont comprises 
entre 0 et E' max selon une loi de distribution p 

(E'), la transformee N (E) du spectre theorique 
est de la forme: 

N(E) = 

IE' max (E E') 1 

I 
p (E') exp - -

- a dEl' 
y'W- a 

0 

Dans ces conditions, a est de la forme: 

a= (eE)P 

a 14 MeV, pour les diffusions (n, p), (n, d) et 
(n, t), la valeur de P est egale a 0,5. <12> C'est 

celle qui a ete adoptee. D'autre part, a condi
tion de considerer que seules les ondes S et P 
sont responsables de la diffusion elastique, (l3) 

p (E') peut se representer par une forme 
parabolique. 

La figure 10 represente p (E') et ses trans
formees N (E) pour differentes valeurs du para
metre e. Le spectre theorique est, on le voit, 
tres deforme. 

i 

' \ i ' . 

0 

{

• <=0,01 

X<= 0,1 

0 <= 0,2 
N(E) + <= 0,3 

D <= 0,4 

6 <= 0,5 

f p(E') 

I 
I 
I 

i/1 q 
il • 
t*-+'+~ 

' '• 

E nergie 1 MeV 

FIG. 10. Transformees N(E) de Ia distribution 
theorique p (E') pour differentes valeurs de E. 

Pour determiner le point d'energie maximale, 
nous procedons de la maniere suivante: on 
deforme les spectres theoriques obtenus pour 
differentes valeurs de e, en tenant compte des 
effets de bord. On determine la relation qui 

lie la resolution theorique 2ve/E' a 1a resolu

tion experimentale (rapport de deux fois la 
demi-largeur a mi-hauteur et de l'abscisse du 
maximum), et la valeur R du rapport entre 
l'ordonnee du maximum et celle du point 
d'energie maximale. La valeur de e choisie 
correspond a une resolution experimentale egale 
a celle du spectre experimental (spectre 1 de la 
figure 8, dans le cas du quaterphenyl). On 
connait alors la valeur de R, et on peut deter
miner la position du point d'energie maximale 
sur le spectre experimental. 

Les resultats obtenus avec le salicylate de 
sodium confirment bien les considerations 
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theoriques precedentes. D'apres les calculs, le 
spectre ne presente pas de maximum, lorsque 
la resolution experimentale pour les particles a 
de 5,3 MeV est superieure a 60%. Effective~ 

ment, en plac;ant dans la chambre ·une source 
a de 910Po, nous avons trouve un pouvoir de 
resolution au moins egal a 70%. 

L'emploi de quaterphenyl s'est done revele 
indispensable. Lorsqu'on fait les corrections 
indiquees plus haut, il faut adopter pour R, 1,4 
et pour E 0,3; le pOUVOir de resolution COITeS~ 
pondant pour les particules a de 5,3 MeV est 
de 48%. Si l'on corrige le spectre 1 des effets de 
bord, ce qui est possible puisqu'on connait la 
position du point d'energie maximale, on ob~ 
tient le spectre 2 de la figure 11 qui donne la 
repartition des noyaux de recul dans le systeme 
du laboratoire, avec un detecteur dont on con~ 
nait exactement le pouvoir de resolution en 
energie. 

Il faut ensuite corriger le spectre 2 des effets 
de la resolution pour obtenir la distribution 
experimentale p' (E'). Ceci est theoriquement 
possible puisqu'on connalt E. En fait, la methode 
directe est difficile car une deformation locale 

N(E)(Mb/MeV) 
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FIG. 11. Comparaison entre le spectre experi
mental corrige des effets de bord et le spectre 

theorique correspondant a ., = 0,3. 
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FIG. 12. Comparaison de la distribution 
theorique p (E') et de la distribution experi

mentale p '(E'). 

du spectre experimental peut entrainer une 
oscillation dans le spectre corrige. Nous avons 
pu lever cette difficulte de la maniere suivante: 
on constate que la transformation p (E') -+ N 
(E) pour e = 0,3 ne modifie pas le spectre jus~ 
qu'a 4,5 MeV (figure 10); de plus, les spectres 
2 et 3 (3 represente la transformee N(E) pour 
E = 0,3) COincident pour des energies SUperieures 
a 2,6 M'V (figure 11). L'obtention de p' (E') 
est immediate: 
-de 0 a 2,6 MeV p' (E') est represente par 

la partie correspondante du spectre 2; 
-au dela de 2,6 MeV p' (E') = p (E) . 

Nous constatons que le spectre 4 qui repre
sente p' (E') (figure 12) ne coincide pas avec 
p (E') au-dessous de 2,6 MeV. Effectivement, 
si l'on integre p' (E'), la valeur de la section 
efficace obtenue est superieure a 1,02 barns. 

Ce desaccord tient a plusieurs raisons. En 
voici deux, parmi les plus importantes: 

(a) On ne peut eliminer totalement les coin~ 
cidences fortuites. Ceci tient en particulier a 
la duree trop importante de !'impulsion de 
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commande de la "porte" de l'analyseur d'am
plitude. 

(b) Seagrave<14>, qui constate le meme de
saccord que nous, pense que celui-ci provient 
essentiellement des neutrons diffuses inelastique
ment dans l'enveloppe metallique du detecteur. 
Comme la section efficace de ce processus croit 
lorsque l'energie diminue en E-112, les neutrons 
doivent produire un nombre eleve d'interac
tions lorsqu'ils ont des energies faibles. Mal
heureusement, on ne connait pas le nombre de 
neutrons qui induisent cette reaction, et toute 
correction est impossible. 

CONCLUSION 

Jusqu'a present, seuls Austin et ses collabora
teurs (1 ) ont etudie d'une maniere systematique 
la diffusion elastique (n-a) a l'aide d'un scintil
lateur gazeux, pour differentes energies des 
neutrons. Comme nous l'avons indique, le gaz 
de remplissage etait Ull melange d'helium et de 
xenon. A pression egale, l'efficacite est moins 
bonne que dans notre cas, mais le pouvoir 
de resolution en energie doit etre plus eleve, et 
les effets de bord sont moins importants, puisque 
le pouvoir d'arret du melange est plus grand. 

Cependant, ces auteurs presentent pour les 
neutrons de 14 MeV un spectre experimental 
corrige des effets de bord qui ne correspond a 
aucune transformee N(E). En fait, pour etalon
ner l'echelle des ordonnees .en unite de section 
efficace differentielle, Austin et ses collabora
teurs ont admis que l'integrale du spectre 
experimental etait de 1,02 barns. La methode 
est rigoureuse, mais elle introduit dans la pra
tique une erreur importante: comme !'experi
ence ne portait pas sur la totalite des angles de 

diffusion, ils ont dii extrapoler la courbe obte
nue; le spectre experimental est situe au
dessous du spectre theorique et ne le recoupe 
pas. En operant de la meme fac;on, nous avons 
fait une constatation analogue. C'est pourquoi, 
nous avons prefere normaliser le spectre experi
mental et la courbe N(E) au point d'energie 
maximale; nous avons pu ainsi graduer l'echelle 
des ordonnees. Le bon accord obtenu pour les 
autres energies confirme la validite du procede. 
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A WIDE-RANGE GAMMA-RAY DOSE-RATE METER 

D. SRDO{: 

Institute "Ruder Boskovic", Zagreb, P.O.B. 171, Yugoslavia 

Abstract-Properties of gas-filled detectors have been discussed in connection with their use 
in portable dose-rate meters. It has been pointed out that the relatively long dead time of a 
G.JVL counter causes a serious limitation to high dose-rate measurements. Since G.M. counters 
offer some advantages in comparison with ionization chambers (substantially higher current 
output per unit dose-rate) an attempt has been made to obtain a wide range dose-rate meter by 
using a newly developed G.M. counter tube. A substantially shorter dead time of the order 
of a microsecond has been obtained. The new counter tube does not saturate untill 0 3 rfhr in the 
Geiger region. Several tubes have been tested up to 5 X 10 5 rfhr in the proportional region with
out observing saturation phenomena or radiation damage after prolonged exposure. Schematic 
diagrams of a portable dose-rate meter and a monitoring system for a kilocurie 6°Co source 
using the newly developed tubes have been presented. 

INTRODUCTION 

It is desirabie to combine the wide measuring 
range and the spectral insensitivity of a properly 
designed ionization chamber with the fast r.es
ponse, acoustic indication and high sensitivity 
of a G.M. counter. An approach to such a 

has been made to overcome these difficulties 
by using a parallel plate halogen filled G.M. 
counter <1 l which has some outstanding proper
ties, such as fast response to ionizing particles, 
short dead time and high charge per pulse. 

device might be attained by using a halogen PARALLEL PLATE COUNTER 

G.M. tube, measuring the pulse-rate at low Several authors have pointed out (a, 8 l that 
dose-rates and the average current in the high parallel plate geometry should give rise to a 
dose-rate region. A G.M. tube has a current faster response to an ionization event. This 
amplification of JOf. to 106, which allows sub- is because in a cylindrical counter, electron 
stantial simplification of the electronic circuitry. multiplication only occurs in a small region of 
However, the phenomenon of high internal high potential gradient around the anode. 
amplification of a G.M. tube is accompanied Electrons produced outside this region are in an 
by a long "dead time" which causes saturation area of relatively low potential gradient through 
at a relatively moderate dose-rate, thus limiting which they slowly drift without multiplication 
the use of G.M. counters in dose-rate meters. until they reach the area around the anode 
A halogen counter, such as a Philips 18504 where multiplication can occur. In a parallel 
tube, covers about two decades before reaching plate counter there is no time lag due to this 
saturation. There exists a possibility-at least electron transit before multiplication. If such 
in principle--of combining a set of counters, a fast rise time is followed by a short recovery 
each of them being of a different size and having time then ·a substantial increase in counting 
overlapping radiation vs. current characteris- rate may be achieved allowing the counter to 
tics. Such an arrangement has the serious draw- be used at higher dose-rates. Earlier attempts (a, 3 l 

back from the practical point of view that were unsuccessful in obtaining the short re
counters of different sizes usually have different covery time; a very fast pulse rise time of the 
working voltages, pulse amplitudes and dead order of a few tens of nanoseconds was followed 
times. This may lead to a cumbersome design by a recovery time·' of a few milliseconds. How
of radiation detection instrument. An attempt ever, our experiments with halogen quenching 

1021 
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mixtures showed that the recovery time might 
be reduced to a fraction of a microsecond by 
proper counter design and by the use of an 
optimum gas mixture. 

The counter geometry is very simple, con
sisting of two stainless steel plates, separated 
by a glass ring. Measurements of the counter 
characteristics showed an optimal gap around 
0.3 em at 100 mm of neon plus 1.0 mm of 
bromine. Departures from these values are 
permissible if a shorter operating range may be 
tolerated. The plate diameter is not critical 
up to several em. However, further increase 
leads to a capacitance which may be large 
enough to affect the discharge mechanism, 
leading to a self-sustained streamer. 

The mechanism responsible for discharge 
propagation in our counter is photoionization 
in the gas. This is a very fast- process, requiring 
about 10-8 sec to complete the avalanche at a 
high overvoltage. At lower overvoltages near 
the Geiger threshold a very slow buildup of the 
pulse is observed indicating another mechan-

ism, probably the production of metastable 
states and their slow diffusion and de-excitation. 
This region should be avoided, because the 
slow pulse build-up takes several micro-seconds. 
The time necessary for the completl.on of a 
discharge includes the time for the transit and 
neutralization of positive ions. Because of the 
high potential gradient extending across the 
whole counter, positive ions will cross a parallel 
plate counter faster than a cylindrical counter 
with its large region of relatively .low electric 
field near the cathode. Thus a transit time of a 
fraction of a microsecond can be obtained. 
Taking the drift velocity of positive ions to be 
approximately 1-2 cmfP-sec at the Efp value 
of Ri 20 Vfcm mm Hg (the' exact values for gas 
mixtures under consideration are not known), 
the time necessary for an ion to cross the gap is 
Ri 0.15--0.3 '11-sec. The oscilloscope measure
ment shown in Fig.·l confirms these assumptions, 
giving for the discharge development a rise 
time of Ri 20 nsec and an ion transit time of 
Ri 150 nsec. Thus the discharge is completed 

FIG. 1. P~ali~l plate counter puis~. Time_: 20 nsec per larger division. Vertical scale: 
4~6 mA'per iarger division. 
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in less than 200 nsec, which is shorter than 
typical values for conventional G.M. counters 
by several orders of magnitude. In order to 
exploit fully the very short dead time of a paral
lel plate counter it should be emphasized that 
the RC constant (R = series resistance, C = 

~-; 

3 

~ 
7 ....-----:: 
~ 

~ 

6 ~ ---
Fm. 2. Multiple counter. Schematic diagram 
and exploded view. 1, filling tube; 2, 5, top and 
bottom caps, glass matching alloy; 3, leads; 
4, powdered glass· seal; 6, glass or ·ceramic 

spacers; 7, stainless steel discs. 

5 

total capacitance of the electrode system) should 
be kept reasonably low. This is not always 
possible, because too low a series resistance 
causes poor counter characteristics. A simple 
transistorized circuit is under development by 
means of which it will be possible to take full 
advantage of the fast completion of the dis
charge. 

For practical purposes it is convenient to use a 
stack of parallel plate counters, thus increasing 
the pulse rate or the average current for a given 
radiation intensity. Figure 2 shows an assembly 
of parallel plate counters. The construction and 
preparation of a counter is relatively simple, 
using prefabricated parts. Every cell consists 
of two metal discs separated by a glass ring. The 
thermal coefficient of linear expansion of glass 
and metal should match closely in order to 

avoid stresses. A glass to metal vacuum-tight 
seal is obtained using low melting point pow
dered glass, the whole assembly being heated 
up to the melting point of the powdered glass 
in an inert gas atmosphere. 

The properties of a parallel plate counter are 
compared with those of a conventional G.M. 
counter of the same dimensions in Fig. 3. For 
the parallel plate counter the average current 
for a given radiation intensity is 5-10 times 
larger, depending on the radiation intensity; 
furthermore, the conventional G:M. tube satu
rates at 10 2 mr/hr, while the parallel plate 
counter only reaches 90% of its saturation cur
rent at 10 6 mrfhr. 

A further extension of the counting range 
towards high dose-rates is observed when the 
tube operates at a few volts below the Geiger 
threshold. No saturation phenomenon occurs 
at 105 rfhr, the maximum dose-rate available 
is our experimental set-up. The pulse amplitude 
spectra observed on the oscilloscope show that 
the detector is working as a typical proportional 
counter. The amplification factor is estimated 
to be 104

• No radiation damage is observed 
after ~ 1 Mrad, the estimated absorbed dose 
during experiments. 

DOSE-RATE METER AND MONITORING 

SYSTEM 

The use of a parallel plate counter in portable 
dose-rate meters makes a substantial simplifica
tion of th,e electronic circuitry possible. The 
block diagram of a portable dose-rate meter 
is shown in Fig. 4. The main parts consist of a 
stabilized high voltage supply, a linear D.C. 
amplifier and a 50 fLA meter. The iQstrument 
is provided with a 90Sr calibration source. The 
calibration is performed by opening the 90Sr 
source and adjusting the EHT voltage until the 
counter current reaches a defined value. 

Fig. 5 shows a detailed electronic circuit 
diagram, and Fig. 6 is a photograph of the 
portable survey meter using the newly devel
oped tube. 

A high current output, ranging about 50 fLA, 
and excellent resistance to radiation damage 
make the parallel plate counter suitable for 
monitoring the area close to radiation sources 
and for positioning them. A schematic diagram 
in Fig. 7 shows such an arrangement applied 
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A WIDE-RANGE GAMMA-RAY DOSE-RATE METER 
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FIG. 4. Block diagram of a portable dose-rate meter based on the parallel plate counter. 
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Positions a b c d 

0-1 mR/h 1 2 3 4 
0-10mR/h 2 1 1 1 
0100mR/h 3 1 1 1 
0-1 R/h 4 1 1 2 
0-10 R/h 5 1 1 2 

0 1000 Rlh 6 2 2 2 

FIG. 5. Circuit diagram of a portable dose-rate meter based on the parallel plate counter. 
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FIG. 6. meter. 

to a 6°Co gamma irradiation unit. During oper
ation of the system it was observed that the 
electrical cables suffered from radiation damage, 
the leakage current through the cable insulation 
amounting to several microamperes when ir
radiated. Using teflon instead of polyethylene 
insulated cables reduced the leakage current 
below values which would affect the monitoring 
system. · 

CONCLUSIONS 

The properties of the parallel plate counter 
offer the possibility of widening the dose rate 
range and of substantial simplification of dose
rate meter design. 

The use of tissue-equivalent materials for 
counter walls is not possible because of the pre
sent technology of halogen counter production. 
Therefore, correction of the spectral sensitivity 
of the multiple counter could only be achieved 

6°Co Source 

FIG. 7. Schematic diagram of a monitoring and 
positioning system using a parallel plate counter. 

by using filters. Another feature of this instru
ment is its directional sensitivity. This <depends 
on the plate material, thickness, and diameter, 
so there is a possibility of minimizing the errors 
due to counter orientation. In the case of the 
multiple counter shown in Fig. 2, when the 
incident radiation was parallel with the counter 
axis the output current was 12% higher than 
for a beam perpendicular to the axis. 
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DOSAGE SELECTIF DE TRACES D'URANIUM PAR 

FLUORIMETRIE 

E.MUSYCK 

Centre d'Etudes de l'Energie Nucleaire, Mol, Belgium 

Resuuu~-Apres extinction de la lumiere excitatrice u.v., les sels d'uranyle presentent une 
decroissance de la luminescence avec une constante de quelques dizaines de p.Sec. 

L'appareil decrit met a profit cette particularite pour augmenter la selectivite d'un fluori
metre destine au dosage de traces d'uranium. 

II se compose d'une source de lumiere ultraviolette pulsee a extinction rapide, et d'un circuit 
de mesure commande par un circuit-porte retarde. 

En utilisant la relation quasi logarithmique du gain du photomultiplicateur en fonction de 
la tension, on a constitue un dispostif a lecture directe s' etendant sur quelques decades. 
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ZUR MESSUNG DER UMGEBUNGSSTRAHLUNG 

MIT PLASTISCHEN SZINTILLATOREN 

R. BERNARD und A. WENSEL 

Institut fi.ir Kernphysik der Universitat, Frankfurt/Main, F.D.R. 

Zusa.DlDlenfassung-Ein transistorisiertes Gerat fi.ir die Messung geringer y-Dosisleistungen 
zur Verwendung in Messwagen wird beschrieben. Als Detektor dient ein Szintillationszahler 
mit einem grossvolumigen Plastik-Szintillator ( 17,5 em 0 X 15,5 em). Die Pulsrate ist kein 
energieunabhangiges Mass fi.ir die Dosisleistung. Eine energieunabhangige Messung istjedoch 
moglich, wenn die Pulse ihrer Hohe nach bewertet werden. Das geschieht in einem sogenannten 
"Impulsintegrator", der aus mehreren Diskriminatoren mit dualen Ziihlstufen besteht. 

Die Schwellen der Diskriminatoren liegen in einem Bereich von etwa 20:1. Es ist daher 
moglich, Dosisleistungen von y-Strahlung mit Energien von etwa 150 keV his 3 MeV energie
unabhangig zu messen. Dieser Energiebereich liefert im allgemeinen den wichtigsten Beitrag 
zur gesamten Dosisleistung. Das Gerat ist empfindlich genug, urn die nati.irliche Umgebungs
strahlung zu messen und geringe zusiitzliche, z.B. durch Kernenergieanlagen verursachte 
Strahlenbelastungen festzustellen. Durch die Verwendung von Tunnel-Dioden in den Diskrimi
natoren und von integrierten Schaltkreisen a1s Untersetzer wird gute Stabi1itat, grosse Zuver
liissigkeit und ein Minimum an Raumbedarf und Gewicht erreicht. Die Ausgangsimpulse des 
Integrators konnen einen Zahler ansteuern oder i.iber ein Ratemeter registriert werden. 
Wegen der hohen Empfindlichkeit konnen im Ratemeter kurze Zeitkonstanten verwendet 
werden, so dass Messungen im fahrenden Wagen durchgefi.ihrt werden konnen. 

Die Oberwachung von relativ grossen Gebieten ist deshalb in kurzer Zeit mi:iglich. In der 
Umgebung des Forschungsreaktors Frankfurt wurde mit einem Messwagen die Dosisleistung 
der y-Strahlung ermittelt. Die Ergebnisse werden diskutiert. 
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DISCUSSION 

K. ZARNOWIECKI (Poland): 

Qu'arrive-t-il si, apres 250 p.sec I' emission a. qui est 
comptee en coincidence decroit brutalement? 

J.P. VAANE: 

Even if this was the case, the effect of the second 
circuit would be the same, because essentially the 
same alpha particles which pass the first gate, arrive 
at the second gate at the moment that this gate is 
closed. Therefore, the length of the delay period does 
not affect the number of apsco passed and does not 
affect the correction applied by this second circuit. 

A. RlNDI (Cern): 

Qual'e la sensibilita ai n di 14 MeV del rivelatore 
da lei presentato? 

D. BLANC: 

La valeur experimentale de l'efficacite est de 4,5.10-' 
pour les neutrons de 14 MeV. La valeur calculee est de 
6,0.10-4 mais avec une erreur possible de 30% et les 
deux valeurs me paraissent en bon accord. 

D. BLANC (France): 

J'ai ete tres interesse par votre detecteur. Dans le 
cas d'une geometrie cylindrique, Van Zoonen a 
montre que le temps de latence subit des fluctuations 
tres grandes. Avez-vous observe un phenomene 
analogue? D'autre part, quelle est la longueur du 
palier de comptage? Quelle est sa pente? Quelle est 
la tension de fonctionnement utilisee? 

D. SRDoc: 

The first part of your question was about the 
mechanism and the scattering at the beginning of the 
passage of a particle. Yes, it was possible to observe 
at a low over voltage a time lag of several micro
seconds between the passage of a particle and the 
pulse on the oscilloscope. A standard arrangement 
was used for such measurements consisting of the 
experimental counters and a very fast crystal, which 
will trigger the time based on the oscilloscope im
mediately. At a higher voltage, say about a hundred 
volts above the threshold, it was not possible to 
observe any delay between the response of the crystal 
and this type of counter. This means that instead of 

a classical discharge we believe there is photo-ioniza
tion which is a very fast phenomenon. 

The second part of your question was about this 
pulse. The pulse amplitude was 200 V, the rise time 
20 nsec, and the total length about 200 nsec. I think 
that's all. 

F. BERTHOLD (Germany): 

The detector described seems to operate similarly 
to a spark chamber, which is also characterized by 
fast rise-times ofless than 10 ns and pulse heights well 
over I 00 V. But spark chambers need long recovery 
times of about 10 msec because the electrodes seem 
to be left in an excited state, and therefore a long dead
time has to be provided before the chamber can be 
triggered again. 

Could the speaker point out what time-resolution is 
obtained with this detector if it is used as a pulse 
counter? 

D. SRDOC: 

The geometry and the mechanism of the detector 
are very similar to those of a spark chamber and I have 
had discussions with people working with spark 
chambers at Brookhaven. We decided that the 
difference is due to the filling gas. In our counter we 
use a mixture of neon and bromine which is respon
sible for the gas discharge mechanism; in the spark 
chamber there is a different gas mixture. It seems that 
the small percentage of quenching mixture allows the 
very fast recovery of time, which is of the order of I or 
even less microseconds. There is no secondary effect 
after I p.sec. Regarding the slope of this counter, 
perhaps this is the main drawback of this design 
because it is very steep and the supply voltage must 
be very well stabilized compared with standard con
ventional cylindrical geometry. But when measuring 
the average current, there was need for stabilization 
in either case. Have you a fiat or a steep plateau? 

G. CoWPER (Canada) : 

I think that, in common with many people, Mr. 
Srdoc has found that if you start to play games with 
Geiger counters, you'll finish with a device which 
does not have a plateau or at least it has a plateau 
with a slope, which is a contradiction. I think maybe, 
what we need is another name for this kind of device: 
it is not a G.M. counter. 
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CONCEPTION ET REALISATION D'UN CONTROLE DE 

LA POLLUTION RADIO-ACTIVE DE LA CHAINE 

ALIMENTAIRE 

R.COULON 

Departement de la Protection Sanitaire, Commissariat a l'Energie Atomique 
Fontenay-aux-roses, France 

Resum.e-L'utilisation de l'energie nucleaire etant appelee ineluctablement a prendre une 
part de plus en plus importante dans tousles domaines, il importe de l'entourer du maximum 
de garanties quant aux consequences proches ou lointaines de ses effets sur la sante des popula
tions: il s'agit essentiellement de controler le respect des niveaux fixes et de parfaire nos con
naissances sur les mecanismes de transfert et d'introduction chez l'homme, afin d'etre en mesure 
d'effectuer des previsions. 

Ainsi, outre la surveillance particuliere de certaines zones critiques, une surveillance generale, 
portant sur le milieu et les principaux vecteurs alimentaires, a ete organisee par le Departement 
de la Protection Sanitaire avec I' aide du Ministere de 1' Agriculture. Les efforts portent essentiel
lement sur le lait, les cereales, les fruits et legumes et s'etendront a d'autres produits (viande, 
poisson, etc.). 

Le controle est base sur un echantillonnage rationnel des denrees au stade de la production, 
et ceci selon une localisation qui permet de superposer les resultats des mesures faites au niveau 
de !'atmosphere, des retombees, et des differentes productions animales ou vegetales et de les 
interpreter en fonction des caracteres climatiques, pedologiques, agronomiques et zootechniques 
locaux. · 

Ce controle de type vertical est complete par !'implantation de "stations d'observations" ou 
la meilleure connaissance des conditions citees ci-dessus et l'individualite des prelevements 
autorisent des interpretations plus fines et a caractere plus scientifique. 

EN FRANCE, comme dans la plupart des autres 
nations, il est indiscutable que l'avenir verra 
!'utilisation intensive de cette nouvelle source 
d'energie qu'est l'energie nucleaire. II a done 
paru essentiel, pour pouvoir progresser en ce 
domaine, de s'entourer de toutes les garanties 
possibles et de disposer d'un ensemble d'etudes 
et d'observations qui permettraient d'en prevoir 
valablement les consequences d'ordre sanitaire. 

siciens, mathematiciens, meteorologistes, hy
gienistes, chimistes, agronomes, etc. 

Notre propos est d'en extraire ce qui concerne 
la mise en place des programmes de controle, 
tant sur le plan de la conception que sur celui 
de la realisation et de !'exploitation. 

On verra que les realisations citees sont fondees 
sur un certain nombre de principes dont quel
ques-uns ont un caractere purement national 
et par consequent ne sont pas tottiours extra
polables: mais peut-etre, et nous le souhaitons, 
certaines des idees exprimees pourront-elles 
apporter quelque chose au patrimoine commun. 

Dans le meme temps, et du fait que deja des 
pollutions radio-actives apparaissaient a la sur
face du globe, il etait urgent de mettre en place 
une large structure destinee a controler le bien
fonde de ces previsions et a mettre en evidence 
toute manifestation jugee suspecte. CONCEPTION DU CONTROLE 

II s'agit Ia d'un ensemble tres vaste, oil rien Nous ne parlerons pas ici de la surveillance 
ne peut etre fait isolement, et qui utilise les particuliere qu'il y a lieu d'exercer .dans les 
competences les plus diverses: biologistes, phy- secteurs oil un risque potentiel est a considerer 
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( environnement d'un site nucleaire, zone de 
rejet). Les problemes poses par ce type de con
trole sont generalement assez aisement resolus 
en raison des dimensions restreintes de la zone a 
controler et de la bonne connaissance que l'on 
peut en avoir. 

Le probleme de la surveillance generale est 
plus delicat a aborder car il englobe a Ia fois I' en
semble du pays, avec toute sa diversite geogra
phique, climatique, pedologique, agronomique 
ou zootechnique, et I' ensemble de la population 
si heterogene dans ses habitudes alimentaires. 

Il importe done au depart de definir claire
ment les objectifs a atteindre. 

Sur le plan strictement sanitaire, il s'agit 
d'etre en mesure d'evaluer !'ingestion de radio
activite (et partant, les risques encourus) soit 
pour l'individu moyen de !'ensemble de Ia 
population, soit pour les individus des groupes 
que l'on peut considerer comme critiques en 
raison de leur regime alimentaire particulier ou 
de leur situation geographique. 

A. ceci s'ajoute ce qui releve stricto sensu de la 
notion de "controle", a savoir la connaissance 
du niveau de contamination des differents pro
duits selon l'origine et selon Ia date. 

Enfin, compte tenu des lacunes qui subsistent 
encore dans la connaissance des mecanismes 
de pollution et des processus de transfert, il 
semble interessant de chercher a utiliser les 
resultats du controle pour en tirer des enseigne
ments en cette matiere. 

Comment atteindre ces objectifs? 

Pour ce faire, il se presente deux solutions: 

-la premiere consiste a faire porter l'echantil
lonnage sur !'alimentation de la population 
et des groupes d'individus choisis comme les 
plus exposes. Il est alors necessaire, pour res
pecter les buts fixes, d'echantillonner les 
differents produits en connaissant leur origine 
et leur date de production; 

-la deuxieme solution est inverse. Elle revient 
a echantillonner les differents produits selon 
leur origine et en fonction du temps, puis a 
calculer la contamination ingeree par Ia 
population et les groupes dits "critiques", ce 
qui se fait aisement si l'on conna1t les regimes 
alimehtaires. 

Nous ne nous etendrons pas sur les avantages 
et les inconvenients de chacune des deux me
thodes. Apres avoir pese soigneusement les uns 
et les autres, nous avons juge que, dans le cas de 
la France, Ia deuxieme methode etait sans con
teste la mieux adaptee et Ia plus facile a realiser. 

En effet, on peut considerer que, en matiere de 
produits agricoles, Ia production nationale 
couvre en quasi-totalite Ia consommation. Sans 
con troles complementaires, la connaissance de Ia 
contamination des denrees produites sur le 
territoire permettra d'evaluer Ia contamination 
ingeree. 

Il faut ajouter que ce principe du controle a 
la production offre d'autres avantages non 
negligeables: 

le controle est effectue au plus tot et eventuel
lement des mesures locales ou generales pour
raient etre prises avant consommation; 
les echantillons restent entoures de tout le 
contexte "milieu" et des relations utiles peu
vent etre etablies entre leur contamination 
et les facteurs naturels; 
enfin, comme on le verra plus loin, le nombre 
des echantillons a analyser peut se trouver 
avantageusement reduit. 

REALISATION DU CONTROLE 

Principes-Si l'on considere Ia pollution gene
rale au niveau d'une nation, on peut penser que 
les conditions essentielles de la contamination des 
produits agricoles sont d'ordre climatique, geo
graphique, pedologique, agronomique et zoo
technique. 

Ainsi, lorsque au sein d'une region, se mani
feste une certaine homogeneite pour chacun de 
ces facteurs, il y a tout lieu de croire qu'il en 
sera de meme pour la pollution d'un produit 
agricole issu de cette region, et que les variations 
qui apparaissent n'ont aucun caractere syste
matique. 

En consequence, il sera possible de definir la 
pollution moyenne de ce produit en analysant 
un seul echantillon, si toutefois on prend la 
precaution de le constituer d'un nombre de 
sous-echantillons suffisant pour eliminer les 
fluctuations aleatoires. 

Le critere homogeneite est une base de depart: 
il est toujours possible de verifier ultCrieurement 
son bien-fonde. 
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Le choix des sous-echantillons peut s'effectuer 
par des prelevements faits soit au hasard, soit 
rationnellement, par exemple un systeme cal
que sur la production de la denree envisagee. 
Nous avons opte pour le second mode, qui per
met d'avoir un plan d'echantillonnage mieux 
structure et plus limite. 

Schima de base~Si l'on veut conna!tre la con
tamination d'un produit agricole P, on sera 
amene, par ce systeme, a effectuer les operations 
suivantes: 
1. Etudier la production de P sur I' ensemble du 

territoire: volume, repartition dans le lieu 
et le temps, ainsi que toute caracteristique 
locale susceptible d'influer sur le resultat 
final. 

2. Sur ces bases, completees par des donnees 
geographiques, climatiques et agricoles, cher
cher a repartir les lieux ou la production de 
P n'est pas negligeable en uncertain nombre 
de regions presentant les caracteres d'homo
geneite precedemment definis. L'experience 
montre que l'on peut resoudre le probleme 
sans depasser une quinzaine de regions. 

3. Dans chacune de ces regions, determiner 
les principales zones de production P, ainsi 
que le volume produit en chacune. 

4. Dans chaque zone, choisir le lieu de preleve
ment, de preference un centre de groupement 
pour P (cooperatives de producteurs, lieux 
de stockage, etc.) 

5. Enfin, etablir pour la region et pour P un 
plan de ponderation tenant compte du vo
lume de l'echantillon composite final et de 
!'importance de la production en chaque 
zone initiale. 

Realisation pratique-Celle-d est bien evidem
ment fonction de la structure economique et 
administrative de la nation. 

Pour nous, nous avons pu la mener a bien 
grace au Ministere de !'Agriculture, qui est 
concerne par ces problemes, et qui a apporte 
l'aide de ses divers services exterieurs. Un 
avantage evident provient du fait que les inter
ventions aupres des producteurs ou organismes 
fournissant les echantillons sont faites par des 
personnes bien connues d'eux et ali titre du 
Ministere de 1' Agriculture; certaines difficultes 
d'ordre psychologique sont ainsi evitees. 

Ainsi, poursuivant dans le sens de la defini
tion d'unites a caractere regional, nous avons pu 
realiser une decentralisation parfaite. Au sein 
de chaque region, des responsables locaux sur
veillent les operations de collecte et resolvent 
les problemes materiels et financiers tandis 
qu'un laboratoire centralise les prelevements, 
eventuellement effectue les premiers traitements 
(dessiccation, mineralisation) et meme, dans 
une nouvelle etape actuellement en cours, 
effectue des mesures d'activite totale, de fac;on a 
obtenir des informations rapides sur le niveau 
de contamination des echantillons. 

L'ensemble de ces operations est coordonne a 
!'echelon central. 

Etat actuel de l' organisation 

Le premier probleme aborde a ete celui du 
lait. Le reseau qui est en place concerne environ 
150 points de prelevements (industries ou co
operatives laitieres) repartis dans 13 regions. 
Ainsi sont representes 44 departements, qui 
produisent 70 a 75% du lait destine a 1a con
sommation humaine en France. 

Les prelevements sont effectues quotidienne
ment et constitues en un echantillon mensuel. 

Le contr6le de la contamination des cereales 
a ete resolu dans le meme temps. Il porte sur 52 
departements, repartis en 10 regions et produi
sant environ 90% du ble tendre d'hiver. 

Les prelevements sont effectues annuellement 
en 150 points, qui sont des silos cooperatifs. Ils 
concernent le grain, et les analyses sont effectuees 
sur la farine apres les habituelles operations de 
mouture. 

Enfin, le probleme du contr6le de la pollution 
des fruits et legumes, beaucoup plus difficile a 
realiser, a ete aborde de fac;on analogue. 11 
s'exerce sur 39 departements, qui fournissent 
entre 60 et 90% (selon la denree) de la pro
duction nationale. Les 39 departements sont 
groupes en 13 regions: 7 fournissent actuelle
ment les echantillons, les 6 autres seront mises 
en place prochainement. 11 y aura ainsi une 
centaine de points de prelevements, ceux-ci etant 
effectues deux fois par mois. 

Le contr6le sera egalement etendu prochaine
ment ala viande. 
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Exploitation 

Comme il a ete indique plus haut, !'en
semble de cette organisation permet: 

1. De connaitre le niveau de pollution des 
principaux. vecteurs alimentaires selon leur 
origine geographique et d'en suivre !'evolu
tion dans le temps. 

2. De calculer !'ingestion moyenne de radio
activite pour !'ensemble de la population, 
ceci a l'aide des enquetes alimentaires dis
ponibles. 

3. De calculer !'ingestion de radio-activite pour 
la population des differentes regions et pour 
celle des grandes agglomerations, en utili
sant les enquetes alimentaires regionales et en 
connaissantl'origine des produits consommes. 

4. De calculer !'ingestion de radio-activite pour 
ceux des groupes qui, par suite de leur regime 
alimentaire particulier, peuvent etre con
sideres comme critiques (cas des jeunes 
enfants par exemple). 

5. D'etablir toute correlation entre la con
tamination des differents produits et celle 
des vecteurs initiaux (air, precipitations) 
pour lesquels un reseau de controle existe 
deja. 

6. D'etudier localement !'influence des facteurs 
naturels sur le niveau de la pollution. 

Pour parfaire cette exploitation, et pour 
eviter de ne travailler que sur des valeurs moy-

ennes, nous cherchons a implanter dans quel
ques grandes regions, des stations dites "d'ob
servation" ou ces memes prelevements seront 
effectues a !'echelon d'une seule exploitation 
agricole, consideree comme caracteristique de la 
region qu'elle represente. Tout resultat sera 
alors entoure de renseignements precis quant au 
milieu et aux conditions de production. II sera 
egalement possible de s'interesser aux. etapes 
intermediaires (sol, alimentation animale, etc.). 

CONCLUSION 

L'organisation d'un tel reseau de surveillance 
des produits alimentaires a ete conc;ue selon 
trois principes de base, qui sont: 
-obtenir les seules donnees necessaires aux 

hygienistes charges de leur interpretation, 
-reduire au maximum le nombre des echan

tillons a analyser et ceci en accordant a 
chacun d'eux un caractere representatif plus 
grand, 

-atteindre du meme coup un objectif plus 
scientifique qui aiderait a une meilleure 
connaissance des mecanismes de pollution. 

Ces objectifs sont pratiquement atteints. Les 
methodes utilisees sont certes perfectibles. Des 
ameliorations sont encore apportees dans le 
detail, mais il est important de chercher a obte
nir un certain automatisme qui seul permettra 
une grande continuite avec un minimum de 
difficulte. 



CONTAMINATION OF AIR AND THE RESULTING 

CONTAMINATION OF GRASS 

P. COURVOISmR 
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Abstract-Since the summer of 1963 a lawn was mown every second week during the growing 
season. The ,8-activity of the consecutive grass samples collected was considered to have been 
produced by fallout throughout the two week period of regrowth of the grass. It was compared 
with the activity of the air due to fission products during the same period. In this way an 
overall deposition velocity was obtained, covering both dry deposition and deposition by rain. 
This deposition velocity shows considerable scatter and increases during the period of observa
tion. The increase is larger than can be explained by the influence of soil contamination. 

In addition, the activity found on the grass samples was compared with the activity found 
on other fallout collectors. Here, too, the ratios increased with time, whereas the ratios between 
physical samplers stayed constant. _ 

GRASS SAMPLING sumption may be not quite correct, as grass 
Deposition of fallout on grass has been ob- grows not only by producing new leaves but 

served by different authors. However, the pre- also by stem growth; accordingly, some direct 
sent authors are not aware of any longer series of contamination of the grass sample may be due 
consecutive samples taken to study the variation to fallout in periods preceeding a period in 
over a longer period of the deposition on to question. However, this possible contribution 
grass of fallout ,present in the lower atmosphere. of fallout was neglected. 

Since the summer of 1963, therefore, a lawn It is well known that deposition of fallout on 
(96 m 2

) at the Eidg. Institut fUr Reaktorfors- samplers or on vegetation can be described by a 
chung was mown every two weeks during the deposition velocity, which is usually given in 
growing season. Th,e same mowing machine units of em per sec, or as a ratio to the wind 
was always used in order to mow the grass at velocity. This indicates that deposition is con
the same height above ground. The mown sidered as an instantaneous process rather than 
grass was collected as completely as possible as the result of processes acting over a consider
by _a brushing machine. able length of time. For a sampling programme 

The samples were analysed for g.r;oss {3-activity such as the one outlined above it would be im
which was expressed in uni!:5 of pCi per m 2 practical, however, to take samples at short 
of ground harvested. It may be assumed that intervals. One week is the shortest feasible 
a grass sample obtained this way is contaminated interval for sampling over the whole season in 
exclusively by fallout from the atmosphere dur- which grass grows and samples of reasonable 
ing the two week period, together with a con- size can be obtained. In our climate, this 
trib-ution from older fallout isotopes entering minimum period of one week is not short enough 
into the plants by the growth process and stem- to permit with a reasonable probability any 
ming from root uptake or up~ake into parts of useful discrimination between periods of exclus
the grass below ~he height of mowing. This as- ively dry deposition and periods of mixed dry 

1039 
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FIG. 1. Ratio of concentrations of radioactivity in rrun and in air, both in pCifcm 3 • 

and wet deposition.* A period of two weeks 
was therefore considered acceptable, especially 
in view of decreasing fallout concentrations 
after tht: weapons test ban llf 1962. The com
parison of fallout on grass to flillout in air or 
rain can, therefore, only produce an averaged 
deposition velocity vg, where: 

_ Actgrass 
Vg = ---

I :9 ActaJ.rdt 

Actgrass 

T · Actair 

in which formula it is assumed that 

Actra.1n is proportional to Acta1r. 

(l) 

Accordingly, data on v9 are quoted in mfday 
only, in order to eliminate confusion with short 
period observations. 

PHYSICAL SAMPLERS 

The following samples were collected by 
physical samplers over the same period as the 
grass samples. 

* In the following data only the periods 6 and 7 for 
1964 and period 13 for 1965 were generally dry, rain
fall being less than 10 l./m 2 in 14 days. 

(A) Air samples taken by moving filter bands, 
ashed at the end of the period and counted 
after decay of natural activity. 

(R) Rain samples, collected in a large rain 
sampler rinsed every day to remove dry 
fallout as far as possible. 

( T) Samples of fallout deposited on to an open 
water surface (Totalisator: plastic tray kept 
filled with water, rain water collected by 
the tray flowing via over-flow to a plastic 
bottle). 

( V) Samples of fallout deposited on to a flat 
and level plate of plexiglass covered by 
vaseline and placed on a short pole. By a 
long series of special observations we have 
shown that fallout trapped by the vaseline 
is not lost by subsequent weathering (at 
least for periods of up to three months), 
and that dry fallout is trapped as well as 
by a tray full of water. 

RESULTS OF PHYSICAL SAMPLERS 

The data of the three physical samplers (R), 

( T) and ( V) agree reasonably well. The ratio 
of the average activity in rain (R) to the average 
activity in air (A) yields a mean of7 · 72 ± 0 · 74) 
X 105, if concentrations in pCifcm3 are com 
pared; the data presented in Fig. 1 shows the 
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ratio to be fairly constant in spite of possible 
changes of particle size with age of fallout. 

Figure 2 (curve b) shows the ratio of ( R) in 
pCijm2 and per day to average (A) in pCi/ ms. 
This ratio of (R) to (A) is expressed as a velo
city of (wet) deposition, but this is not strictly 
correct as rain is not falling constantly. The 
data (curve b) shows somewhat more scatter 
than the ratio of the concentrations per unit 
volume and the values for 1965 are markedly 
increased, presumably due to the higher rainfall 
during that summer. 

The deposition velocities calculated from ( T) 
or (V) and (A) according to formulae like (1) 
show fairly constant values in spite of a reduc
tion of activities by a factor of about 100 over 
the three summers of observation. The averages 
are 2980 ± 420 mfday for ( T) and 740 ± 60 
m/day for (V). 

We have determined the coefficients in the 
regression formula (V) = r. (R) + Vg (A) for 
our continuous series. of two weekly periods 
from 1959 through 1965 to be r = 27 ± 2 ·3% 
(r = efficiency of collection of wet fallout by 
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vaseline) and Vg = 237 ± 32 mfday (corres
ponding to 0 ·27 cmfsec) as deposition velocity of 
dry fallout on to vaseline. 

RESULTS OF GRASS SAMPLES 

The deposition velocity on grass, as calculated 
according to formula (I) and without any cor
rection for ground contamination, is given in 
Fig. 2 by curve a. It is seen that again there is 
considerable scatter and that the velocity in
creases with time. This increase is also seen in 
the efficiencies of deposition on grass as com
pared to deposition on the physical samplers 
(Fig. 3). Both curves show an increase with 
time which is similar to the increase in curve a, 
Fig. 2. 

THE EFFECT OF GROUND CONTAMINATION 

At the end of 1964 this trend in the data on 
grass activity had not been fully recognized, 
being rather veiled by the scatter. A correction 
for the effect of ground contamination seemed, 
therefore, to be unimportant. This was further 
supported by the result of comparisons between 
two series of grass ·samples grown during 1964 
in parallel over three week periods, in part open 
and in part permanently covered by plastic 
hoods. The 1 m 2 areas under the plastic hoods 
were watered using tap water with a negligible 
activity content. Some air circulation through 
the hoods had to be tolerated in order not to 
over-heat the plants but contamination from 
this way was shown to be negligible (vaseline
sampler under one of the hoods). Hence, the 
contamination found in the covered samples 
was considered to be derived from the existing 
contamination of the soil only. For the purpose 
of comparison between both series of grass 
samples, a correction for the somewhat different 
yields in dry-weight/m 2 had to be made. The 
ground contribution to the total activity found 
in the open grass samples, averaged over the 
summer for six different fallout isotopes (y-emit
ters), was 27% (ranging between 22 and 32% 

for the different isotopes). The average for 
all the isotopes increased somewhat during the 
summer, due to the decreasing air activity. 
40K could be used as a control for the above 
mentioned correction, yielding a ground con
tribution of practically unity, as would be 
expected for this isotope. 

Soil activity was determined by gamma spec
troscopy and 90Sr analysis. The contamination 
of soil was practically the same in 1965 as it 
was in 1964, whereas the fallout intensities de
creased further, as shown in Fig. 4. If, accord
ingly, a constant value of the ground contri
bution deduced from the 1964 data on open and 
covered samples is deducted from the grass 
activities in 1964 and 1965, the corrected curve 
a* in Fig. 2 results. However, this correction 
does not remove the trend which shows in the 
uncorrected curve a. 

DISCUSSION AND CONCLUSIONS 

The trend which remains in curve a* may 
be due in part to the somewhat increased rain
fall during 1965, as shown by curve bin Fig. 2 
and mentioned above, but a representation of 
the deposition velocity on to grass as a function 
of the amount of rainfall showed no clear corre
lation. 

Further explanation of the rest of this trend is 
difficult. It may be due to a general change in 
particle size of fallout which will influence the 
deposition effects that are basically due to the 
movement of particles in boundary layers around 
the sampler. 

In conclusion it may be stated (using mainly 
the data for 1963 and 1964) that deposition of 
fallout on to short grass is of the order of 
150 m/day if averaged over periods of two 
weeks with mixed dry and wet deposition. 
There is considerable scatter and single periods 
may differ from an average by as much as a 
factor of 5. The efficiency of grass as a sampler 
is 10% or less if compared to an open water 
surface. It is 20 to 30% if compared to a level 
surface covered with vaseline. 
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ResUJD.e--L'absorption de 226Ra par plusieurs plantes cultivees (Ray-grass, trefie violet, chou, 
carotte, pomme de terre, orge et better ave) a ete examinee a travers les experiences effectuees en 
champs d'essais et en serre. La spectrometrie gamma a ete utilisee pour la mesure des teneurs 
en 226Ra des divers echantillons. Pendant les experiences effectuees en serre, on a examine 
!'influence sur !'absorption de 226Ra par les plantes des apports de Ca sous les formes 
hydroxydes et chlorures. Des comparaisons de !'absorption de 226Ra par ray-grass de cinq 
divers sols, a deux niveaux de contamination ant ete effectuees; les resultats ont montre 
qu'il y a une correlation inverse entre le 226Ra de la plante et la quantite de materiel sorptif 
du sol. Les resultats des experiences en champs d'essais realisees durant trois annees con
secutives, dans un sol sablonneux dont la couche superieure a ete anterieurement soumise a 
la contamination artificielle aux differents niveaux par 226Ra, sont donnes. Ces resultats ont 
revele qu'il y a quelques differences entre !'absorption de 226Ra parmi les especes vegetales 
etudiees; parailleurs, la distribution de 226Ra dans les plantes n'est pas uniforme. En general 
les valeurs O.R. (( 226Ra/Ca) plantef( 226RafCa) sol = O.R.) montrent la presence d'une 
discrimination tres forte contre 226Ra dans le transfert entre le sol et la plante. 

INTRODUCTION: 

La contamination, par les isotopes du radium, 
des aliments de l'homme, notamment des 
vegetaux, est mentionnee dans la litterature. (l-&) 

Cependant il y a peu de donnees sur !'absorp
tion de 228Ra par des vegetaux cultives dans 
des conditions identiques, ainsi que sur les 
facteurs susceptibles d'influencer !'absorption 
de ce radionuclide par la plante. <6 > 

Le present memoire decrit des experiences, 
effectuees en champs d'essais et en serre, sur 
!'absorption de 226Ra par divers vegetaux cul
tives des regions temperees; !'influence de !'ap
port de calcium au sol, ainsi que !'influence du 
type de sol sont egalement examinees. 

MATERIEL ET METHODES 

A. Experiences en serres 

I. Etude de ['influence de ['apport de calcium au sol. 
Les especes vegetales suivantes ont ete mises 

en experiences: pomme de terre, carotte, bet
terave, chou, ray-grass, trefle violet et orge. La 
culture a ete effectuee en pot contenant du 
sable tourbeux, sol de meme nature que celui 
des champs d'essais contamines. Le niveau de 
contamination du sol utilise pour les experi
ences en serrt;! etait de 100 p.Ci 226Rafkg de sol 
sec. 

Le traitement applique consistait en apport 
de diverses doses de calcium (0 a 62,5 me CaflOO 
g de sol). Deux formes chimiques ont ete 
employees dans une etude parallele: hydroxyde 
et chlorure. Chaque essai a ete realise en 
repetition triple. 

2. Etude de ['influence du type de sol. Nous avons 
employe comme plante-test le ray-grass, cultivc 
dans des pots contenant 1 kg de divers types 
de sols belges. Trois des caracteristiques de ces 
substrats sont donnees dans le tableau 1. 

1045 
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Tableau I. 

Type de sol 
Materiel Ca total pH 
sorptif * (%) (mg/100 g sol) (H 20) 

Sablonneux I 29,0 160 6,0 
Sablonneux II 22,0 190 6,75 
Sol brun acide 69,2 410 6,55 
Sol brun sur limon 51,5 500 7,20 
lcessique 
Sol podzolique sur 10,0 83 6,4 
sable 

* Teneur en materiel sorptif egale au pourcentage de la fraction 0---20 p., plus deux 
fois le pourcentage d'humus. 

Deux niveaux de contamination des sols 
etudies ont ete appliques; ces niveaux etaient 
respectivement de 0,5 et de 5 fLCi 226Rafkg 
de sol sec. 

B. Experiences en champs d' essais 

. -Principe de !'experimentation: Nous avons 
applique la methode dite du "carre latin" 
pour la disposition des parcelles. Le nombre 
total de parcelles etait de 49 (7 vegetaux 
X 7 repetitions); chacune de ces parcelles 
avait une surface utile de 4m 2

• 

Des plantes pn!sentant un interet economique 
ont ete choisies. Les especes vegetales etudiees 
sont les memes que celles utilisees pour !'experi
ence 1 en serre. 

Dans chacune des parcelles, la zone de bor
dure et la zone mediane ont ete recoltees separe
ment; seule cette derniere a ete analysee car 
les plantes qui y ont pousse se sont trouvees dans 
des conditions de milieu comparables pour 
chacune d'elles. Les differentes organes a analy
ser sont separees au moment de la recolte et 
constituent des echantillons dis tincts. Des echan
tillons de sol (sable tourbeux) ont aussi ete 
preleves sur chacune des parcelles. 

C. Technique de mesures 

La spectrometrie gamma a ete utilisee pour 
la mesure des teneurs en 2 28Ra des divers 
echantillons. Le pic gamma de 610 KeV du 
214Bi, descendant du 226Ra, a ete choisi pour 
effectuer la mesure. Comme, dans la chaine de 

desintegration, un desequilibre apparait toujours 
au niveau du radon-222 qui est gazeux et diffuse 
hors de l'echantillon, nous avons ete amenes a 
sceller les flacons afin de retablir 1' equilibre de 
la chaine radio-active jusqu'au niveau du 214Bi. 
L'activite en 214Bi est determinee par planimetrie 
du pic, mesure apres un delai de 20 jours as
surant une activite egale a plus de 97% de celle 
atteinte a l'equilibre, en comparaison avec celui 
d'un etalon pris dans les memes conditions. 

RESULTATS ET DISCUSSION 

A. Experiences en serre 

1. Etude de l' influence de l' apport de calcium au sol. 
Les teneurs en 226Ra des organes vegetaux ob
serves pour des apports de calcium sous les 
formes hydroxydes et chlorures sont donnees 
dans le tableau 2. 

L'analyse statistique, effectuee sur des series 
de resultats dont l'examen permet d'envisager 
une influence eventuelle de l'apport de calcium, 
a montre que le traitement n'a pas eu d'in
fluence significative (P = 0,05) sur la teneur en 
22BRa de la matiere seche, tant du feuillage que 
des racines. Les valeurs du critere F* sont 
donnees dans le tableau 3. 

Nos resultats sont en accord avec ceux obtenus 
par K. B. Mistry<6 > d'apres ses experiences sur 
divers vegetaux, en aquiculture; selon cet au-

*Test de Fisher et Snedecor. 



Traitement 

ABSORPTION DU 226Ra PAR LES PLANTES CULTIVEES 

Tableau 2. Teneurs en 226Ra des organes de diverses especes vegetates cultivees sur sol 
contamine, amende par differentes doses de Ca 

Concentration en 226Ra (cpm/g matiere seche) 

1047 

me/100 g Trefle violet Ray-grass Orge Betterave Garotte Pomme de terre 
sol 

R PA R PA R PA R PA R PA R PA Tuber 

CaCl 2 

0 3844* 2538 4804 5490 5208 964 6902 11983 9450 19272 5506 3473 301 
12,5 (t) - - 2995 4595 616 6398 10290 14414 9003 4375 2061 337 
37,5 - - 4597 2629 4639 788 4461 11079 5598 14044 3816 978 256 

.62,5 - - 4310 2570 2156 1028 7643 13026 8548 6227 4277 1354 335 
Ca(OH) 2 

0 2300 3279 3616 2735 3651 759 2731 9086 5097 9903 
12,5 1297 583 4448 1906 3129 342 2378 4444 2722 2979 
37,5 1006 799 4766 1325 4179 455 2436 3003 3963 1770 
62,5 2501 942 5192 922 3914 254 4666 1929 2989 1800 

* Valeur moyenne x pour 3 repetitions (n = 3). La probabilite P que la valeur vraie soit exterieure a l'intervalle 
x ± tp sx est de 0,05; tp est le fractile de 1a loi de Student (tp = 4,303 pour P = 0,05) avec 2DL (nombre de 
degres de liberte = n-1). 

t Plantes mortes, toxicite due au ch1orure. 
R =Racine. 
PA = Partie aerienne (tige + feuille). 

Tableau 3. Valeurs du critere F relatives a l'apport de calcium au sol 

Traite- F (tables) pour 
ment Plante Organe F (calcule) 

p = 0,05 p = 0,01 

Ca (OH) 1 Trefle Partie 4,6 5,99 13,74 
violet aerienne 
Ray-grass id. 1,10 id. id. 
Orge id. <0 id. id. 
Better ave id. 3,21 id. id. 

CaCl 2 Pomme de id. 0,20 id. id. 
terre 

I.R.P. VOL. U-t* 
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teur, bien que !'absorption du radium soit 
deprimee par I' addition de calcium a la solution 
nutritive, il n'y a pas de relation etroite entre 
les deux ions. D'autre part cet auteur a observe 
que !'absorption de 228Ra est quelque peu 
reduite lorsque le pH passe de 4 a 6. 

L'examen du tableau 2 montre une diminu
tion de teneurs en 228Ra des organes des plantes 
cultivees sur sol traite par Ca(OH) 2 ; cependant, 
cette diminution est statistiquement non signi
ficative (P = 0,05) (voir tableau 3). Cette ten
dance a la diminution pourrait etre rap
prochee de !'elevation du pH consecutive a 
!'apport de calcium sous forme hydroxyde, ainsi 
que le montre le tableau 4. 

Tableau 4. E.ffet de l'apport de calcium sur le 
pH du sol 

Forme chimique 

CaC1 9 

Ca(OH) 2 

Traitement 
me CaflOO g sol 

0 
12,5 
37,5 
62,5 

0 
12,5 
37,5 
62,5 

pH 

5,95 
5,80 
5,25 
5,10 
5,90 
7,20 
8,25 
8,55 

A. J. Andersen <7 > a etudie !'influence de 
!'apport de CaC03 (2 meflOO g sol) sur !'ab
sorption de 89Sr par le ray-grass et le trefle violet; 
il n'a pas constate, pour la plupart des types de 
sol utilises, de reduction significative d'absorp
tion consecutive a cet apport. Cependant, si 
!'apport augmente, une reduction de 89Sr dans 
la plante est constatee. Cet auteur a aussi 
observe une baisse considerable de rendement 
lorsque la forme chlorure est employee, le 
trefle violet etant plus sensible a cet effet toxique 
que le ray-grass. Une constatation similaire a 
ete faite au cours de nos essais. 

2. Etude de l'injluence du type de sol. Quelques 
caracteristiques des cinq sols utilises sont men
tionnees dans le tableau l. 

Les rendements en matiere seche et les 

teneurs en 228Ra des organes du ray-grass, 
employe comme plante-test, figurent dans le 
tableau 5. 

Une correlation inverse entre les teneurs en 
128Ra des organeS VegetaUX et la quantite de 
materiel sorptif du sol est observee. Les valeurs 
des coefficients de regression, calculees a partir 
des resultats du tableau 5, sont respectivement 
de: -0,014 ± 0,003 et -0,005 ± 0,003 (P < 
0,01) pour les parties aerienne et radiculaire 
du ray-grass. 

Lors d'une etude <8> sur la contamination de 
certains sols par 228Ra, Ia determination des 
coefficients de distribution a indique que la 
tourbe avait une capacite de sorption dix fois 
plus forte que le sable environnant (Tour be: 
Kd variant de 1500 a 3000; Sable: Kd variant 
de 150 a 200). 

3. Facteurs de concentration observes. Les ex
periences sur substrats uniformement contamines 
(sol et aquiculture) permettent le calcul des 
facteurs de concentration donnes par la relation 

FC= 

22&Ra/g matiere seche vegetale 
228Rafg substrat (sol ou solution nutritive) 

Les valeurs calculees pour les diverses especes 
vegetales etudiees sont donnees dans le tableau 6. 

L'examen du tableau 6 montre que, dans le 
cas de culture sur sol, les facteurs de concen
tration sont du meme ordre de grandeur (unite 
ou inferieur). Quelques valeurs F C interes
santes sont a noter: de tres fuibles valeurs pour 
les tubercules de pomme de terre et les epis 
d'orge; les valeurs les plus elevees sont observees 
pour le feuillage des betteraves, pommes de terre 
et carottes; la valeur relativement elevee pour 
la gousse du pois est egalement a souligner. 

La culture sur solution nutritive donne des 
valeurs F C beaucoup plus elevees pour les 
racines, de deux ordres de grandeur par rap
port au feuillage. Une constatation analogue 
a ete faite par K. B. Mistry <8 > pour l'orge, le 
pois, le mai:s et la tomate. 

Cette difference dans le niveau de contamina
tion des organes vegetaux selon le substrat 
de culture est probablement due au degre 
eleve de retention du radium sur les surfaces 
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Tableau 5. Rendement et teneurs en 126Ra du ray-grass cultive sur divers types de sol 

Apport 
Sols de 126Ra 

Repet. 
(Type) (p.Cifkg 

sol) 

Sablonneux I 0 1 
2 

0,5 1 

2 
5 1 

2 
Sab1onneux II 0 1 

2 
0,5 1 

2 
5 1 

2 
Brun acide 0 1 

2 
0,5 1 

2 
5 1 

2 
Brun sur limon 0 1 
1ressique 2 

0,5 1 

2 
5 1 

2 
Podzolique sur 0 1 
sable 2 

0,5 1 
2 

5 1 

2 

' 

du sol. Ce qui a pour consequence, comme le 
souligne K. B. Mistry, <8 > que dans les sols la 
disponibilite du radium pour les plantes est 
considerablement plus faible que celle du stron
tium et du calcium. 

B. Experiences en champs d' essais 

Les resultats de ces exp6riences, realisees 
durant trois annees consecutives, nous ont per
mis de calculer les facteurs de concentration 

Racine 
Partie aerienne 
(2eme coupe) 

Rendem. 12eRa Rendem. uuRa 

g msfpot (pCifg ms) g msfpot (pCifg ms) 

4,13 3,6 1,02 65 
3,07 3,2 0,45 <20 
4,36 252 0,63 175 
5,83 171 0,64 119 
5,80 4135 0;87 1374 
4,57 3285 0,83 915 
7,37 1,5 1,24 ± 10 
7,87 1,5 1,24 ± 12 

12,37 178 1,25 136 
8,55 152 1,35 88 

12,12 2558 1,58 1010 
10,77 1858 1,85 1299 
11,16 2 4,34 :$;2,5 
6,76 4 2,79 <3,5 
9,70 - 3,83 29 
8,94 93 3,18 28 
8,37 1195 3,05 361 
8,53 1407 3,89 334 
3,98 10 1,43 14 
4,26 5 0,90 18 
4,14 186 0,90 61 
3,78 167 1,02 48 
5,59 2685 1,34 576 
3,87 2586 1,00 700 
2,54 12 0,51 <2 
2,59 6 0,31 <3 
2,64 268 0,34 133 
1,81 287 0,39 253 
2,72 3642 0,30 2479 
3,33 3906 0,53 3018 

ainsi que le rapport observe (O.R.). Pour ces 
calculs, le sol pris en consideration est la couche 
exploree par les racines. 

Le tableau 7 permet de comparer !'absorp
tion du 226Ra par differentes especes vegetales 
placees dans les memes conditions de milieu; les 
valeurs F C moyennes, minimales et maximales 
observees sont indiquees. 

Ce tableau, qui donne les valeurs de 1 'O.R. 
(organefsol) permet aussi de comparer le trans-
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Tableau 6. Faeteurs de concentration (F.C.) pour 226Ra chez des plantes cultivees sur 
suhstrat contamine d'une fafon lwmogene 

fert du radium et du calcium, du substrat au sein 
du vegetal. 

On remarque qu'il y a une forte discrimina
tion contre le 228Ra dans le transfert du sol a 
la plante. Nos experiences en aquiculture <9> 

et celles de K. B. Mistry <8> ont permis de faire 
la meme constatation en ce qui concerne la 
partie aerienne des vegetaux etudies. 

L'O.R. varie selon les especes et selon les 
organes. 

L'analyse statistique des resultats des trois 
annees de culture a montre notamment que: 

(1) Le teneur en 228Ra du feuillage du ray-grass 

est significativement plus elevee (P = 0,05) 
que celle du feuillage du chou et de l'orge. 

(2) Le rapport des concentrations en 228Ra 
dans l'epi d'orge et la paille est de 0,41 ± 
0,13 (P = 0,05). 

(3) La valeur du facteur de concentration pour 
le 228Ra dans le tubercule de pomme de 
terre est de 0,016 ± 0,0024 (P = 0,05). 
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Tableau 7. Facteurs de concentration (F.C.) et rapport observe (O.R.) pour Ra-226 chez 
des plantes cultivees en champs d' essais contaminis super:ficiellement ( 1961) 

Espece Organe 
Moyen 

Ray-grass Racine 0,58 
Feuillage 0,08 

Trefte Racine -
violet Feuillage 0,27 
Orge Racine 0,63 

Paille 0,05 
E. pi 0,015 

Chou Racine 0,28 
moellier Tige 0.57 

Feuille 0,40 
Garotte Racine 0,09 

Feuillage 0,09 
Betterave Racine 0,045 

Feuillage 0,09 
Pomme de Racine 0,55 
terre Feuillage 0,25 

Tubercu1e 0,016 

n!sultats. Leurs remerciements vont egalement 
a Monsieur J. Colard eta ses collaborateurs qui 
ont effectue les mesures spectrometriques des 
echantillons. 
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FIVE YEARS EXPERIENCE OF 90Sr AND 137Cs HERBAGE 

TO MILK TRANSFER UNDER FIELD CONDITIONS 
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Abstract-Routine radioactivity measurements on grass and milk are performed as part of the 
radiological monitoring programme of the Euratom Ispra Establishment. Herbage samples are 
collected monthly from May to October in six stations; milk is sampled weekly in four small 
dairies and the pooled monthly samples analysed. The 90Sr and 137Cs contamination found 
hitherto is due to the world-wide fallout, whose rate has changed considerably during the 
period 1961 to 1965. This fact has enabled the study of the transfer of the two radionuclides 
from grass to milk, under conditions of both direct and indirect prevailing contamination. 

Particular consideration has been given to the 90Sr milk-herbage observed ratio 

(
pCi uoSr/g Ca milk ) 

pCi 90Sr/g Ca herbage ' 

which has been found rather constant from year to year at a value of about 0.16. The same 
does not hold for the 137Cs observed ratio 

(
pCi l87Cs/g K milk ) 

pCi 137Csfg K herbage ' 

which ranges from 0.9 to 1.7. 
The 187Csf90Sr ratio in herbage shows relatively large variations, if compared to the same 

ratio in fallout. These variations, however, reflect the different behaviour of the two nuclides 
in the transition fallout/herbage, yielding high values of the ratio during periods of high fallout 
rate (direct contamination predominant) and low values in the periods oflow fallout rate (uptake 
from the soil prevailing). The same trend is observed in milk. 

INTRODUCTION 

This paper describes the results obtained from 

the measurements of milk and herbage radio

activity, performed during five years in the 

environs of the lspra Establishment of the 

Euratom Joint Nuclear Research Centre. 

The Establishment is located near lake Mag

giore in a moderately hilly zone, about 1/5 

covered with woods and a roughly equivalent 

area of permanent meadows. The radiological 

survey of herbage and milk is performed in an 

In the area considered, there are roughly 200 

dairy cows, spread over a number of small 

farms. Except for a few weeks in autumn during 

which cattle graze out of doors, the animals are 

always kept in sheds and fed with herbage 

cut three times a year in May, July and Sep

tember. The hay yield normally decreases from 

the first to the last cutting and, on the average, 

the whole seasons yield may be estimated as 

1 kg (dry matter)/m 2.* 

area within a radius of about 5 km from the * Except when otherwise stated all the herbage 
Establishment on a monthly basis, the herbage values referred to hereafter are concerning dry 
collection being limited to the growing season. matter. 

1053 
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Additional feeds, giving a minor contribution 
to the diet, are provided by green vegetables 
during the summer months and mill products 
during the entire year. 

The milk produced on the farms is taken to 
dairies in the villages, where it is sold. Samples 
for monitoring purposes are collected in the 
dairies of three villages (Brebbia, Ispra and 
Osmate) and in the largest farm of the village 
nearest to the Establishment (Barza). The milk 
monitored in this way may be regarded as rep
resentative of that produced and consumed in 
the zone under control. 

The data reported in this paper have been 
obtained from measurements conceived to fulfil 
radiological monitoring requirements only. 
None the less attempts were made to work out 
some relationships between fallout and the sub
sequent contamination of the various links in 
the food chain and at the same time, to check 
the variations which might occur when the con
tributions of direct and indirect contamination 
change. In this respect the pattern followed by 
the world wide fallout due to nuclear weapons 
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testing during the past few years has been 
particularly favourable. 

This report summarizes the results of the 
period 1961 to 1965 and follows two previous 
papers (I, 2 > covering shorter periods. 

EXPERIMENTAL 

Dry and wet deposition samples are collected 
monthly in four stainless steel pots (area 1 m 2) 

and the dry residue obtained after evaporation 
is analysed. 

The herbage samples are built up from small 
amounts taken randomly in the meadows. Each 
sample amounts to 2 kg fresh weight. As from 
1963 sampling is performed monthly from May 
to October, whereas during the two preceding 
years collection was limited to May, July and 
August, with the addition of September in 1962. 

One liter of milk is collected twice a week and 
these sub-samples are pooled to give monthly 
samples for analyses. 

137Cs and 40K are determined by gamma spec
trometry measurements performed on the dried 
samples (employing the spectrum stripping 
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~ 
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FIG. l. 110Sr monthly deposition and cumulative deposit (not corrected for radioactive decay) at 
Ispra from 1958 to 1965. 



90Sr AND 137Cs HERBAGE TO MILK TRANSFER 1055 

Fm. 2. 187Cs monthly deposition at Ispra from 1958 to 1965. 

technique whenever necessary). 1370s is also 
determined radiochemically using thin layers of 
ammonium phosphomolybdate (AMP) <8 > which 
are measured by gamma spectrometry. 

90Sr is determined in ashed sample aliquots 
by the fuming nitric add procedure. The 
activity of the final strontium carbonate precipi
tate as well as that of yttrium oxalate is deter
mined by low level anticoincidence plastic 
phosphor detectors. 

Each year 48 milk samples (12 months, 4 
sites) and 36 herbage samples (6 months, 6 
sites) were analysed, except in 1961 and 1962 
when the number of herbage samples was 18 
and 24 respectively. 

RESULTS AND DISCUSSION 

The monthly amounts of 90Sr and 1370s de
posited at Ispra from 1958 to 1965 and the cum
ulative 90Sr are represented in Figs. 1 and 2. 

over annual periods ending in April of each 
year, instead of the calendar years. The annual 
values of fallout deposition and of the concen
trations in herbage and milk for 90Sr and 1370s, 
are reported in Tables 1 and 2, respectively. 

(a) Relationship between the radioactivity in fallout 
and in herbage 

An attempt has been made to find a correla
tion between the amounts of 90Sr deposited 
and its concentration in herbage. The plot in 
Fig. 5 shows the relationship found by plotting 
the yearly average values of the 90Sr concentra
tion in herbage (pCi/g) versus the values of 
the cumulative deposit* (mCijkm 2

), both divi
ded by the amount of the' nuclide (mCifkm 2) 

deposited during the growing season (April to 
September). This was done with the aim of 

Figures 3 and 4 illustrate the contamination * Because deposition data for Ispra are available as 
due to the two radionuclides in herbage and from 1958 only, it has been assumed from ref. 4 that 
milk, respectively, for the five years considered. 10 mCi/km2 of oosr have deposited in the preceding 
Because of the feeding habits of the cattle, des- years. This value has been used for the calculations 
cribed above, milk data have been averaged - of the cumulative deposit figures. 
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Fm. 3. 90Sr and 137Cs average concentrations in the herbage of the zone around Ispra from 
1961 to 1965. 

normalizing the values of the variables to the 
fallout rate of the year. A linear regression (sig
nificant at the 0.01 confidence level) fits the 
data points and the least squares line has the 
following equation: 

Y = 0.129 + 0.0191 X (1) 

No similar relationship was found for 137Cs. 
The intercept 0.129 represents the average 

transfer coefficient from fallout deposition to 
herbage, in absence of indirect contamination. 
As the yearly herbage production of the zone 
is estimated to be roughly I 000 g/m 2 the co
efficient does also represent the average fraction 
retained by herbage of the 90Sr deposited from 
April to September. 

The coefficient can be also used to calculate 

the fraction of herbage contamination which 
is due to direct deposition. This is done by 
multiplying the amounts of90Sr deposited during 
the growing season (April to September) by 
0.129 and the resulting figures are given in the 
third and fourth columns ofTable 3 as absolute 
and relative values respectively. 

From these data it appears that 1962 and 
1963 were years of prevailing direct contamina
tion as expected. On the contrary during 1961 
and 1965 the main mechanism of herbage con
tamination was indirect uptake. An intermedi
ate situation characterizes 1964. 

When the fraction of the 80Sr concentration 
in herbage, which remains after subtraction 
from the total of the amount due to direct 
contamination (third column Table 3),is divided 
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Fxo. 4. 90Sr and 187Cs average concentrations in the milk of the zone around Ispra from May 
1961 to April 1966. 

by the 80Sr cumulative deposit, the data re
ported in Table 4 are obtained 

These figures represent the number of pCifg 
taken up by herbage per mCifkm 2 deposited 
on the soil. If the figure for 1962, which is very 
low, is excluded, the other values are rather 
constant around 0.02 pCi/g per mCifkm 2, while 
the average inclusive of the low value is repre
sented by the regression coefficient (0.0191) 
of equation (1). As the average calcium content 
of herbage is roughly 12 mgfg, it may be inferred 
that 1 mCifkm 1 cumulative deposit yields about 
1.6 pCi/g Ca of 90Sr in herbage. 

The variations shown by the coefficient in 
the different years could be caused by the fact 
that 90Sr becomes progressively less available 
to plants, owing to ageing of the deposit and 
because of penetration into deeper soil layers. 

The figures of 90Sr deposition are used 
throughout the discussion instead of those 
obtained by soil measurements, because the 
latter are only available from 1964. These 
values of the 90Sr concentration in the soil are 
consistent with the figures of the cumulative 
deposit. 

(b) Relationships between radioactivity in herbage 
·and in milk 

Table 5 shows yearly averages of the ratios 
between the concentrations in milk and herbage 
for both 90Sr and 187Cs, also the observed ratio 
of the milk to herbage activities for strontium
calcium and for cesium-potassium (O.R.). 

The ratios were fairly constant throughout 
the five years considered which suggests a linear 
correlation between the concentrations in milk 
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Table 1. 110Sr-Yearh> Average Values of Deposition and Concentrations in Herbage and Milk. 

Fallout-Deposition Herbage Milk 

Year mCifkm 2 mCifkm 2 pCi/g Ca pCijg Ca pCi/1. Ca pCijg Ca 
Year April-Sept. (1) mg/g (1) (2) (3) g/1. (3) (2) (3) 

-

1961 3.4 2.0 1.14 10.83 Ill 20.1 1.200 16.8 
1962 14.5 11.1 1.66 10.70 185 28.7 1.223 23.6 
1963 45.6 38.0 6.08 11.65 536 99.3 1.167 85.4 
1964 22.6 17.4 5.20 13.75 427 76.0 1.197 63.6 
1965 7.3 5.4 2.91 12.95 235 52.7 1.183 44.8 

(1) These values are averaged over the period May-October. 
(2) These values are obtained averaging the single values of the ratios and not by division of the average 

figures of 90Sr by those of calcium. 
(3) These values are averaged over the annual periods ending April of next year. 

Table 2. 131Cs-Yearh> Average Values of Deposition and Concentrations in Herbage and Milk. 

Fallout-Deposition Herbage Milk 

Year mCifkm 2 mCifkm 2 pCifg K pCifg K pCi/1. K pCifg K 
Year April-Sept. (1) mg/g (1) (2) (3) g/1. (3) (2) (3) 

1961 4.9 3.3 1.01 20.47 62.3 88.8 1.576 57.5 
1962 25.8 19.2 2.10 28.75 79.8 217 1.604 137 
1963 74.8 62.8 5.77 28.92 223 605 1.661 366 
1964 34.4 26.0 4.33 19.50 251 371 1.676 223 
1965 11.1 8.0 1.59 21.73 104 189 1.611 118 

(1) These values are averaged over the period May-October. 
(2) These values are obtained averaging the single values of the ratios and not by division of the average 

figures of 137Cs by those of potassium. 
(3) These values are averaged over the annual periods ending April of next year. 

Table 3. 

eosr deposition 
90Sr herbage contamination by direct deposition 

Year 
mCifkm 2 

pCi/g %of total 

1961 2.0 0.26 23 
1962 11.1 1.43 86 
1963 38.0 4.90 81 
1964 17.4 2.24 43 
1965 5.4 0.70 24 
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FIG. 5. Relationship between 90Sr deposition and its concentration in herbage. 

and in herbage. A statistical analysis of the 
data has shown that this correlation exists and 
is significant at the 0.01 confidence level. The 
least square lines obtained have been compared 
with the lines through the origin and no 
significant difference has been found. The 
latter have therefore been drawn through the 
experimental points and their equations are the 
following: 

Y (pCi/g Ca milk) =0.157 X(pCifg Ca herbage) 

1a1cs 

Y (pCi/1. milk) = 99.1 X (pCifg herbage) 

Y(pCi/gKmilk) = 1.23X(pCifgKherbage) 

(3) 

(4) 

(5) 

These lines are plotted in the graphs of Figures 
6 and 7. 

The coefficients of equations (3) and (5) 
••sr represent the herbage to milk "observed ratios" 

Y (pCifl. milk) 16.0 X (pCi/g herbage) (2) for 90Sr and 187Cs, respectively. Whereas the 

Table 4. 

Year 1961 1962 I 1963 1964 1965 

pCi/g herbage (uptake) 
0.022 0.004 0.020 O.D28 0.017 

mCi/km2 (Cufm. 

I 
deposit) 
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Year 

1961 
1962 
1963 
1964 
1965 

Table 5. Concentration Ratios and Observed Ratios ( O.R.) for 80Sr and 111Cs between 
Milk and Herbage (I) 

eosr u7cs 

pCi/1. milk 
O.R.= 

pCijg Ca milk pCi/1. milk 
O.R.= 

pCi/g K milk 

pCi/g herbage pCifg Ca herbage pCifg herbage pCi/g K herbage 

17.6 0.151 88 0.92 
17.3 0.128 103 1.7 
16.3 0.159 105 1.6 
14.6 0.149 86 0.89 
18.1 0.191 119 1.1 

(1) See notes to Tables 1 and 2 for the periods over which averages are calculated. 
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FIG. 6. Relationships between the concentrations of 80Sr in herbage and in milk. 
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FIG. 7. Relationships between the concentrations of cesium-137 in herbage and in milk. 

value for 187Cs looks somewhat lower than those 
found elsewhere< 5 • •> the value for 110Sr is 
among the highest reported in the literature. <7 > 

To estimate the value of the O.R. milk-diet 
through measurements on herbage samples 
one must know the extent to which these rep
resent the diet actually consumed by the cattle. 
This is not easily attained under field conditions. 

Two main factors may exert an influence 
upon the O.R. values in this case. They act in 
the opposite senses. 

(i) The yearly averages of the 110Sr concen
tration in herbage (pCi/g Ca), used 
in the calculation of the O.R., are merely 
the means of the single values found in 
the different months of the growing sea
son. If only the data of the months in 
which herbage is cut by the farmers are 
considered and these values are averaged, 
weighting for the different herbage 
yields, then higher values are found for 

the 110Sr concentration in herbage and 
the difference may be 20%. 

(ii) From an inquiry on the management 
practices in the farms of the area con
sidered, we find thatabout80% by weight 
of the cattle diet consists of hay, the 
remaining 20% being made up of various 
feeds (particularly mill products). Some 
measurements performed on these addi
tional foods have shown that their calcium 
content is similar to that of herbage, 
whereas 90Sr is much lower. 

An accurate evaluation of these two factors 
is not easy but it is clear that the former will 
decrease and the latter increase the O.R. value 
and it is likely that they may balance each 
other. 

The regression coefficients of equations (2) 
and (4) are the proportionality factors for the 
transfer of radioactivity from herbage to milk. 
Using these coefficients and the daily intake of 
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Table 6. 

X y c c 
measured calculated 

mCifkm 2 pCi/g Ca 

1961 2.0 41.5 16.8 16.0 
1962 11.1 44.8 23.6 33.4 
1963 38.0 59.3 85.4 86.2 
1964 17.4 105.0 63.6 62.8 
1965 5.4 128.2 44.8 48.2 

herbage, which for a lactating cow is estimated 
as 15 kg, one can calculate the fraction found 
per liter of milk of the total ingested radio
activity. The values obtained are 0.11% for 
80Sr and 0.07% for 137Cs. 

(c) Relationships between fallout and milk radioactivity 

For a given area, the relationship between the 
cumulative deposit of 00Sr and the rate of fallout 
which occurred during the growing season on 
one side, and the concentration of 90Sr in milk 
(expressed as pCi/g Ca) on the other side is a 
rather complex one. An attempt has been 
made, however, for prediction purposes in the 
monitored area, to test a simple equation of 
the type: 

C=aX+ bY (6) 

where C= average annual concentration of 80Sr 
in milk (pCi 90Srfg Ca); 

X = amount of 00Sr deposited (mCifkm 2) 

during the growing season (April--'
September) of the current year; 

Y = cumulative 110Sr (mCifkm 2) deposited 
during previous years. 

The coefficients a and b have been calculated 
by considering the annual values of the 90Sr 
concentration in milk (C) composed of a 
"direct" fraction and an "indirect" one. These 
have been given the numerical values found for 
herbage. The two partial concentrations ob
tained for each year, divided by the amounts 
of 10Sr deposited during the growing season and 
cumulated, respectively, yielded the single 
annual values of the coefficients. Averaging 
these values, which are pretty constant, except 
that of the "indirect" coefficient for 1962, dis
carded because very low, the following figures 
are obtained 

a= 1.8 b = 0.3 

In Table 6 the values of C, both calculated 
from equation (6) and measured are reported 
together with values of X ari.d Y as defined 
above. 

With the exception of 1962, which appears 
anomalous, the calculated values agree within 
± 10% with those observed. 

Table 7. Yearry Averages of the Ratio 137CsJ-Sr in Fallout, Herbage and Milk 

Fallout Herbage Milk 
Year Year May-October May-April next year 

1961 1.44 0.89 4.4 
1962 1.78 1.3 7.6 
1963 1.64 0.95 6.1 
1964 1.52 0.83 4.9 
1965 1.52 0.55 3.6 
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(d) 187Csf90Sr ratio 

Another interesting feature of milk contami
nation is presented by the ratio of 137Cs to 90Sr. 
This ratio, which is relatively constant in fallout, 
shows wide variations in herbage reflecting 
the changing pattern of fallout. The trend of 
the ratio in milk is closely related to that in 
herbage, as can be seen from the data reported 
in Table 7. 

According to the well known model of direct 
and indirect contamination of herbage, lower 
values of the ratio are found during periods of 
fallout rate, depending upon proportionately 
higher uptake from the soil of 90Sr than 137Cs. 
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ON THE VARIATION OF THE LEVELS OF 90Sr AND 

OTHER FALLOUT NUCLIDES IN THE GRAIN OF RYE, 

BARLEY, WHEAT AND OATS 

A.AARKROG 

Health Physics Department, Danish Atomic Energy Commission, 
Riso, Roskilde, Denmark 

Abstract-The predominant influence of cereal grains as a 90Sr donor (and a 137Cs and UMn 
donor as well, in certain years) in total Danish diet has stimulated the present investigation. 
A country wide collection of grain samples has been carried out in the years 1959--64 at a 
number of selected state experimental farms. Along with the grain sampling, data on 90Sr in 
air, soil and precipitation have been collected. 

Analysis of variance shows that rye contained more 90Sr, 187Cs and 54Mn than barley or wheat 
or oats. It is demonstrated that awns and, to some degree, grain size play an important role in 
the direct contamination of grain. The variation between locations, as regards 90Sr levels in 
grain, depended upon the amounts of precipitation and, to some degree, on the calcium level 
and the stable strontium to calcium ratio of the soil. The variation between years followed the 
90Sr activity in air in August and the amount of precipitation in this month. Winter and spring 
varieties of rye and wheat did not differ significantly in 90Sr and 137Cs contents. The uptake 
of &<Mn in cereals related to the fallout rate rather than to the accumulated fallout. 

By multiple regression analysis it is shown that the pCi 90Sr/g Ca level for the years 1959-64 
in the different species of Danish grain considered separately can be described by equations 
of the type: 

where A, Band C respectively represent mm precipitation in August, pCi 90Sr/m 8 air in August 
and accumulated mCi uosrjkm 2 in soil by September; k1, k 2 and k3 are the respective partial 
regression coefficients. 

INTRODUCTION 

In most countries in Europe, North America 
and Oceania dairy produce is the predominant 
source of radiostrontium in the human diet. <1 > 

However, in countries where the consumption 
of wholemeal bread is common, as, for example, 
in Poland and Denmark, the contribution from 
grain products to the total 80Sr intake with the 
diet might be greater than that from dairy pro
ducts. <2> In the years 1959-65 grain products 
have on the average contributed approx. half 
of the daily uosr intake in Denmark. 

As regards the other important long-lived 
fission product from worldwide fallout 1370s, it 
appears that cereals in the period 1962-5 con-

tributed approx. one third of the total 1870s 
intake from Danish diet. 

In December 1963 and June 1964 the daily 
mean intakes of 64Mn with total Danish diet 
were 134 and 83 pOi respectively. More than 
80% of this radiomanganese originated from 
bread.<3 > 

The purpose of the present investigation is to 
elucidate the variations existing in the Danish 
environment between the contents of various 
fallout nuclides in grains of rye, barley, wheat 
and oats, and to demonstrate the relations 
between 80Sr in cereal grain and the levels of 
nuclear debris found in air, precipitation and 
soil. 

1065 
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MATERIAL AND METHODS 

The samples used have been obtained from 
l 0 Danish state experimental farms. As indica
ted in Fig. l, locations Tl, S, and J have sandy 
soils, the other farms predominantly clayey 
soils. Figure 2 shows the relative annual mean 
precipitation for the years 1953-64 (the period 
of global fallout). LocationS shows a maximum 
(814 mm per year) and farms Ts a minimum 
(524 mmfyear). The overall mean for the 10 
stations was 658 mmfyear, i.e. nearly equal to 
the area weighted country mean: 682 mmfyear 
(in 1953-64). 

Samples of rye, barley, wheat and oats have, 
as far as possible, been collected from each farm 
since 1959. In 1960 the samples from locations 
Tl and Ab were lost, and location 0 was 
first included in the programme in 1961. Wheat 
has never been obtained from location Tl 
and seldom from S. Since 1962 samples of 
spring varieties of wheat and rye have been 
obtained in several cases along with the more 
common winter varieties of these species. 

The cereal grain in Denmark is harvested 
in August-September. The mean harvest date 

D sandy soil 
Iii Clayey soil 

t;;f • Peat soil 

FIG. 1. State experimental farms in Denmark 
and soil types. Scale: I: 4,400,000. 
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FIG. 2. Relative mean amounts of annual preci
pitation at the state experimental farms in the 

period 1953-64. 

for the years 1962-4 in this study was August 
27 (interval August 4-September 25). Barley 
is on the average harvested 10 days before 
the other species. The samples were received 
for analyses 2-3 months after harvest. Each 
sample consisted of 1-2 kg grain. Approxi
mately I kg of grain was counted in a 1.6 I. 
can fitting over a 3 X 3 in. Nal (Tl) crystal 
(hat geometry). The pulses were analysed in a 
256 channel TMC pulse height analyser. From 
this measurement the 187Cs and 64Mn contents 
were determined. After y-counting, the grain 
was ashed at 500-550oC in silica dishes and 
radiostrontium analyses were carried out ac
cording to the classical method using fuming 
nitric acid. <4 > Finally the levels of calcium and 
stable strontium were determined according to 
Webb et al. <5 > Since 1961 most of the strontium 
analyses of grain have been carried out as 
double determinations. The estimated overall 
relative standard deviation (S.D.) of the 90Sr 
analyses was 10-15%, somewhat higher in the 
first years than in the last due to higher levels 
since harvest 1962, and to increasing analytical 
experience throughout the years. The relative 
S.D.'s of they-measurements were approx. 15%. 

The data on 90Sr in air, precipitation and soil 
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used in the multiple regression analysis were 
obtained from ref. 3. Missing soil figures for 
the years 1959-60 were estimated from U.K. 
data. <8 > The amounts of precipitation at the 
different stations were obtained from the Meteo
rological Institute in Copenhagen. <7 > 

The statistical methods used in the treatment 
of the results are given in the statistical litera
ture. <8• 9> Multiple regression analysis and ana· 
lysis of variance have been calculated on a Gier 
computer. <10

• 
11> The programme used for 

analysis of variance <11> has been especially 
useful because this program:rrte makes it possible 
to accomplish the analysis, even when several 
figures are missing, which is inevitable in a 
field-study such as this. 

In the significance tests the following symbols 
will be used: 

x: probably significant (confidence level: 
0.05) 

xx: significant (confidence level: 
0.01) 

xxx: highly significant (confidence level: 
0.001) 

Columns with identical greek letters in the 
diagrams do not differ significantly by the t-test, 
but they might, in some cases, be probably 
significantly different. 

RESULTS 

Tables 1-5 show the results of the measure
ments of pOi 90Srfg Ca (S.U.), g Cafkg, mg 
stable Sr/g Ca, 1370s and 64Mn respectively in 
Danish cereal grain collected in the period 
1959-64. It appears from Table 6 that the 
variation between species of the levels of S. U., 
pOi 137Cs/kg and pOi 64Mnfkg were all signi
ficant. 

90Sr 

Figure 3 shows that rye displayed a signi· 
ficantly higher pOi 90Srfg Ca ratio than barley 
and oats. As regards the pOi 90Srjkg level 
(Fig. 4), it was found that the activity in rye was 
higher than in the other three species, which, 
as a whole, did not differ significantly. The low 
S.U. level in oats is a result of the relatively 
high Ca level in this cereal (Fig. 5). 

As regards locations (Fig. 3) the highest levels 
were found at S, J and Tl, which showed 
pOi 90Srfg Ca ratios nearly a factor of two higher 
than those found at Ab, B and Ts. 

If the S.U. mean levels for the period 1959-64 
are considered (Fig. 3), it appears that 1963 
showed a pronounced peak, which was ten 
times higher than the minima measured in 1960 
and 1961. 

1a1cs · 

The relative mean contents of 1370s in grain 
collected in 1962-4 appear in Fig. 6. Rye con
tained significantly more 1370s than the other 
cereals. The differences between locations were 
less pronounced than for 90Sr. The 1

370s level 
in 1963 was approximately twice as high as in 
1962 and 1964. 

64Mn 

uMn in cereal grain (Fig. 7), which was 
determined only in 1963 and 1964 (the 1962 
levels were not measurable), showed a picture 
similar to that of 90Sr and 1370s, i.e. rye dis
played a higher 54Mn level than the other 
species. The t-test could, however, only prove 
that the activity in the rye was higher than for 
wheat. 

When comparing the years, it should be 
noticed that the 64Mn 1964 level was corrected 
for decay (t112 = 310 days) back to the 1963 
harvest dates. The corrected 1964 level was 
approx. 45% of the 1963 level, i.e. nearly equal 
to the percentage found for 90Sr (43%), but 
lower than that for 1370s (55%). 
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Table 1. pCi 90Srfg Cain Danish Grain, 1959-64 

Location Tl s 0 As J B Ts v Ab A 
---------------

Year Sort 

-- --------------
1959 Rye 108 135 - 173 188 - 125 129 !h 184 

Barley 116 88 - 67 44 63 81 68 65 130 
Wheat - - - 89 - 88 81 61 68 213 
Oats 13 66 - 23 47 57 36 38 24 111 

1960 Rye - 118 - 105 166 77 90 79 - 103 
Barley - 112 - 66 72 63 56 58 - 60 
Wheat - 96 - 76 251 82 58 81 - 115 
Oats - 78 - 71 60 31 35 39 - 45 

1961 Rye 116 51 36 123 103 114 98 80 - 92 
Barley 81 106 67 84 208 45 54 87 57 80 
Wheat - - 93 76 - 60 61 86 49 118 
Oats 64 74 29 31 64 32 20 45 41 44 

1962 Rye 470 418 470 425 627 193 319 297 - 371 
Barley 336 374 231 483 479 171 92 237 229 328 
Wheat - - 433 347 548 334 297 - 139 283 
Oats 147 243 175 179 300 93 162 - 109 215 

1963 Rye 1781 1168 1500 1870 1077 1286 994 830 - 703 
Barley 1125 1353 559 1293 669 662 439 680 484 443 
Wheat - - 1300 903 931 910 878 - 538 831 
Oats 472 466 439 674 290 380 318 453 147 362 

1964 Rye 760 733 508 565 535 261 253 425 - 325 
Barley 631 868 398 544 471 107 238 302 209 219 
Wheat - - 438 691 - 295 290 413 150 224 
Oats 242 352 189 190 251 106 102 174 91 76 

--
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Table 2. g Cajkg Danish Grain, 1959-64 

Location Tl s 0 As J B Ts v Ab l A 
----------------

Year Sort 
---------------- ~-

1959 Rye 0.35 0.38 - 0.38 0.40 - 0.35 0.45 0.48 0.35 
Barley 0.27 0.44 - 0.39 1.02 0.32 0.37 0.54 0.41 0.48 
Wheat - - - 0.36 - 0.30 0.40 0.52 0.28 0.42 
Oats 0.69 0.98 - 0.85 0.81 0.71 0.79 0.83 0.76 0.55 

1960 Rye - 0.41 - 0.32 0.32 0.51 0.46 0.36 - 0.35 
Barley - 0.43 - 0.41 0.37 0.40 0.37 0.41 - 0.62 
Wheat - 0.45 - 0.35 0.30 0.33 0.38 0.32 - 0.35 
Oats - 0.96 - 0.68 1.02 0.96 0.78 1.20 - 0.85 

1961 Rye 0.42 0.30 0.42 0.38 0.22 0.28 0.30 0.26 - 0.65 . Barley 0.47 0.49 0.49 0.41 0.35 0.45 0.43 0.49 0.46 0.49 
Wheat - - 0.32 0.43 - 0.42 0.28 0.35 0.47 0.30 
Oats 0.62 0.51 1.48 1.10 0.89 0.87 0.65 0.74 0.89 0.74 

1962 Rye 0.33 0.55 0.46 0.42 0.37 0.51 0.50 0.56 - 0.43 
Barley 0.44 0.41 0.65 0.55 0.43 0.55 1.02 0.54 0.50 0.43 
Wheat - - 0.43 0.30 0.43 0.39 0.32 - 0.62 0.36 
Oats 0.78 0.71 0.85 0.74 0.68 0.87 0.74 - 1.29 0.69 

1963 Rye 0.37 0.41 0.32 0.51 0.40 0.54 0.62 0.50 - 0.44 
Barley 0.66 0.43 0.59 0.62 0.39 0.63 0.38 0.58 0.42 0.60 
Wheat - - 0.32 0.59 0.43 0.38 0.42 - 0.46 0.32 
Oats 0.93 0.63 I 0.79 0.81 0.85 0.83 0.85 0.98 0.98 0.87 

1964 Rye 0.65 0.55 0.44 0.41 0.42 0.40 0.39 0.50 - 0.35 
Barley 0.48 0.36 0.54 0.59 0.43 0.98 0.47 0.46 0.48 0.35 
Wheat - - 0.39 0.36 - 0.40 0.36 0.35 0.45 0.41 
Oats 0.81 0.56 0.76 0.81 0.85 0.65 0.83 1.12 0.98 0.74 
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Table 3. mg stable Srfg Cain Danish Grain, 1959, 1962--4 

Location Tl s 0 As J B Ts v .:\.b A 
--------1- -~ ~----~~ ------

Year Sort 

----------
1959 Rye 2.8 3.2 - 1.1 2.2 - 1.6 1.8 3.4 1.9 

Barley 1.4 3.5 - 2.2 1.4 2.0 1.6 3.2 2.3 2.6 
Wheat - - - 2.2 - 3.0 2.0 0.9 2.7 1.9 
Oats 2.8 2.4 - 0.7 2.1 1.3 1.7 1.9 2.3 1.6 

1962 Rye 1.9 2.4 3.6 3.7 2.1 1.5 2.3 1.5 - 2.6 
Barley 2.4 6.9 2.8 3.7 3.0 1.7 2.3 2.5 2.1 3.2 
Wheat - - 5.4 8.9 2.4 2.5 5.1 - 2.3 3.7 
Oats 2.3· 3.2 2.6 2.8 2.8 1.9 1.9 1.6 1.0 1.3 

1963 Rye 3.5 2.0 2.6 5.3 1.9 1.4 1.8 2.8 - 1.8 
Barley 3.0 3.9 1.9 4.5 3.2 1.0 1.7 2.1 3.5 1.6 
Wheat - - 4.5 4.3 3.2 2.3 1.7 - 2.6 2.1 
Oats 1.1 3.0 1.9 1.7 1.5 1.7 1.7 2.1 1.4 1.8 

1964 Rye 1.3 2.7 1.7 1.2 2.7 2.0 1.1 1.7 - 1.7 
Barley 2.2 4.9 4.1 1.2 1.4 2.3 2.8 4.2 4.2 2.1 
Wheat - - 5.1 3.2 - 2.4 3.3 2.4 3.7 2.8 
Oats I.:Y 2.7 1.9 0.6 1.7 1.3 0.8 1.2 1.2 0.9 



THE LEVELS OF 90Sr AND OTHER FALLOUT NUCLIDES 1071 

Table 4. 187Cs in Danish Grain, 1962-4 

Location 

Year Sott pCi 137Csfg K 

1962 Rye 159 186 218 110 - 80 116 110 - 145 
Barley 148 148 88 123 135 79 81 90 84 122 
Wheat - - 124 100 252 108 62 - 70 71 
Oats 92 143 74 - 232 70 117 - - 42 

1963 Rye 264 371 202 537 299 274 325 243 - 183 
Barley .179 264 200 372 214 448 218 148 308 139 
Wheat - - 245 608 206 202 152 - 222 226 
Oats 296 183 206 380 168 169 258 174 248 191 

1964 Rye 232 248 181 274 252 133 125 125 - 140 
Barley Ill 159 92 170 163 63 92 74 71 86 
Wheat - - 132 153 - 79 96 92 69 84 
Oats 140 161 101 126 123 70 91 120 59 88 

--
pCi 1 37Csfkg'grain 

1962 Rye 570 553 734 446 - 374 486 442 - 610 
Barley 326 385 480 480 500 393 318 354 390 534 
Wheat - - 445 415 690 278 238 - 278 342 
Oats 164 166 420 - 805 224 366 - - 248 

1963 Rye 985 1130 775 2300 1200 1060 1910 1225 - 715 
Barley 930 1080 905 1220 898 2120 785 620 1430 530 
Wheat - - 812 1780 725 715 533 - 670 685 
Oats 1265 552 760 1520 562 466 1068 758 955 582 

1964 Rye 1080 1040 777 1070 944 579 575 405 - 662 
Barley 485 643 434 715 872 408 475 282 360 415 
Wheat - - 475 654 - 360 334 344 268 344 
Oats 497 700 309 614 491 297 410 394 294 384 

I.R.P. VOL. Il-K 
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Table 5. pCi uMnfkg Danish Grain, 1963-4 

Location Tl s 0 As J B Ts v Ab 
------------------------

Year Sort 
------------------------

1963 Rye 1785 3290 1495 3640 2880 1630 1810 1330 -
Barley 1290 3130 1775 2320 1080 2545 1320 2000 1210 
Wheat - - 1885 1080 1260 1350 1085 - llOO 
Oats 2760 1530 1780 1425 1850 1310 1130 1425 1215 

1964 Rye 500 753 340 482 189 294 334 242 -
Barley 458 671 435 682 268 249 364 204 373 
Wheat - - 253 256 - 192 173 172 198 
Oats 424 426 339 288 496 133 286 268 305 

Table 6. Summary of the Significance Test from the Ana(ysis of Variance derived from 

the Logarithm of the Figures in Tables 1-5 

I pCi . 
pCi 90Sr/g Ca g Cafkg mg Srfg Ca ts•Csfkg 

Effect Source 
(cf. Table 1) ( cf. Table 2) (cf. Table 3) (cf. Table 4) 

Sort XXX XXX XXX XXX 

Main Location XXX - XXX XXX 

Year XXX X X XXX 

Sort· Loc. XXX - - -
2-factor 
interaction Loc. ·Year XXX - XXX XXX 

Year· Sort XX - X -· 

Coefficient of variation 
(3-factor interaction and· 
residual error) 0.25 0.22 0.30 0.26* 
•••• ~ • 0 ••••••••• 0 ••• 0 0 ....... 0 • 

Degrees of freedom 202 103 63 41 

A 
---

---
955 
945 

1040 
1020 

219 
246 
190 
226 

-
pCi 

64Mn/kg 
(cf. Table 5) 

XX 

XXX 

XXX 

-

-

-

0.26 

22 

*The errors for 137Cs were not homogeneous for the three years considered; this does, however, not invalidate 
the si~cance of the main effects. 
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DISCUSSION 

Variation between species 

Experiments with artificial application of 
activity carried out by Milbourn et al. <12> and 
Middleton et al. <18• 14 l have shown that the 
radiostrontium from nuclear weapons tests has 
entered cereal grain mainly through direct 
absorption of the debris after the ears have 
emerged (floral absorption) and only to a 
minor degree through uptake from the soil. 
The direct contamination of cereal grain with 
137Cs in addition occurs to a significant degree 
before the emergence of the ears, because 137Cs 
is easily translocated in the plants. (18, u) As re
gards root uptake, this is normally even less for 
137Cs than for 00Sr. cu> 

An attempt can obviously be made to explain 
the higher levels of nuclear debris in rye than 
in wheat by the particular morphological and 
physiological conditions which make rye more 
sensitive than the other species of grain to floral 
contamination. The ears of rye are furnished 
with awns, and it seems reasonable to imagine 
that these awns would display some adsorptive 
effect on the direct fallout. 

To test this hypothesis, 137Cs was measured in 
samples of wheat with awns and without awns * 
grown in the same field in 1965. The 1a1cs co~
tent in the wheat with awns was 50% higher 
than in the wheat without awns. 

Another possible explanation for the high rye 
levels could be that rye has a relatively small 
grain size compared with the other species. 
According to Pedersen <18> the 1000 grain weight 
of rye is 25 g, whereas the corresponding weights 
of wheat, barley and oats are 40, 40 and 35 g 
respectively. Rye thus displays a greater sur
face-to-weight ratio than the other cereals and 
might consequently be more susceptible to direct 
contamination (Andersen (17)). 

To examine this theory, fractions (separated 
according to grain size) of rye and wheat grown 
in the same area in 1964 were analysed. The 
S.U. level in small rye grains (15 g/1000 grains) 
was 18% higher than in large rye grains (37 g/ 
1000 grains). Wheat showed a 26% higher S.U. 
level in a (25 g/1000) fraction than in a (42 g/ 
1000) fraction. If, however, rye and wheat 

• Danish wheat normally has no awns. 

of similar grain size were compared, the S. U. 
level in rye was 20% higher than in wheat. 

The conclusion of these experiments is that 
both awns and small grain size will increase 
the floral absorption of fallout nuclides in 
cereals,. th~ presence of awns probably playing a 
more sxgru.ficant role than grain size. 

The awns of barley are longer and thicker 
~an those found in rye, but the activity levels 
ill barley are lower than in rye. The difference 
in grain size between rye and barley (c£ above) 
would undoubtedly explain some of this differ
ence in activity levels. It should, however, also 
be recalled that the period from the emergence of 
the ears to harvest is two or three weeks shorter 
for barley than for the other Danish grain 
species. <11> Barley is thus exposed to floral 
contamination for a shorter period than the 
other cereals. Hence it seems reasonable that 
barley shows lower levels than rye for this 
reason. That the awns on barley on the other 
hand play an important role for the direct 
contamination is indicated by the fact that the 
activity levels in barley in most cases exceeded 
those ~ound in wheat and oats (Figs. 4, 6 and 7). 

While the method of direct contamination of 
cereal grain with 80Sr and 187Cs is fairly well 
known, <u. 14> no experimental data has yet been 
available regarding 64Mn. Recently Sutton and 
Kelly<18> have found in field surveys that the 
ratio of pCi 64 Mn to mg stable manganese is 
fairly constant in U.S. wheat grown during 1963 
and that this ratio was nearly constant in th~ 
different milling fractions of a Kansas wheat 
sample. They concluded that uptake of ~<~Mn 
in wheat had taken place through the root of 
the plants rather than as a result of the physical 
adhesion of inert radio manganese. 
Fro~ measurements of 00Sr in precipitation 

and atr and of 64Mn in air, <8 > it was estimated 
that the accumulated 14Mn levels by May
August 1963 and 1964 were nearly equal in 
Denmark, whereas the 14Mn fallout rates in 
these periods were approx. 10 times greater in 
1963 than in 1964. The concentrations of I'Mn 
i~ gra~ (Table 5) were on the average 5 times 
higher ill 1963 than in 1964. To estimate the 
uptake of fallout nuclides deposited in the soil, 
barley was grown in 1964 in a greenhouse 
placed on a field contaminated during 1963 
with 64Mn fallout. It was not possible to detect 
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any 64Mn in the barley grain from the green
house, whereas barley grown outside the house, 
and thus exposed to the 1964 64Mn fallout, 
contained 390 pCi uMn/kg grain. When these 
observations are compared with Sutton and Kelly 
one reaches the conclusion that if "Mn is taken 
up through the root system, it must in Denmark 
have been during a rather short time after the 
deposition of the 54Mn, that is, probably before 
the radiomanganese had been fixed to the soil 
and thus been made unavailable to the cereal 
plants. Hence the contamination of Danish 
grain products with 54Mn from nuclear debris 
depends upon the fallout rate rather than the 
accumulated fallout. 

Variation between locations 

A comparison of Fig. 2 with Fig. 3 shows that 
there exists a correlation between S. U. in grain 
and the yearly mean amounts of precipitation 
at the different locations. The locations S, 
As, J, and Tl show higher levels than Ts, 
Ab, B, and A, both as regards S.U. and mm 
precipitation. However, the variation between 
pCi fiiJSr/g Ca seems to be greater than the 
variation between amounts of precipitation. 
The greater difference between S.U. values 
might be a result of the fact that the soil in the 
weste~ part of the country is more sandy than 
the soil in East Denmark (Fig. 1), and that the 
sandy soil contains less Ca and probably shows a 
greater mg Srfg Ca ratio than the clayey soil, 
and thus favours the root uptake of strontium. 

To examine this phenomenon two sets of 
soil samples were collected, one in Jutland at 
location S, and one in Funen at B. The samples 
were collected as double samples and taken in 
five 25 em long cores down to a depth of 125 em. 
Calcium and stable strontium were determined 
in the 20 cores by HCI extraction. 

The total Ca mean content of the B soil 
(down to 125 em depth) was 33 g/kg and in the 
S soil the level was 0.45 g Cafkg. The top soil 
(0-25 em) at B contained 6 g Cajkg, and at S 
1.3 g Cafkg soil. As regards mg Srfg Ca it was 
also possible to prove significant variation be
tween locations. The soil from S contained 
4.4 mg Sr/g Ca and the soil from B 53% of this 
value, i.e. 2.3 mg Sr/g Ca. 

In Fig. 8 the relative amounts of mg Sr/g Ca 
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Fro. B. Relative mg stable Sr/g Ca in Danish 
grain, 1959, 1962-4. 

in grain are plotted. At location B the ratio is 
51% of the ratio found at S, i..e. essentially the 
same as found for the soil samples. Hence it 
seems reasonable to expect that the S.U. level 
in grain, at least to some degree, depends upon 
the stable strontium-to-calcium ratio in the 
soil. 

Figure 8 shows further that the mg Srfg Ca 
ratio in the four species of grain differs signifi
cantly. Wheat appears to have the highest 
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ratio, oats the lowest. Rye and barley were only 
probably significantly different. 

Variation between years 

A comparison of Fig. 9 and Fig. 3 shows that 
there is a pronounced correlation between air 
activity in August and the S.U. level in cereals. 
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FIG. 9. Relative pCi 10Sr/m3 air in August at 
· Riso, 1959-64. 

The grain activity, however, is to some degree 
also dependent on the amount of precipitation 
in August. This explains why the grain levels 
in 1959, as compared with 1960 and 1961, were 
relatively low, and why the 1962 S.U. level 
was nearly equal to the 1964level (the amount of 
precipitation in August 1959, as well as in August 
1964, were rather low). . 

Variation between spring and winter varieties 

Wheat and rye grown in Denmark are nor
mally winter varieties, i.e. they are sown in 
September and harvested in August-September 
the following year. To a certain extent, how
ever, spring varieties of rye, as well as of wheat, 
are also grown. These varieties are sown in the 
early spring, at the same time as barley and 
oats, and harvested a little later than the winter 
varieties. It was thus of interest to investigate 
whether the different growing periods of the 
two varieties were detectable through their 
respective activity levels. 

Table 7 shows the levels of 90Sr and 137Cs 
in spring varieties of wheat and rye collected in 
1962-4. If these figures are compared by a t
test with the corresponding figures in Tables 1 
and 4 for winter varieties, it is not possible to 

Table 7. 90Sr and 131Cs in Spring Varieties of Rye and Wheat, 1962-4 

' 

Year Sort Location pCi 10Sr/g Ca pCi 137Cs/g K 

'1962 Wheat Ts 251 -

" 
Ab 215 -

1963 Rye As 745 485 
Wheat· As 839 386 

" 
Ts 870 200 

" 
Ab 459 236 

1964 Rye s 789 407 

" 
As 831 242 

" J 685 312 
Wheat 0 419 92 

" 
As 549 195 

" 
Ts 293 84 

" 
v 251 115 

" 
Ab 158 67 

" 
A 169 72 
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show a significant difference between winter 
and spring varieties. 

Several authors <19• 20 > have, in greenhouse 
experiments, found that significant differences 
exist in the root uptake of radiostrontium in 
grain among a wide range of genotypes in 
wheat, barley and oats. A field survey <21> 

carried out on six varieties of hard red winter 
wheat showed significant differences between the 
varieties, the upper levels being approx. 25% 
higher than the lower. 

In the present study no attempts have yet 
been made to investigate the variation in activity 
content in grain with genotype. If, however, 
the variance of the ratios: S.U. spring var.JS.U. 
winter var. from the different locations and 
years are compared by a F-test with the variance 
of the double determination of the samples, the 
two sets of variances were not found to be 
significantly different. Considering that the 
ratio: S.U. spring/S.U. winter not only includes 
the analytical error, but also the error from 
sampling, and differences arising from dis
placed growing periods and from dissimilarity 
in genotype, it does not seem likely that the 
latter are important for the activity contents 
in the present study. This is, however, probably 
valid only as long as the direct contamination 
of the crops is several times the contamination 
from root uptake, as was the case in 1962-4. 

MULTIPLE REGRESSION ANALYSES OF 

THE S.U. FIGURES 

Rivera< 22 > has calculated a formula for S.U. 
in the U.S.A. wheat grain collected in the 
period 1958-62 : 

V = 0.49 S + 246 R 

where Vis the production-weighted S.U. ratio 
in wheat grown in the United States during a 
given year, S is the estimated 90Sr content of the 
soil on which the wheat was grown in mCi/km 2 

for the middle of the crop year, and R is the 
fallout rate in mCi/km 2 deposited in June of 
the crop year. Another formula has been pro
posed by UNSCEAR<1 > mainly based on wheat: 

C = 0.5Fa + 20Fr 

where Cis pCi 90Sr/g in the grain, Fa is accumu
lated deposition of 00Sr (mCifkm2) and Fr is 

LR.P. VOL. n-K.* 

the current rate of deposition (mCif90Sr/km2/ 

year). 
The two equations are nearly identical, pro

vided the fallout throughout the year is assumed 
to be twelve times that measured in June. This 
is clearly an overestimate of the annual fallout, 
and consequently it would be expected that 
the latter equation yields lower results than the 
former. It is thus not surprising that the 
UNSCEAR formula estimated the Danish S.U. 
levels in wheat to be approximately a factor 
of two lower on the average than those actually 
measured in 1962-5. 

In the present study it has been found that the 
S.U. levels in grain seem to be lognormally 
rather than normally distributed. Further it has 
been found feasible to use air activity (pCi 
90Sr/m3

) and mm precipitation instead of direct
ly measuring the value mCi 90Sr/km2, because 
the two first-mentioned variables gave a better 
fit to the grain data than the latter, when tested 
for the period 1962-4. As the variation in 
monthly mean air activity has been shown to 
be rather constant within an area as small as 
Denmark (44,000 km 2

) (cf. e.g. U.K. air mea
surements <6 >), it is only necessary to measure 
the air activity at one location. To determine 
the accumulated fallout, the mean value for 
the ten state experimental farms from the 
annual sampling in September has been used 
instead of individual values. This is because the 
contribution from the soil uptake in the period 
considered has been rather low, and because 
factors other than the accumulated fallout in the 
soil influence the root uptake (e.g. Ca-content 
of the soil and mg Sr /g Ca ratio), factors which 
probably conceal the effect of varying 90Sr levels 
in the soil. 

An equation of the following form was used: 

or 

log S. U. = k1 • log A + k2 • log B + k3 • 

log C +log ko 

where S.U. is pCi 00Sr/g Ca in the cereal 
grain, A is the mm precipitation in certain 
months (Table 8) near the harvest, B is pCi 
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110Sr /m 3 in air during the same months, measured 
at one location (Riso), Cis mCi 90Srfkm 2 accum
mulated in the soil by September of the crop 
year, calculated as the mean of the accumulated 
fallout at the ten state experimental farms. ko 
is a constant, and kl> k8 and k8 are the partial 
regression coefficients. 

Table 8 shows the partial regression coeffi
cients, ko, and the multiple correlation coeffi
cients r, for the four grain species calculated 
for three different periods by multiple regres
sion analysis using the data in Table 1 and 
ref. 3 and 7. 

It is to be expected that Danish cereals would 
be exposed to direct contamination with 80Sr pre
dominantly during the period June-August 
( cf. Middleton <13• 

14> and Pedersen <18>). In 
1962, where fresh fallout began to appear in 
Denmark in August<23> the increase in the 88Sr/ 
110Sr ratio took place during the Danish harvest 
period. From a greenhouse experiment it 
was found that approx. 10% of the 90Sr in 
the grain of that year's harvest was due to 
root uptake. Hence it was possible from mea
surements of the 89Srf90Sr ratio in the grain 
samples to estimate the age of the florally 

absorbed 90Sr in the grain, and it appeared that 
the following equation fitted the data: 

y = 100 e-t 

where y was the accumulated percentage of 
total 90Sr at harvest time in the grain from direct 
contamination at a time t-fortnights before the 
date of harvest. The equation indicates that 
the contribution of 90Sr from fallout prior to one 
month (two fortnights) before harvest was less 
than 15% of the total direct contamination with 
90Sr. As the harvest for most Danish grain 
species normally occurs in the period August 
15-September 15, the three contamination 
periods shown in Table 8 were selected for 
examination. It appears from the table that 
it is, reasonable to regard August as the only 
month of significance for the direct contamina
tion of Danish grain with radiostrontium in the 
period 1959-64. In this connection it should 
be emphasized that the regression equations 
indicated throughout Table 8 are valid only for 
the period and area considered. 

The partial regression coefficients (k2) in 
Table 8 were all significant, indicating that the 

Table B. Values and Significance (by t-test) of the Partial Regression Coefficients and the 
Multiple Correlation Coefficients for the Equation: 

log Y = log k0 + k1 log A + k 2 log B + k3 log C 

Partial regression 
Period coefficients Multiple 

of direct Sort logk0 correlation 
contamination kl k. ka coefficient 

Rye 0.3937 0.6677xxx 0.3720 2.5182 0.94J<xX 

July-Aug. Barley 0.476¥ 0.4152X 0.915()xx 0.9289 0.91XXX 
Wheat 0.5204 0.5375= 0.5582 1.6994 0.94%%% 
Oats 0.593}X 0.4202XXX 0.7373 0.6889 0.9Qx= 

Rye 0.3710 0.656Qx= 0.4402 2.4768 0.95= 
Aug. Barley 0.4628 0.4048= 0.9636= 0.8865 0.92X= 

Wheat 0.5028 0.5241= 0.6211 1.6447 0.95xxx 

Oats 0.5809X 0.4019= 0.8121XX 0.6042 0.9}XXX 

Rye 0.3323 0.8431xxx -0.0306 3.6185 0.94=x 
Aug.-Sept. Barley 0.4876 0.6229X= 0.3805 2.0825 0.92XXX 

Wheat U.5337 0.762Qx= -0.0167 2.9507 0.9SXXX 
Oats 0.5930 0.670fi=x 0.0991 2.0986 0.91= 
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Table 9. S.U. in Danish Grain in 1965. 

Rye Barley Wheat Oats 

Calculated 258 ± 13 278 ± 18 256 ± 18 120 ± 10 
Measured 238 ± 32 166 ± 26 227 ± 31 102 ± 12 

The error term is the S.E. of the mean of the 10 locations. 

air activity, in the period around harvest-time, 
plays an important role for the 10Sr content of 
the grain. Accumulated fallout {k3) seemed only 
to be of significance for the S.U.levels in barley 
and oats. It is, however, to be expected that 
the S.U. levels in grain in the coming years, 
provided the test-ban continues, will for all 
species depend increasingly on the accumulated 
fallout. 

Although the equations are valid only for 
the period 1959-64, the 1965 S.U. levels were 
estimated from the August regression coefficients 
in Table 8. Table 9 shows the calculated results 
compared with those actually measured. 

All calculated figures except barley agreed 
fairly well with the measured levels. 
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22Na IN FALLOUT· AND FOODS IN ITALY 

A. A. CIGNA and F. G. GIORCELLI 

Laboratorio per lo Studio della Radioattivita Ambientale, Centro Studi Nucleari 
Casaccia, CNEN, Casaccia Roma, Italy 

Abstract-The concentration of UNa and its ratio with 137Cs were measured in fallout and 
in some foods (milk, meat, etc.) in the period 1961-1965. The samples of milk were collected 
in 15 areas scattered all over the country and may be considered representative of 80 per cent 
of the whole Italian production. Other samples offoods were collected in General Wholesale 
Markets and may also be considered representative of wide areas. Fallout was collected at the 
Casaccia Nuclear Centre, Rome. 

The gamma ray spectra of the food chain samples obtained in previous years by a low 
background spectrometer (Nai(Tl) crystal 5 em X 5 em and 400 channel analyzer) were 
analyzed by an IBM 7094 computer. A linear least-squares fitting program including a gain
shift routine (R. G. HELMER et al., ID0-17015), slightly modified in order to meet the require
ments of the present research was utilized. In such a way the concentrations of 22Na, 137Cs and 
natural K were determined. 

A random check of the computer results was made by determining directly 22Na in a certain 
number of samples by gamma-gamma sum coincidence spectrometry. A good agreement was 
obtained between the values obtained by the two methods described. 

The measurements of 22Na in fallout samples were obtained by gamma-gamma sum coinci
dence spectrometry, while 187Cs was determined by a stripping technique on gamma ray spectra. 

This paper was withdrawn and it will be published probably not before Spring 1968. 
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90Sr IN FALLOUT AND FOODSTUFFS IN YUGOSLAVIA 

S. V. POPOVIC 

Department of Environmental Radioactivity, Institute for Medical Research, 
Zagreb, Yugoslavia 

Abstract-Analysis of 90Sr in foodstuffs shows that in the period from 1961 to 1965 90Sr con
centration was gradually increasing in almost all foodstuffs. Since 1965 a lower concentration. 
has been observed. At the same time, up to 1964, 90Sr concentration in fallout was also increas
ing, but in 1964, there followed a slow, and in 1965 a very rapid, decrease of concentration. 

In the literature numerous attempts have been recorded aiming at determining factors govern
ing the ecological cycle. We too have tried to find out adequate parameters (constants). Using 
data about average 90Sr concentration in milk and fallout during the 1962-1966 period we have 
calculated from the equation Cm = om(Fd + lf2fd) + bMfd*, turning it into 

Fd = CM. - lf2fdoM - bMfd, 

OM 

which should be the amount of9°Sr in soil expressed in mCifkm2• The results obtained indicate 
that only exceptionally is it possible to use the same constants (in this case OM and bM} because 
90Sr entry into various foodstuffs is conditioned by several factors. The same was observed when 
data from other countries were used for same calculations. 

This is illustrated by figures presenting data about 90Sr content in milk and fallout. It is clearly 
noticeable that the average 90Sr concentration in milk in the years 1963, 1964 and 1965 re
mained almost the same, while the concentration of9°Sr in fallout showed considerable changes. 

We have also tried to apply the discrimination factor for the plant/milk, but it varied to such a 
degree (in some of our calculations it has been even higher than 0.4) that there would have 
occurred an enormous error were it used for calculating 90Sr concentration in milk only on the 
basis of 90Sr concentration in plants. 
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226Ra AND THE NATURAL AIRBORNE NUCLIDES 

ziopb AND 210Po IN ARCTIC BIOTA* 

RICHARD B. HOLTZMAN 

Radiological Physics Division, Argonne National Laboratory 

Abstract-In order to better determine the characteristics and effects on humans of arctic 
biota with high concentrations of 210Pb and 210Po, these nuclides, along with their long-lived 
predecessor, 226Ra, were measured in lichens, in bone and muscle of caribou and other arctic 
animals, and in Eskimo placenta. 226Ra with concentrations 1/3 to 1/50 those of the other 
nuclides, cannot be the direct source of the other nuclides. In caribou bone the 210Po was in 
radioactive equilibrium with the 210Pb and averaged about 11.7 pCi/g ash, twice the 21"Pb in 
reindeer bone. The 210Pb content of muscle ofboth species was 10 pCi/kg (wet). By contrast, the 
210Po content was much greater, about 200 pCi/kg. A definite seasonal decrease was noted in 
the 210Pb in muscle during the second half of the year. Similar variations were indicated for 
210Po in muscle and for 210Pb in bone. The high levels in caribou are attributed to the high 
fallout levels of these nuclides in lichens, their winter forage, which contain (in dry weight) 
6 pCi 210Pb/g and 12 pCi 210Po/g. The other animals exhibited appreciably lower concentra
tions in bone and muscle. Wolf, which consumes large quantities of caribou, exhibited activities 
in bone of 1 pCi/g ash, about that observed in some Eskimo bone by Hill. The 210Po content of 
wolf muscle was about the same as that of caribou, 200 pCifkg, but the 210Pb was only about 
I pCifkg. Similar, but less dramatic, differences were observed in Eskimo placenta. 

Estimates of uptake show that Eskimos could acquire sufficient of the long-lived nopb to 
double the total skeletal radiation dose (rad) over that of Midwesterners. However, despite 
the high concentrations of the 210Po in meat, direct intake accounts for only a relatively small 
increase in total dose. 

BECAUSE of their ubiquity and contribution 
to the total radiation dose to man and animals, 
the naturally occurring nuclides 226Ra, 210Pb, 
and 210Po have been studied extensively in man 
and his environment. The latter nuclides ap
pear to enter the environment to a large extent 
through natural fallout, analogous to that of 
nuclear bomb fallout which yields nuclides such 
as 137Cs (l-S) and 90Sr. <4 > In the natural case, 

as shown in the decay scheme of Fig. I, U 6Ra 
in the soil decays to the inert gas, 222Rn, some 
of which emanates into the atmosphere and 
decays therein through a series of short-lived 
species to the 21.4-year 210Pb. This nuclide 
then decays further to the 5.0-day 210Bi and 
to the 138-day 21°Po. 

In Arctic biota, although relatively small con
centrations of 226Ra have been found, <5 • 6) the 
concentrations of the 210Pb and 210Po have been 
found to be higher than those in analogous 
biota of the temperate zone. <6 •9> These fallout 
nuclides tend to accumulate on the sedges and 
lichens, which because of their slow growth 
acquire high specific activities. This vegetation 
forms a substantial portion of the diet of caribou 
and reindeer which, in turn, constitute a sub
stantial fraction of the diets of predators and of 
man in these regions. The long-lived precursor 
of the series, 226Ra, is also of interest in the 
animal, both for its contribution to the dose 
and as a possible direct source of the 21opb 
senes. 

In order to establish the origin of the 21•Pb 
series and to determine the effects on the food 
chain, the possible accumulations in man, 
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FIG. 1. Radioactive decay scheme of 226Ra series. 

radiation effects, and methods of reducing the 
accumulation of these nuclides, various studies 
have been made. 

The winter food base, lichens, has been shown 
to contain relatively large amounts of both the 
110Pb and 210Po compared to fresh grasses. <6• 7> 

Animals consuming these plants, reindeer 
and caribou, have been shown to accumulate 
relatively large amounts of these nuclides. 
Reindeer muscle, kidney, liver, and spleen 
exhibit a high concentration of the daughter 
nuclide, 210Po <8 >, which, like that of 137Cs in 
man and caribou, is seasonally variable. <10

• 
11> 

The 210Pb concentrations in reindeer and Alas
kan caribou <6 > account for a large fraction of 
the excess amounts observed in the tissues of 
humans whose diets consist of meat from these 
animals. Some bones from a group of Canadian 
Eskimos, measured by Hill, contained 210Pb 
concentrations substantially higher than in 
others of the same group. <7• 8> Placental tissues 
from Alaskan Eskimos appeared to contain 
more 210Pb and 210Po than tissues of non-Arctic 
residents, <6 > and in some groups of Canadian 

Eskimos the concentrations of the daughter were 
substantially greater than in other Cana
dians. <12 > 

Presented here are the results of further 
analyses of these three nuclides in Alaskan ani
mals of various types, comparison of the 210Po-
110Pb ratios, and a discussion of the seasonal 
variations of the 210Pb activities in caribou and 
reindeer bone and muscle. 

Except for these previously described samples 
(Tables 1-3), 62-2, 3 and 61-1, 2, from Finland 
and College, Alaska, <6> and all the lichens ex
cept samples 65~13, 14, 15, these samples were 
collected near Anatukvuk Pass in northern 
Alaska by W. C. Hanson of Battelle-Northwest 
Laboratories. The caribou muscle was taken 
from the hind quarter and the bone from the 
shaft of the rear femur of the animal. Most of 
these specimens had been dry-ashed at about 
450°C (for 137Cs analysis). 

The 110Po and 210Pb concentrations were 
determined as previously described. <18> To 
ensure complete dissolution, the samples, even 
though previously dry-ashed, were wet-ashed 
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in nitric and perchloric acids. The solution 
was then converted to 0.5 N hydrochloric acid 
and the 210Po plated onto a silver disk which 
was counted for alpha particles. The 210Pb was 
determined by replating the solution after 
allowing the 210Po to grow in for at least 3 
months. The actual activities of the 210Po and 
210Pb and the statistical errors were determined 
and calculated for the time of collection from 
the parent-daughter relationships of the Bate
man equations. The calculated errors are based 
on counting statistics only. The 226Ra was 
determined by the 222Rn emanation method 
ofLucas. <14> 

Along with the dates of collection, the spe
cific activities of the various nuclides in the 
muscle and bone specimens of caribou are 
presented irfTable 1. Similar data and average 
values for each group of other animals, reindeer, 
moose, willow ptarmigan, seal, fish and wolf, 
are given in Table 2, and for lichens in Table 3. 
110Po activities are presented only for samples 
dried at no higher than 110°0 and measured 
within a few months of collection. 

The 210Pb levels in animal bone are of sig
nificance in determining the radiation levels in 
the animal and, in terms of human intake, as 
representative of average intake levels. Also 
because of the relatively high specific activities, 
the 210Pb content is easier to determine in bone 
than in muscle. As shown in Fig. 2 the 210Pb spe
cific activities in caribou bone are nearly twice 
those in reindeer, which in general are more 
than twice those in other animals. This con
firms earlier suggestions <5 • 8 > that, although 
reindeer are closely related to caribou, their 
dietary habits are different, even though in this 
case as contrasted to the previous one, the rein
deer live in the same region as the caribou, 
i.e. the reindeer appear to run in herds and 
consume forage with growth more rapid than 
that of lichens (the specific activities of 210Pb 
are lower), while the caribou feed more widely 
and probably consume more lichens. The 
210Pb in the bones of other animals is quite a bit 
lower; moose is similar to U.S. cattle; <16> and 
the amount of 210Pb in seal and fish is still lower 
and similar to that in human bone from residents 
of the midwestern United States. <18> The high 
levels observed in wolf bone indicate that a 

large fraction of the diet of wolves is caribou 
meat and they attain levels similar to those of 
the human Eskimo bones .of Hill. <8 > The willow 
ptarmigan shows· a relatively high average, 
mainly because one of three specimens was 
high, possibly because of consumption of older 
plants (lichens?) and a high respiratory rate. 

Because muscle is probably the major tissue 
consumed by the man, the 210Pb activity in this 
tissue is the most significant one in the animal. 
In this case, as shown in Fig. 2, the concen
trations in caribou and reindeer are about the 
same (averaging all the samples at hand) and 
much higher than those of the other animals 
and humans. In most animals the ratio of this 
nuclide in bone to that in muscle is 2000 or 
greater, while in caribou and reindeer it is one 
half this ratio, even if the higher level of "win
ter" for caribou is taken. 

The seasonal variations of the 110Pb in caribou 
can be seen in Figs. 3 and 4 in which the con
centrations in muscle and bone are plotted 
seasonally, regardless of year of collection. Figure 
5 shows the quarterly averages with standard 
errors. Seasonal variations in bone are apparent 
and confirmed by Student's t-test in that the 
specific activity of 8.3 pCi/g ash in the fourth 
quarter of the year is probably significantly 
different than the 11.6 pCifg ash in the other 
quarters (P < 0.05). The concentrations in 
these quarters are not significantly different 
from each other. 

In· muscle the seasonal variations of the 21°Pb 
are more striking (Fig. 5), and here the con
centration of 9. 7 pCijkg (wet) during the first 
half of the year is significantly different than the 
4.1 pOi/kg in the last half (P < 0.005). The 
two quarters within each half are not signifi
cantly different from each other. 

These seasonal variations probably are caused 
by caribou feeding on vegetation high in nopb 
(lichens), principally when no other vegetation 
is available, i.e. during the winter. Thus, as 
seen in muscle, a minimum would be expected 
during the summer or third quarter and then a 
rise in the last one. In bone, however, the 
slower rate of turnover causes a time delay 
which produces a minimum in the fourth quarter 
and also reduces the magnitude of the varia
tions. The correlation between the 210Pb in 



Table I. 210Pb, 210Po and 226Ra in Caribou Bone and Muscle 

BONE 
Date of 

Sample No. 
collection lllOPb uopo UBRa mpb 

pCi/g ash pCijg ash pCijg ash pCi/kg (wet) 

62-1 8-28-62 16.0 ± 0.2 - 0.532 ± 0.025 4.3 ± 0.6 
62-2" 12-6-62 11.0 ± 0.2 15.5 ± 0.7 - 6.1 ± 0.6 
62-3 12-6-62 11.1 ± 0.2 14.6 ± 0.7 - 8.3 ± 0.6 
63-1 6-6-63 9.86 ± 0.15 - - 4.8 ± 0.5 
63-2 7-22-63 10.9 ± 0.18 - - 1.3 ± 0.4 
63-3 7-28-63 8.46 ± 0.14 - - 3.9 ± 0.9 
63-4 10-19-63 - - - 4.6 ± 1.3 
63-5 11-25-63 5.54 ± 0.12 - - 7.4 ± 1.1 
63-ti 11-25-63 5.65 ± 0.12 - - 3.6 ± 1.3 
64-1 1-10-64 14.8 ± 0.2 - - 12.7 ± 1.9 
64-2 1-14-64 12.4 ± 0.2 - - 9.4 ± 1.4 
64-3 2-22-64 8.95 ± 0.20 - - 13.3 ± 1.6 
64-4 2-22-64 13.4 ± 0.2 - - 5.7 ± 0.9 
64-5 3-2-64 13.2 ± 0.2 - 0.421 ± 0.020 15.8 ± 1.7 
64-6 3-16--64 12.4 ± 0.2 - - 9.8 ± 1.4 
64-7 3-16--64 7.95 ± 0.15 - - 12.8 ± 1.7 
64-8 3-17-64 7.00 ± 0.13 - - 10.4 ± 1.6 
64-9 3-17-64 10.2 ± 0.2 - - 12.0 ± 1.7 
64-10 3-26-64 14.0 ± 0.2 - - 16.1 ± 1.6 
64-11 5-9-64 9.27 ± 0.14 - - 15.6 ± 1.7 
64-12 5-24-64 11.0 ± 0.15 - 0.429 ± 0.022 10.2 ± 1.2 
64-13 5-24-64 9.88 ± 0.14 - - 9.3 ± 1.4 
64-14 6--2-64 9.81 ± 0.14 - 0.380 ± 0.020 7.8 ± 1.4 
64-15 6--4-64 12.0 ± 0.16 - - 9.6 ± 1.6 
65-1 3-21-65 20.3 ± 0.2 - 0.591 ± 0.033 4.0 ± 1.3 
65-2 3-21-65 12.33 ± 0.16 11.8 ± 0.3 - 5.5 ± 0.7 
65-3 4-24-65 17.35 ± 0.15 15.33 ± 0.26 - 11.0 ± 0. 7 
65-4 4-24-65 5.23 ± 0.08 4.86 ± 0.15 0.442 ± 0.015 3.1 ± 0.9 
65-5 5-28-ti5 9.44 ± 0.09 7.98 ± 0.12 0.466 ± 0.016 6.2 ± 0.5 
65-6 5-31-65 15.40 ± 0.14 11.18 ± 0.18 - 9.9 ± 0.7 
65-7 8-18-65 18.79 ± 0.39 17.07 ± 0.59 0.698 ± 0.040 6.0 ± 1.6 
65-8 8-18-65 17.13 ± 0.39 11.89 ± 0.34 0.554 ± 0.032 3.3 ± 1.3 
65-9 8-24-65 11.72 ± 0.38 12.62 ± 0.12 0.488 ± 0.031 1.1 ± 1.0 

--···. . --- .. 

MUSCLE 

lllOPo 

pCijkg (wet) 

-
222 ± 4 
163 ± 4 

-
-
-
-
-
-
-
-
-

-
-
-
-
-

-
-
-

-

-
-
-

360 ± 7 
-
-
-
-
-

72 ± 3 
87 ± 4 
97 ± 3 

UBRa 

pCijkg (wet) 

1.97 ± 0.12 
-
-
-
-
-
-
-

0.3 ± 0.3 
6.3 ± 1.0 

-
-
-

3.5 ± 0.6 
-
-
-
-
-

-
3.4 ± 0.4 

-
0.9 ± 0.3 

-
0.3 ± 0.2 

-
-

0.0 ± 0.2 
0.09 ± O.o7 

-
0.57 ± 0.019 
0.17 ± 0.15 
0.13 ± 0.13 

0 
<D 
0 



Date of 
Sample No. collection 

Reindeer 
61-1 3-14-61 
62-4 11-1-62 
62-5 11-15-62 
63-7 8-8-63 
63-8 8--8-63 
63-9 8--8-63 

Average ± S.D. 
Moose 

63-10 8-1-63 
63-11 8-1-63 

Average ± S.D. 
Willow Ptarmigan 

63-12 7-27-63 
63-13 7-27-63 
63-14 7-28-63 

Average 
Wolf 

65-10 3-15-65 
65-11 3-16-65 

Average ± S.D. 
Seal 

63-15 7-18-63 
63-16 7-25-63 
63-17 7-25-63 

Average ± S.D. 
Fish 

63-18 7-1-63 
63-19 8-1-63 
63-20 8-24-63 

Average ± S.D. 

Table 2. nopb, 110Po and 226Ra in Reindeer, Moose, Ptarmigan, Wolf, Seal and Fish 

BONE MUSCLE 

210Pb 2toPo uaRa 210Pb nop0 

pCi/g ash pCifg ash pCi/g ash pCifkg (wet) pCi/kg (wet) 

5.00 ± 0.11 6.33 ± 0.23 1.84 ± 0.022 15 ± 2 575 ± 36 
8.21 ± 0.13 - 0.396 ± 0.015 3.7 ±l.l -
9.67 ± 0.11 - - 6.2 ± 1.2 -

- - - 1.3 ± 0.6 -
6.13 ± 0.12 - - 1.4 ± 0.7 -
4.73 ± 0.09 - 0.197 ± 0.011 1.7 ± 0.7 -
6.75 ± 2.12 - 0.81 ± 0.90 4.9 ± 5.3 -

0.716 ± 0.042 - - 1.5 ±l.l -
0.689 ± 0.042 - 0.195 ± 0.014 1.6 ± 0.7 -
0. 702 ± 0.059 - 0.195 1.6 ± 1.3 -

6.94 ± 0.11 - - 27.3 ± 1.9 -
1.84 ± 0.05 - - 4.2 ± 1.3 -
1.60 ± 0.05 - 0.031 ± 0.005 3.3 ± 0.9 -
3.46 - 0.031 11.6 -

1.385 ± 0.034 1.315 ± 0.011 0.103 ± 0.006 1.3 ± 0.3 257 ± 5 
0.631 ± 0.022 0.634 ± 0.048 0.099 ± 0.006 2.6 ± 0.6 205 ± 5 
1.018 ± 0.53 0.974 ± 0.48 0.101 ± 0.003 2.0 ± 0.9 231 ± 37 

0.0487 ± 0.007 - 0.074 ± 0.006 2.0 ± 0.7 -
0.074 ± 0.010 - - 2.6 ± 1.3 -
0.068 ± 0.010 - 0.064 ± 0.007 5.1 ± 1.3 -
0.063 ± O.Dl5 - 0.054 ± 0.009 3.2 ± 1.6 -

- - - 0.27 ± 0.20 -
0.289 ± 0.024 - 0.024 ± 0.006 0.76 ± 0.24 -
0.04 7 ± 0.020 - 0.026 ± 0.010 1.50 ± 0.40 -
0.168 - 0.025 ± 0.012 0.84 ± 0.63 -

-

I 

'. 

22aRa 

pCi/kg (wet) 

0.3 

-
-
-
-
-

0.3 ± 0.3 

-

0.4 ± 0.2 
0.4 

-
11.7 ± 0.7 

-
11.7 

0.12 ± 0.11 
0.23 ± 0.15 
0.17 ± 0.18 

-

-
-

-

-
2.41 ± 0.13 

-
2.41 

...... 
0 
<.0 ...... 
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Table 3. Lichens 

Sample No. Sample No. Date of nopb nopo 226Ra 
(Old)* (New) collection pCifg dry pCi/g dry pCi/~ dry 

Finland 61-2 3-61 4.54 ± O.o7 12.98 ± 0.12 0.035 ± 0.0010 
AL Lichens III 61-3 6-61 26.0 - 0.40 ± 0.02 
AL Lichens II 61-4 6-61 69.6 - 0.415 ± 0.017 
AL Lichens I 61-5 6-61 11.5 - 0.101 ± 0.005 
AL Rumen I 62-6 12-6-62 7.48 ± 0.06 14.28 ± 0.20 -
AL Rumen II 62-7 12-6-62 4.96 ± 0.06 16.52 ± 0.26 -
N.H. Lichens IV 65-12 7-10-65 7.61 7.32 -

65-13 7-25-65 5.08 ± 0.20 7.83 ± 0.29 0.0527 ± 0.0095 
65-14 7-26-65 7.26 ± 0.23 9.77 ± 0.34 0.0318 ± 0.0082 
65-15 7-30-65 9.98 ± 0.28 17.44 ± 0.47 0.0412 ± 0.0093 

* Data from first 7 specimens taken from Reference 6. 
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FIG. 5. Quarterly averages of 110Pb in caribou 
muscle and bone. 

muscle and that in bone from the same animal 
is r = -0.36, a value probably significantly 
different from zero (P < 0.05). This negative 
correlation is probably produced by a combina
tion of the out-of-phase seasonal variations 
between bone and muscle and accentuated by 
sampling artifacts. 

Although the 210Po data are few, they do 
exhibit certain definite characteristics. In cari
bou bone this nuclide is in radioactive equi
librium with its parent and the seasonal varia
tion is weak. Thus in seven specimens the 
210Po/110Pb ratio = 0.88 ± 0.12 (s.d.) and the 
coefficient of correlation r = 0.91. There is an 
indication of a higher ratio in the specimens 
collected in December. The wolf bone also 
exhibited radioactive equilibrium with a ratio 
of0.98 (see Fig. 6). 

Muscle of winter-killed caribou had more 
than three times the 110Po concentration of 
summer-killed animals, but a variation less 
than the factor of 10 observed by Hill on 
Canadian reindeer. <8 > The actual levels for the 
winter-killed animals reported here and by 
Hill are quite comparable while the summer
killed reindeer (15.5 pCifkg) are significantly 
lower than these caribou, again probably 
because of the relatively lower lichen content 
of the reindeer summer diet. 

Wolf muscle is remarkable in that the con
centrations of 210Pb observed here, about 200 
pCifkg, are about equal to those of caribou 

muscle. This effect thus suggests that other 
organs of the caribou supply a major fraction 
of the food for the wolf, i.e. liver, kidney, spleen 
and marrow, organs which appear to preferen
tially concentrate 810Po by a factor of 10. <8• e,) 

This excess may also arise from bone consump
tion, rib, etc.; however, the relatively low con
centrations of 210Pb mitigate against this, unless 
this nuclide is preferentially and rapidly re
moved from the soft tissues. 

In most, but not all cases, specific activity 
of the 226Ra was lower than that of the nopb 
and thus, the parent nuclide in the animal could 
not be the primary source of nopb. Moreover, 
because the ages of the animals were probably 
less than 10 years and 70% of the 228 Rn would 
emanate anyway (by analogy to human and 
other bone data), <16> the 210Pb could have 
attained only a small fraction of radioactive 
equilibrium. 
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As shown in Table I and Fig. 2, the concen
tration of 226Ra, 0.500 ± 0.095 (s.d.) pCi/g ash 
of caribou bone, was fairly consistent and about 
equal to that observed in bovine <17 > and sheep 
bone, <6> a value expected on a diet of grass. 
Similar concentrations were observed in rein
deer and moose, and levels comparable to the 
low 226Ra levels in humans were found in 
ptarmigan, fish and seal. The combination of 
high 210Pb and low 226Ra levels in ptarmigan 
indicates a diet high in fallout products and 
low in ash content, such as lichens. 

The wolf was somewhat higher again, indi
cating a relatively large ingestion of 226Ra, 
possible either from a consumption of vegetation 
or herbivore bone. In the case of this nuclide, 
since caribou muscle and other soft tissues 
do not concentrate it (Table 1), these tissues 
would appear to be unlikely sources of excess 
226Ra. 

The source of this nuclide in caribou and 
other animals appears to be vegetation other 
than lichens, since as seen in Table 3 most of 
these contain little 226Ra. The high correlation 
of 226Ra content in the lichens with fraction 
of ash content suggests the ash to be mainly 
dust contamination, so that the true digestible 
level of this nuclide is that in the Finnish sample 
which also had a low ash content. <6 > 

Seasonal variations in lichens are not acces
sible from these data. However, they confirm 
the previous conclusion <6 > that the specific 
activity of the 210Po may be greater than that 
of its parent 210Pb. Because the atmospheric 
concentrations of 210Po are lower than those of 
210Pb and there is no reason to expect great 
differential retention of the 210Po over its parent 
from air, this result implies either greater uptake 
of 210Po from soil or greater leaching of the 
parent from the plant. 

The specific activities of 210Pb and 210Po 
measured in caribou muscle reported here are 
quite a bit higher than the concentrations in 
human placenta, which in wet tissue for 210Pb 
are I to 5 pCifkg and for 210Pb are 9 to 30 
pCifkg. <6 > These values are higher than in 
non-Arctic soft tissues and about equal to those 
found in the muscles of animals other than 
caribou. Hill, on the other hand, found some 
placentae with even higher 210Po concentra
tions, 30 to 100 times these. <12> 

These data allow some estimation of the size 
of the sources of the nuclides available to the 
groups of humans consuming caribou meat and 
confirm the conclusions of an earlier paper <6 > 

that Eskimos may ingest daily 4 or more times 
the 210Pb of non-Arctic residents. On the other 
hand, Beasley and Palmer's data for 210Pb in 
caribou meat of 30 pCifkg imply the levels of 
210Pb intake in some cases may be another factor 
of3 or more times that estimated here. <9> Muscle 
tissue from the other animals, except ptarmigan, 
would not appear to contribute much of this 
nuclide to the diet. 

The average contribution of the daughter, 
210Po, to the diet is probably somewhat smaller 
than previously estimated since seasonal varia
tions are present and radioactive decay during 
storage further reduces the concentrations. 
Thus, we estimate, from the exponential model of 
nuclide metabolism below, <18 > that with intakes 
of 50 to 90 pCifday, the soft tissue concentra
tions relative to those in non-Arctic residents 
would be doubled, 

mC Tel 

T.f 1 = 0.693 

where m is the mass of the body,* Cis the con
centration of the nuclide, I is the daily intake, 
Te is the half-life of the nuclide in the body,* 
andf is the fraction of the nuclide entering the 
body.* It should be noted, however, that the 
210Po derived from direct ingestion would then 
constitute an even smaller fraction of the 210Po 
present since most of it is derived from the much 
higher 210Pb body content in Arctic residents. <19> 

The 226Ra contribution to the human diet 
from the caribou is fairly low being about 
1 pCifday from 900 g of meat, a value compar
able to the 2 pCifday in non-Arctic residents. <14> 

Again most other animals would contribute 
even less, except in the case of fish where this 
value might be doubled. Fish may also con
tribute substantially more since to a large extent 
the bone may be consumed. Unless some other 
sources of 226Ra are present in the Eskimo diet, 
the body content of this nuclide would be 

* Organ or tissue of interest may be substituted fQr 
"body". 
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expected to be about the same as that for other 
unexposed population groups. 

The dose rates to caribou could be quite 
appreciable, as shown by Beasley and Palmer, <9> 

as high as 0.45 rad/yr to the liver. However, 
over the whole year the average dose might 
be only half of this. In bone on the other hand 
with little seasonal variation, the average dose 
is about 0.4 radjyr, which, with the dose from 
other natural sources, would produce a dose 
about 3 times that to the "average cow" of 
Lucas and Di Ferrante. <16> If one assumed an 
RBE of 10, the skeletal dose would be about 
4 remfyr. The dose levels in reindeer would 
be about one half these. 

The dose to human populations dependent 
on caribou meat may possibly be inferred from 
those observed in wolf in which the Z10Po-210Pb 
skeletal concentrations are about 1 pCi/g ash. 
The specific activity of each nuclide in non
Arctic humans is about 0.145 pCi/g ash, <13> 

which with an RBE of 10, is equivalent to a 
dose rate of about 50 mrem/year from a total 
skeletal dose rate of 185 mremjyear. Thus, a 
concentration of 1 pCi/g ash is equivalent to a 
total dose of500 mrem, 2.7 times the non-Arctic 
dose. However, if the effective dose is that 
delivered to the 1O-ft layer of surface cells of 
bone, <20> the increase in dose would be about 
100 mremfyr, an increase in total dose rate of 
about 60%. 

Although the levels of 210Po are apparently 
greatly increased in human placenta, the actual 
increase in dose would be only about 10%. On 
the other hand if the levels are comparable to 
those in wolf muscle (200 pCi/kg) and some of 
Hill's specimens of placenta, <12> this would 
double the dose. These numbers, although 
small compared to the dose in bone, may be of 
relatively greater significance because the radia
tion effects to soft tissue may be greater than 
in bone. 

The very high levels of these nuclides ob
served in wolf and in the human bone and pla
cental specimens of Hill <8 • 

12 > suggest that the 
assumed sources of these nuclides bear further 
investigation since it appears unlikely that these 
sources, caribou ;1nd reindeer muscle, can 
supply the large concentrations observed by 
Hill. Thus, the following things bear closer 
examination: the possibility of systematic errors 

of measurement; that these measurements are 
representative of diets and other exposure of 
these high-level subjects; and that the exponen
tial model of nuclide metabolism describes these 
nuclides with any degree of accuracy. 

The available information indicates that the 
measurements are probably reasonably reliable 
in that results from different laboratories and 
by different methods are reasonably consis
tent. (6-lo) The metabolic model, which is 
accepted primarily for lack of a better model, 
could be in substantial error. <18 > However, 
even less is known about the high level subjects. 
Precise studies of these people, their work, 
dietary and smoking habits, and health could 
be valuable; and although epidemiological 
studies might be unprofitable because of the 
small population receiving high dose rates, in
tensive studies of metabolic balance, that is, 
actual intake, excretion and body content of 
these nuclides, might be valuable in establishing 
the various parameters and theoretical consider
ations. 
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POLONIUM-210 IN ITALIAN TOBACCO 

N. CA.RFi and R. DUGNANI LONATI 

Laboratori CISE, Segrate, Milano 

Abstract-It is known that 210Po contained in tobacco is volatile at the temperature of a burn
ing cigarette. Hence a radiation hazard from 210Po may arise for a smoker's bronchial 
epithelium. 

Hence measurements of 210Po were started in most popular I tal ian cigarettes. A later stage of 
the work will consider the tobacco from some Italian regions. Polonium was extracted from 
tobacco samples by a wet ashing procedure and plated on nickel discs. The discs were mounted 
on ZnS phosphors and the alpha activity was counted. The polonium alpha spectrum was 
measured by an ionization chamber. The method can be simply carried out, but difficulty arises 
from the low-background alpha counting necessary for determining accurately the minute 
quantities of 210Po (of the order of 10- 2 pCi). 

INTRODUCTION 

Some authors (6 , 
8

• 
9 > have suggested that 210Po 

is a factor in the genesis of bronchial cancer 
in smokers. This nuclide-decay product of 
210Pb, having a 19.4 year half-life-is an alpha 
emitter with a 138 day half-life. The principal 
modes of introduction into the human body 
are (I} through almost all foods (vegetables, 
fruits, water, etc.); (2) as natural fall-out due 
to radon disintegration products escaping into 
the atmosphere from the soil; (3) as contamina
tion in smoke from tobacco. 

Considering tobacco, it is well-known that 
polonium is volatile at the temperature of a 
burning cigarette and can therefore be absorbed 
with smoke. Neglecting, for the time being, 
any consideration of how natural radioactivity 
enters the lungs through smoke and therefore 
on the dose to the organ, the 210Po concentra
tion is being measured in tobacco grown in 
Italy. In order to analyse in more detail the 
absorption of this nuclide in the plant, we also 
intend to examine: 

(a) how it is distributed in leaves, roots and 
bark; 

(b) what is the degree of radioactive equili
brium between the 210Po and its parent 
nopb; 

(c) whether it is absorbed by plants directly 
from the soil or through deposition on 
leaves of natural fall-out contained in the 
atmosphere or by a combination of both. 

A number of tobacco plants were therefore 
chosen in various plantations of an Italian 
region. The leaves are treated in the laboratory, 
some of them being fresh and the others being 
cured. Later a determination will be performed 
of the radioactive content of the soil in which 
they have been growing. Finally to investigate 
the absorption mechanism from leaves and roots 
a series of plants has been grown with hydro
ponic culture in a glasshouse. Some of these 
will be exposed to an atmosphere rich in radon, 
others will be nourished with 210Pb and 210Po 
solutions. The oldest tobacco samples to be 
found in Italy will also be studied. 

The first part of the work was concerned with 
the 210Po content in the most popular Italian 
cigarettes, that is Alfa, Nazionali, Nazionali 
Esportazione and Nazionali Super. Preference 
was given to types that are cured with Italian 
tobacco blends. 

ANALYTICAL METHODS 

1-2 g of tobacco previously dried at 105°0 
are digested in 70 ml of cold concentrated 
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HN0 3 • This is then heated in a water bath for 
about 4 hr and subsequently in a sandbath 
until 10-20 ml remains. 20 ml of 70%HC104 

are added and the solution is heated again in 
the sandbath until fuming. It is then cooled 
and cautiously diluted with distilled water until 
the solution is 20-30 mi. It is neutralized with 
18 N NaOH and is re-acidified with 0.1 N HCl 
to dissolve possible metallic hydroxides. It is 
filtered and washed with 0.1 N HCl adjusting 
the volume to 200 ml. 200 mg of ascorbic acid 
are then added to eliminate possible interference 
due to trivalent cations present in the solution 
(i.e. Fe). The solution is then poured into the 
plating cell which is placed in a thermostatic bath 
at 90°0. 210Po plating is carried out on Ni 
discs (previously pickled with heptane, acetone 
and then dried) by stirring the solution at 250 
rpm. The deposition time was 4 hrs. Calibra~ 

tion tests showed that the deposition recovery 
is of the order of 90%. 

The deposition cell consists of a commonly 
used commercial baby nursing bottle with the 
bottom removed. The Ni disc diameter is 
36mm. 

The deposits were measured by means of 
ZnS(Ag) scintillation counters with an extreme
ly low background equal to 0.36 ± 0.05 counts/ 
hr. The ZnS(Ag) layers were 50 mm in dia
meter. The mean of several reagent blank 
determinations was 1.1 ± 0.1 counts/hr. The 
counting efficiency of 45% was determined with 
electrolytically plated 239Pu calibrated sources. 

Alpha particle spectroscopy was performed 
on several samples using an ionization chamber. 
This confirmed that only 210Po was present. 

The results obtained are reported in pCi/g 
of dry tobacco in Table 1 below. These results 
have been corrected for the yield of the chemical 
separation and counting efficiency, taking into 
account the activity due to the 210Po collected 
on the filter during the chemical processing. 

Table 1. 210Po content of Popular Italian Cigarettes 

Type of cigarette 

Alfa 
Nazionali 
Nazionali Esportazione 
Nazionali Esport. Super 

210Po pCi/g of tobacco 
(mean value) 

0.37 ± 0.03 
0.48 ± 0.03 
0.53 ± 0.03 
0.42 ± 0.04 
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CONTAMINATION WITH POLONIUM-226, URANIUM 

AND RADIUM-226 DUE TO SMOKING 

M. KILIBARDA, D. PETROVIC, D. PANOV and D. DJURIC 

Institute of Occupational Health, Dept. of Radiological Protection, 
Beograd, Pasterova 14/II, Yugoslavia 

Abstract-The content of 210Po, 226Ra and uranium has been examined in well-known 
Yugoslavian cigarettes and in tobaccos from regions of Yugoslavia where the best tobacco is 
produced. Simultaneous measurements were made of the content of these nuclides in the 
urine of smokers and non-smokers. 

The distribution of 210Po in smoke, ash and cigarette stubs as a function of combustion 
temperature was studied. Values of 210Po in cigarettes ranged from 0.4-0.6 pCi/g, 226Ra below 
10-12 Cifg and uranium was less than 5y/g of cigarette. 

Analysis of the distribution of 210Po has shown that about 40% is found in smoke. The 
urinary 210Po values in smokers and non-smokers are different, but there is no significant 
statistical difference between them. 

So FAR more than 270 organic substances and 
15 elements have been identified in cigarette 
smoke. These could be divided into four main 
groups from the toxicological point of view: 

of the total radioactivity was in the ash and only 
1 % is inhaled. 

Turner and Radley< 3 > paid attention to the 
alpha-radioactivity of the smoke. They showed 
low alpha-activity due to radon and thoron, the 
relative quantity being I% of the total activity. 
Radford and Hunt <8 > studied the 210Po content 
in the cigarette, stub and smoke. The quantity 
of 210Po in one cigarette is within the limits 
0 · 39-0 · 48 pCi and about half of this quantity 
is inhaled by smoking. These authors calcu
lated that by smoking two packs of cigarettes 

(I) 
(2) 
(3) 

nicotine and similar alkaloids, 
irritants like aldehydes, 
substances binding on blood pigments 
like carbon monoxide (I), cyanides (2), 
etc., 

(4) carcinogenic substances like radionuc
lides, arsenic, chromium,- nickel, etc. 

Recently more and more attention has been daily a dose of about 5rem could be reached in 
paid to the radionuclide content of tobacco and 25 years of smoking. If the distribution is not 
cigarettes. Turner and Radley<3 > and Mul- uniform, local doses could reach I65 rem in 
vaney <4 > observed high radioactivity in cigarette 25 years. These doses could cause carcino
ash. Mulvaney <4> ascribed this' radioactivity genic effects. Skrabie et al. <9> pointed out that 
i:o the presence of 40K, and later to 87Rb. He the lung model used by Radford and Hunt is 
discussed the hazard to the respiratory tract not identical with the lung model proposed by 
due to smoking. Spiers and Passey<5> consider ICRP and concluded that the real doses are 
that the specific radioactivity of 4°K is very low lower. 
and could not represent a real hazard. On the Gregory <10> determined 210Po in tobacco leaves 
other hand Ash <6 > calculated that the radio- from four countries. Tobacco from New Zea
activity of '°K in the smoke could cause car- land had a mean value of 0 ·15 pCi of 210Po per 
cinogenic effects. Runeckless<7 > studied the gram; from the U.S.A. and South Mrica about 
radioactivity of the whole cigarette, the stub 0·49 pCifg and in Rhodesian tobacco even 
and smoke. This author established that 90% more. Russian authors <11 > established that 
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tobacco contains 0 ·43 pCi 110Po per gram and 
that filter tips could contain 10% of 210Po from 
the smoke. Brown and Jarvis <12> analyzed the 
80Sr content. of Canadian tobacco, concluding 
that this radionuclide does not represent a 
carcinogenic hazard. Kelly<13> studied 210Po in 
the inhaled cigarette smoke and established 
values between 0 · 029 to 0 · 044 pCi per type of 
cigarette. Yavir et al. <14> performed spectro
scopic analysis of the 210Po content of cigarettes 
and found quantities similar to Radford and 
Hunt. Chaterjee et al. <15 > analyzed the radium 
content in tobacco ash and found about 0 · 5 
pCi per cigarette. 

Some time ago we started to study variou~ 
sources of radioactive contamination ofuranium 
miners(16-19 > and therefore we wished to estab
lish the content of 210Po uranium and radium in 
Yugoslavian tobacco and cigarettes. 

METHOD 

Tobacco was digested in the following way: 
to one gram oftobacco (content of one cigarette) 
1 ml of distilled water and 2 ml offuming HN03 
was added and slowly digested for 2 hr. Another 
5 ml of distilled water and 1 ml of cone. H 20 2 
was added and heated to dryness. Some drops 
of perchloric acid were then added to digest 
organic substances and the standard procedure 
was followed for the determination of 210Po 
by deposition on silver foils. <20 > Determination 
of polonium in the urine of smokers and non
smokers was performed by the same method. 

Uranium was determined using a fluorimetric 
method <21 > and radium indirectly by the deter
mination of radon. <22> 

RESULTS AND DISCUSSION 

We studied the content of 110Po, uranium 
and radium in the four most popular kinds of 
cigarettes and tobaccos from the most important 
region in Yugoslavia. We paid special attention 
to. tobaccos from the region around uranium 
mines. 

We also studied the distribution of 210Po in 
the cigarette, smoke and butt and the smoking 
habits of25 smokers. 

We also analyzed the uranium and radium 
content of cigarettes and tobaccos. The results 
obtained were very low and so unreliable that 
statistical evaluation was impossible. 

In Table 1 the results of 810Po determinations 
of four popular kinds of Yugoslavian cigarettes 
are presented. It is obvious that some differences 
exist in the 210Po content. The mean value of 
210Po in cigarettes is 0 · 38 pCifg. These results 
are in accordance with those of Radford and 
Hunt, <8 > and very similar to American <10> and 
Russian <11> results. · 

It is very interesting to correlate the absorp
tion of 210Po during smoking with excretion 
of 210Po in the urine of smokers and non
smokers. 

To study this correlation we had to establish 
the smoking habits ofYugoslavian smokers. We 
measured the temperature of the glowing part 
of Yugoslavian cigarettes and established that 
the temperature is 600-650°C. It is. known <83> 

that 210Po is volatilized at this temperature but 
we checked this fact by adding standard con
centrations· of 210Po to cigarettes. The ratio of 
210Po in the smoke and butt was equal to the 
ratio between the mass of the whole cigarette 
and the butt (4: 1). 

Table I. Activity of 210Po in Yugoslavian Cigarettes 

Kind of cigarette 

"Morava" 
"!bar" 
"Drava" 
"Zeta" 

Number of 
samples 

5 

10 
9 

IO 

Total mean value= 0·38 ± 0·13 pCi/g. 
1 cigarette = 1 g. 

Mean value in 
pCifg 

0·36 ± 0·30 
0·20 ± 0·14 
0·36 ± 0·10 
0·60 ± 0·08 
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Table 2. Activity of 210 Po in the Urine of Smokers and Non-smokers 

Number of Mean value Standard 
T-test 

samples in pCiflitre error 

Smokers 20 0·60 

Non-smokers 9 0·37 

We examined the smoking habits of 25 
Yugoslavian smokers and established that in 
smoking a cigarette, the smoker: 

inhales 30% 
combusts 45% 
leaves in the butt 25% 

Because of 210Po volatilization the same pro
portions are applicable for this substance. We 
conclude that smokers inhale about 30% of 
210Po present in the cigarette. Therefore, 
smokers are exposed to a higher quantity of 
210Po than non-smokers. In this case a higher 
excretion of 210Po in the urine of smokers is to 
be expected. 

Urine of 20 smokers and 9 non-smokers was 
analyzed for 210Po and the results are presented 
in Table 2. Mter statistical evaluation of the 
results it was established that a significantly 
higher concentration exists in the urine of 
smokers. This increase is caused by the smoking 
of cigarettes. 

We also wished to establish if differences 
exist in the 210Po content of tobaccos from 
various regions of Yugoslavia. From the Insti
tute of Tobacco Research in Beograd, we 
obtained representative samples of tobaccos 

±0·05 
} 2·70 0·05 

±0·07 -

from the most important producing areas of 
Yugoslavia. The results of these determina
tions are presented in Table 3. We established 
that statistically significant differences between 
these tobaccos are not evident. The mean value 
of these tobaccos was 0 ·405 pCi of 910Po per 
gram and we presume that this value represents 
a mean value for Yugoslavian tobaccos. 

We wished to compare this value with uopo 
content of tobaccos from some regions around 
uranium mines. We analyzed tobaccos grown 
around the uranium mine of Kalna and the 
uranium field at Pirot and these results are 
presented in Table 4. In only one case (!novo 
at Kalna) we found a significant difference 
from the Yugoslavian mean value, presented in 
Table 5. 

SUMMARY 

We have established that the 210Po content 
in Yugoslavian tobaccos is about 0·405 pCifg 
and for cigarettes 0 · 38 pCifg. If a man smokes 
20 cigarettes per day containing 7 · 6 pCi of 
210Po he will inhale 30% which is 2 · 3 pCi per 
d~. . 

In the urine of smokers we found an in
crease of 0 ·23 pCi of 210Po compared with the 

Table 3. Activity of 210Po in Tobaccos from Most Important Yugoslavian Areas 

Area Number of Mean value Standard 
samples in pCi/g error 

1 Hercegovina, Stolac 4 0·36 ±0·05 
2 Vojvodina, N ovi Sad 6 0·76 ±0·12 
3 Makedonija, Prilep 10 0·52 ±0·08 
4 Srbija, Knjazevac 11 0·36 ±0·04 
5 Srbija, Pirot 4 0·40 ±0·04 

Total mean value (excluding No.2 sample): 0·405 ± 0·153 pCifg. 
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Table 4. 

Area 
Number of Mean value Standard 

samples in pCi/g error 

1 Knjazevac, 
Trgoviste 11 0·36 0·09 

2 . Kalna, Inovo 6 0·84 0·09 
3 Pirot, Cerova 4 0·40 0·04 
4 Pirot, Sugrin 2 0·40 Small number 
5 Pirot, Ragadcl 2 0·60 Small number 
6 Pirot 2 0·52 Small number 

Table 5. Statistical Evaluation of Results obtained near Oil Field and Uranium Mine 
with Mean Value for Yugoslavian Tobaccos 

Number Area Mean Standard 
T-test p 

ofsamp1es value error 

35 Yugoslavian tobaccos 0·405 ± 0·153 
} 4·73 0·01 

6 Novi Sad 0·76 ±0·12 
(oilfield) 

6 Kalna, Inovo 0·84 ±0·09 6·12 0·01 
(uranium mines) 

excretion of non-smokers. Knowing that normal 
diuresis is 1-1·51. of urine per day, we would 
conclude that of the inhaled 1110Po about 10--:-15% 
is absorbed and excreted. 

The polonium content in various tobaccos 
and cigarettes does not vary very much over 
various regions of the country. We obtained 
an increase in only one place in the vicinity of a 
uranium mine (Inovo at Kalna) and also in one 
case at Novi Sad (No. 2 in Table 3) where the 
oil fields are located. 

It would be of interest to continue this study 
by analyzing the polonium content in plants, 
soils and waters in the vicinity of oil fields and 
uranium mines. 
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WILD DEER AS A SOURCE OF RADIONUCLIDE INTAKE 

BY HUMANS AND AS INDICATORS OF FALLOUT HAZARDS* 

F. W. WIUCKER, G. C. FARRIS AND A. H. DAHL 

Department of Radiology and Radiation Biology, Colorado State University, 
Fort Collins, Colorado 

Abstract-Concentrations of various fallout radionuclides were measured in native forage and 
in tissues of wild mule deer over a five-year period in north-central Colorado. Concentrations 
of 187Cs in deer flesh were 5 to 13 times higher than concentrations reported in beef and in 
pork. The data indicated that consumption of deer flesh could result in a 137Cs intake which 
could possibly exceed the intake of the nuclide from all other items of the total diet combined. 
Consumption of deer liver would result in the ingestion of 144Ce, 137Cs, 54Mn, and 106Ru. The 
data indicated that deer tissues can be useful and in some cases, unusually sensitive indicators 
of environmental contamination by 104Ce, 137Cs, 1811, 54Mn, l 06Ru, and 90Sr. Relationships 
between forage and deer tissue for 187Cs, 1311, and 90Sr were investigated. During 1963, the 
radiation dose to the skeleton of yearling deer from 90Sr averaged 330 mrad, which was gener
ally higher than the total dose from natural background and other sources combined. During 
the same period, the 90Sr concentrations in deer bone were higher by a factor of 35 than reported 
bone levels in humans. During the study, dose rates to deer thyroid, liver, and muscle reached 
20, 0.014, and 0.012 radfyear, respectively. 

INTRODUCTION 

Studies on radionuclide levels in tissues of 
wild mule deer ( Odocoileus hemionus hemionus) 

during the past four years demonstrated that 
this animal accumulated measurable concen-
trations of 1370s, 144Ce, 1811, 14Mn, 106Ru, and 
90Sr. Nuclide concentrations measured were 
usually considerably higher than those mea
sured in domestic meat products during the 
same periods. Since flesh of deer and other wild 
game is consumed by some segments of the 
human population, it was of interest to study 
this particular food item. 

In addition, because deer accumulate mea
surable concentrations of fallout, they can be 
convenient and sensitive indicators of environ
mental contamination. Deer are harvested in 
large numbers in many areas of the world 
through sport, commercial, and control hunting. 
Samples can also be obtained through mortality 

*Work supported by Contract No. AT(ll-1)-1156 
between the U.S. Atomic Energy Commission and 
Colorado State University. 

from automobiles, disease, starvation, and 
predators. 

Radionuclide levels and calculated dose 
estimates for deer were much higher than for 
most humans. Thus, assuming similar radio
sensitivities between the species, one could 
possibly observe radiation effects from fallout 
in deer populations at considerably lower levels 
of environmental contamination than would be 
necessary to produce effects in the bulk of the 
human population. It therefore seems that we 
should be concerned about potential indirect 
effects of radiation on man through damage to 
the native plants and animals upon which man 
ultimately depends. In general ecological 
terms, it is difficult to assess the importance of 
deer to the well-being of mankind. It is obvious 
that reindeer and caribou are essential to the 
Lapps and Eskimos of the arctic regions, but 
the importance of this family of animals to most 
Americans for example, is likely more subtle; 
In economic terms, however, it was estimated 
that during I 964 in the state of Colorado 
alone, 168,319 hunters spent over $30 million <1 > 
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in pursuit of deer, killing approximately 118,840 
animals. (B) 

METHODS 

All sampling was done within the Cache la 
Poudre drainage west of Fort Collins, Colorado. 
The area comprises about 580 square miles and 
ranges between 5200 and 13,000 feet in eleva
tion. Deer were collected weekly from February 
1962 to January 1965 from a uniform distri
bution of locations within the study area by 
personnel of the Colorado Department of Game, 
Fish and Parks. Certain deer tissues were also 
obtained in larger numbers from hunters during 
October and November of 1961 and 1962. 

Quantitative assay for gamma emitters was 
accomplished by gamma-ray spectrometry. The 
counting system included a solid 4 in. thick X 

8 in. diameter Nal (Tl) crystal which was 
mounted over three matched photomultiplier 
tubes and surrounded by 5 in. steel shielding. 
Electrical pulses were stored in a transistorized 
400 channel pulse height analyzer. Gamma-ray 
spectra were resolved by matrix inversion using 
an IBM 1620 computer. Samples were counted 
in bulk form under uniform conditions of geo
metry. Standards were prepared by contami
nating water contained in the same geometrical 
configurations as the samples in question, with 
known quantities of each radionuclide re
quiring consideration. 

Strontium-90 was assayed by counting beta 
particles from the ooy daughter after chemical 
separation and preparation. Ground and ashed 
bone samples were dissolved in nitric acid and 
the strontium was separated and purified by a 
series of precipitations with fuming nitric acid. 
The purified strontium solution was allowed 
to stand until secular equilibrium of 90Y was 
established. Yttrium was separated from the 90Sr 
solution as the hydroxide and converted to 
the oxalate which was mounted on a plastic 
disc for counting with a Sharp laboratories 
low background flow-gas beta counter. 

RESULTS AND DISCUSSION 

Radionuclide Intake by Humans 

From the standpoint of radionuclide transfer 
·to humans from deer, 1 870s is probably the 
most important. During our studies, deer flesh 

contained considerably higher mean concen
trations of 187Cs than beef and other meats 
(Table 1). For example, fromJuly 1962 through 
April 1963, deer flesh cmitained higher mean 
1370s concentrations than United States beef and 
pork <8 > by factors of approximately 13 and 11, 
respectively. Comparisons with beef from the 
Fort Collins, Colorado area<4> during 1962 and 
1963 indicated that deer flesh 137Cs concentra
tions averaged higher than stall-fed and pas
ture cows by a factor of at least 5. Data indicate 
that this difference could be explained by 
normally higher fallout levels in deer forage 
and possibly by a higher transfer coefficient 
(flesh/feed ratio) in deer. The percentage of 
the daily 137Cs intake per kg meat averages 
less than 4% in cattle (J. E. Johnson, unpub
lished data) while we have calculated possible 
values of 15 to 30% in deer. 

Comparisons were also made between possible 
intake of 137Cs from deer flesh and from the 
total diet (Table2). lnOctober,November,and 
December of 1962, the average dietary intake 
rate of 137Cs in Chicago, New York, and San 
Francisco was approximately 51 pCifday. <&> 
During the same period, deer flesh averaged 
575 pCi 137Csjkg and if one consumed the 
average U.S. human meat intake of 200 gj 
day, <6> the intake rate from this source alone 
would amount to approximately 115 pCifday. 
In a similar comparison, the,,total dietary intake 
rate of 1870s in Denver, Colorado institutions 
during 1964 was 150 pCifday. <8 > The mean 
137Cs concentration in deer flesh during 1964 
was 872 pCifkg <7> which could yield a possible 
intake rate of about 175 pCifday from deer 
meat alone. Individual deer collected in 1963 
contained as much as 3300 pOi 137Csfkg of 
flesh which could lead to an intake rate by 
humans of660 pCijday. 

It must be stressed that past and current 
fallout levels have not been sufficiently high 
to make deer flesh hazardous for human con
sumption. Based on present knowledge, the 
levels of 187Cs would have to be increased by 
several orders of magnitude to produce somatic 
effects in deer or in humans. 

Since deer liver is considered a choice food 
item by most hunters, samples collected from 
May 1963 to August 1964 were assayed for 
gamma-ray emitting fallout radionuclides. <8> It 



WILD DEER AS A SOURCE OF RADIONUCLIDE INTAKE BY HUMANS 11VI 

Table 1. Comparison of 137CsConcentrations inFleshofColoradoDeer 
with Beef and Pork 

Mean 137Cs concentrations 

Period 

Deer 

July 1962-April 1963 698(40) 
July 1963-0ct. 1963 1526(16) 
April 1962-Nov. 1963 1213(76) 

Sample sizes given in parentheses. 
*United States averages. <3 > 

in pCi/kg 

Beef 

55(52)* 

226(20)t 

t Pasture and feedlot cattle from Colorado. <4> 

Pork 

133(52)* 

Table 2. Comparison of Possible 131Cs Intake from Colorado Deer Flesh with Intake 
from the Total Diet 

Probable 137Cs intake in pCiJday 

Total diet, 
Period Deer Total diet, Denver 

flesh alone* Tri-cities <5 > Institutions (6 > 

Oct.-Dec. 1962 115 51 
Jan.-Dec. 1964 175 150 

I 

*Based upon the average US daily meat intake of 200 g/day. <5 > 

Table 3. Summary of data on Gamma-ray Emitting Fallout Radionuclides Measured in 
43 Colorado Mule Deer Liuersfrom May 1963 to August 1964<8> 

Nuclide levels in pc/Kg 
Probable amount ingested 

Nuclide by humans during period in 

Means Std. Dev. 
pCifliver* 

144Ce 1420 1060 2420 
137Cs 440 290 750 
64Mn 230 

I 
160 390 

l06Ru 460 370 780 

*The adult deer liver weighs approximately 1.7 kg.<9> 
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was found that 144Ce, 137Cs, 64Mn, and 106Ru 
were present in liver in readily measurable 
concentrations. A summary of these data is 
given in Table 3. It appears that the probable 
amounts of fhllout radionuclides ingested by 
humans from deer liver during 1963 and 1964 
were relatively small. Nevertheless, liver tissue 
may be a relatively unique but likely insigni
ficant vector for human consumption of 144Ce, 
54Mn, and 106Ru. 

The chance ofl 31l being transferred to humans 
from deer thyroid appears to be very small 
because of the short half-life of 131J and because 
this gland is not ordinarily consumed by 
humans. 

Deer are probably not important 90Sr vehicles 
to humans because we have found that at least 
97% of the total body burden of strontium is 
located in bone which is not ordinarily con
sumed by humans. 

Deer as Indicators of Fallout Levels 

Estimation offallout levels in a given environs 
is difficult to accomplish with precision because 
of the normally large sampling variations. Un
der certain conditions, it may be helpful to 
sample a free-roaming native animal popula
tion, rather than air, soil, or vegetation, because 
each individual would carry radionuclide bur
dens which would be more or less represen
tative of an integrated sample of forage from a 
certain area for some period of time. Also, 
the concentrations of certain radionuclides in 
animal tissues may exceed considerably the 
concentrations in forage or air and in these 
instances, animal tissues would be simpler to 
assay with precision. Of course, the problems 
of sampling variability would still exist for the 
animal population and an appropriate sample 
size and sampling design would still need to be 
determined. Once this was accomplished, the 
relationship between plant and animal for 
instance, must be established and this relation
ship may be subject to rather large uncertain
ties. We have investigated some radionuclide 
relationships between deer and native forage. 

The correlation coefficient of 0.90 between 
mean 187Cs levels in deer flesh and in native 
forage plants which we previously reported, <7> 

indicates that levels of environmental contam-

ination with this nuclide could be estimated 
using deer samples. We have found an accumu
lation of about 0·24 pCi 137Csfg deer flesh per 
pCi 137Csfg air dry vegetation (assuming equili
brium conditions). Of course, the concentra
tions of 137Cs in deer flesh would reflect levels 
of the nuclide in the plants consumed by deer 
and not necessarily the other types of plants 
which may be preferred by domestic grazing 
animals. 

Earlier communications (to-ts) have demon
strated the high sensitivity of deer thyroids for 
estimating levels of environmental contamina
tion with 1311. More recent data indicate that 
1

811 can be detected in deer thyroids during 
periods when it is below the detection limit in 
milk, <18> forage samples,* or in rabbit thyroids. 
Deer thyroids appear to have concentrations of 
1311 similar to rabbit thyroids but the deer 
thyroid usually contains approximately 25-50 
times more tissue which greatly facilitates 1311 
detection and measurement. 

Schultz and Longhurst <16> have measured 
fallout 90Sr in jaw bones of California deer and 
we have previously discussed factors affecting 
90Sr accumulation in Colorado deer. <17, 18 > We 
have found that in 4-5-month-old deer, the 
skeleton accumulates about 9 pCi 90Sr/g bone 
ash per pCi 90Srfg air dry plant material. This 
simple linear relationship would not hold true 
for older deer, however, because equilibrium 
of 00Sr is not reached rapidly as in the case of 
187Cs and the bone levels would be slow to 
respond to rapid changes in forage levels. 

* The estimated equilibrium relationship between 
1811 in deer thyroid and forage indicates that the 
thyroid concentration could exceed the forage con
centration by at least 1000-fold: 

thyroid 1111 cone. 

forage 1111 cone. 

(1500 g forage/day) (0.3 ingested to thyroid <14 >) 
(7.6 days<14>) 

(0.693) (4 g/thyroid) 

= 1,235 

This calculation is in reasonable agreement with 
experimental work on continual ingestion of 1311 by 
sheep. <15> 
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Table 4. Estimates of Radiation Dose Rates to the Skeleton of 
Yearling Colorado Mule Deer from Various Sources during 1963 

Source mradfyr. 

90Sr in bone 
Natural background and terrestrial fallout 
137Ce in muscle 

330* 
250-350t 

12 

* Calculated from mean concentrations of 90Sr in yearling 
deer bones by a method described elsewhere. <21> 

t Based on measurements taken in the Cache la Poudre 
drainage, Colorado with a calibrated portable scintillatidn 
counter. 

Schultz has also discussed advantages and dis
advantages in using deer antlers for monitoring 
wsr. (19) 

Since deer liver accumulates isotopes such as 
144Ce, 54Mn, and 1°6Ru which seldom can be 
measured in other organs and tissues commonly 
assayed, the liver may be useful for estimating 
environmental concentrations of these particu
lar nuclides. <8 >. 

Fallout Ha~ards to Deer 

Although radiation doses to deer from fallout 
radionuclides during this study have been orders 
of magnitude lower than those required to 
produce somatic damage in other mammals, 
the estimated doses to certain tissues have been 
higher than natural background levels. Fur
thermore, the doses received by deer from fallout 
materials have been considerably higher than 
doses received by the general human population. 
It should be pointed out, however, that Lapps <20 > 

and Eskimos received doses from 187Cs which 
were probably higher than the 137Cs doses 
received by Colorado deer. 

From the standpoint of potential harm to 
deer from fallout, 90Sr is probably the most 
important radionuclide to consider. For ex
ample, in 1963, it was estimated that the dose to 
the skeleton of yearling deer was probably 
greater from 80Sr than from all other sources 
combined. Estimates of these sources an!i their 
relative importance are given in Table 4. It 
was also found that during 1963, 90Sr concen
trations and radiation doses in bone of yearling 

deer were higher by a factor of about 35 than 
in 0-20-year-old humans from New York, 
Chicago, and San Francisco. <82> 

Doses to deer thyroids have been low in 
comparison to a dose required to produce ade
nomas. However, during the one-year period 
from April 1962 to April 1963 these deer re
ceived a thyroid dose of about 20 rad, <11> which 
approaches the maximum permissible annual 
thyroid dose of 30 rad for radiation workers. 

Doses to deer liver tissue from fallout radio
nuclides were estimated to approach 110 mradf 
lifetime or approximately 14 mradfyear during 
this study. <8 > 
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PRE-OPERATIONAL SEARCH FOR BASELINE RADIO

ACTIVITY, CRITICAL FOOD AND POPULATION GROUP 

AT THE TARAPUR ATOMIC POWER STATION SITE 

P.R. KAMATH, I. S. BHAT, A. A. KHAN and A. K. GANGULY 

Preoperational Environmental Survey Laboratory, Tarapur 
Health Physics Division, Atomic Energy Establishment, Trombay, 

Bombay 74, India 

Abstract-Two reactors each of200 MWe are under construction at Tarapur, 100 km north 
of Bombay on the west coast. A pre-operational environmental survey laboratory was set up 
in 1964 to carry out environmental investigations and research. 

In the first phase of the pre-operational programme 45 monitoring stations were established 
in the 0-32 km region from the station and nearly 1200 environmental samples were examined 
for natural and fallout radioactivity and trace element content. Information on social habits of 
people, land utilization and dietary habits were collected during the survey trips. In the near 
zone (0-8 km) of the reactors detailed information on dietary items and food consumption 
were collected from 100 families belonging to different professions and socio-economic groups. 

Applying the data obtained from assays of environmental samples and demographic surveys, 
an attempt is made to predict the possible critical food and critical group of population in the 
.region. 

In the Indian diet most of the fallout contamination is obtained from cereals (predominantly 
from rice). Exposure from activation products is likely through intake of fish harvested from 
shore waters. 90Sr/Ca ratios in Tara pur and New York diets are surprisingly in close agreement. 
However, Cain N.Y. diet comes from milk, fish and meat whereas in Tarapur diet it comes 
from cereals and vegetables. The same observation applies to the availability of P in the two 
diets. -

It is observed that the fishing population in the area could be the critical group in the en
vironment under normal operating conditions. 

THE Tarapur Atomic Power Project (TAPP) 
site is on the west coast of India nearly 100 km 
north of Bombay. Two power reactors each of 
200 MW e are under construction to go into 
operation in 1968. 

Figure I gives the location of the T APP site, 
monitoring stations and gamma radiation levels 
in the environment. The site gets heavy rains 
(up to 250 em) from S.W. monsoons during the 
months of June-September, which constitute 
the principal source of fresh water. The land is 
flat up to about 16 km from the coastline and is 
used for farming. There is considerable export 
offruits and hay from the area to adjacent towns 
and Bombay. A hold-up water reservoir is 
being built at Sakharepada beyond the 16 km 

zone for a supply of water to the power station, 
housing colony and for agricultural use. The 
project housing colony is beyond the 8 km 
range. 

Being a coastal site with a headland jutting 
out of the coastline, the land spreads in a 
170° arc behind the site. The coastal region is a 
popular fishing ground and fishermen live close 
to the site at Ghivali, Pophran and Dandepada. 
Between 4.8 km and 8 km from the reactors 
there are creeks where oysters and clams sea-
sonally exist along with a luxuriant growth of 
sea weeds. There is an oyster farm at Uchali, 
5 km away and a larger farm at Kelwa within 
20 km. Dahanu in the north and Sathpathi in 
the south, both within 16 km from the station, 
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are important fish landing centres. Large cat
ches ofpomfrets (Pampus argenteus) and Bombay 
duck (Harpondon neherus) are seasonally landed 
in these centres. 

Table 1 gives the population and area under 
cultivation in the region up to 8 km from site. 
The principal population ( 1961 census) centres 
and occupations of the people in the 0-8 km 
zone are: 

Ghivali 
(Pop. 2083) 

Tarapur 
(Pop. 4232) 

Chinchani 
(Pop. 8446) 

Dandepada 
(Pop. 800) 

Kudan 
(Pop. 1045) 

Kolvali, Bavada 
(Pop. 1097) 

Akkarpatti, Pophran 
(Pop. 1950) 

Kurgaon 
(Pop. 492) 

Pamtembhi 
(Pop. 2000) 

Uchali, Nawapur 
(Pop. 2890) 

Fishing. 

Agriculture, fishing, 
poultry farming and 
sea salt production. 
Agriculture, fishing, 
business and poultry 
farming. 
Fishing. 

Agriculture. 

Vegetables and fruits 
farming, agriculture. 
Fishing, agriculture. 

Cattle fodder cultiva
tion, agriculture. 
Agriculture, hay pro
duction. 
Fishing, oysters and 
poultry farming. 

A pre-operational environmental survey lab
oratory was set up at the project site in Decem
ber 1964 for environmental investigations and 
research. The paper presents: 

1. Baseline radioactivity levels in the 0-8 km 
region of the T APP site environment. 

2. Distribution of significant elements and 
radionuclides in the different components 
of food and in the total diet. 

3. Then attempts to identify the group in the 
population which would receive the 
highest exposure from environmental con
tamination. 

BASELINE DATA 

Survey programmes were drawn up first to 
monitor land and land produce, sea water, sea 
food, drinking water supplies and air in the 
0-32 km region from the site. 1200 dietary 
and environmental samples were analysed 
for radioactivity and stable elements (Bhat 
et al. <1 >). The results obtained for 90Sr, 137Cs, 
226Ra and stable elements like Ca, K, P, Sr, Mn 
and Zn are summarized in this paper. 

Table 2 gives the values of particulate fallout 
activity in air at the site, ground deposited 
activity and rainfall between April 1965-March 
1966. The air activity reported is the sum of 
weekly continuous air samples and fallout 
contamination on a roof top ( 16 m above 
ground), collected in polythene lined trays 
for dry deposition· and plastic buckets during 
precipitation. The air activity was observed 
to be a maximum during pre-monsoon periods 
of April, May and early June and during these 
months the dust load in the atmosphere was 
also observed to be high. Air activity was a 
minimum · during monsoon periods of June, 
July and August and ground deposition was 
maximum during these months. 

The results of radionuclides and trace ele
ment determinations in soil, grass, water and 
foods are given in Tables 3-10. 

Table 1. Population and Land Under Cultivation within 8 km zone 

Zone from Area in Farming Total 
site 170° arc (land) area population 
km km 2 km2 (1961 census) 

0-1.6 3.8 - 500 
1.6-4.8 30.7 9.4 10,257 
4.8-8.0 61.5 24.4 17,020 
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Table 2. Fallout Activity in Air and Ground Deposition (April 1965-March 1966) 

Air activity Ground deposition 
Months Rainfall 

90Sr 137Cs vosr u•cs mm 
X 10-a pCi/m8 X IQ-s pCifm 8 X I0-2 mCifkm2 X I0-11 mCifkm3 

April 1965 36.0 74.0 5.7 8.5 -
May 1965 45.0 65.0 6.1 7.0 -
June 1965 21.2 26.4 73.0 85.0 475.7 

July 1965 2.5 11.3 96.0 108.0 871.4 
August 1965 3.7 4.2 29.0 31.0 239.8 
Sept. 1965 4.5 6.4 16.7 25.0 1.8 
Oct. 1965 3.8 5.2 4.1 7.1 -
Nov. 1965 3.6 7.3 No sample -
Dec. 1965 2.6 4.9 1.7 2.5 -
Jan. 1966 6.3 9.3 0.8 1.2 -
Feb. 1966 11.6 15.5 0.9 1.4 -
March 1966 10.4 21.6 0.7 1.0 -

Table 3. Radioactivity and Stable Elements in Surface &ils 

g/kg pCifkg 
S. No. Location 

Ca K vosr xncs Ra (a) 

1 Ghivali 2.06 0.64 45.0 135.0 1.8 X lQS 

2 Akkarpatti 11.70 8.00 35.0 47.0 2.94 X 10 8 

3 Bavada 7.48 2.50 91.0 146.0 0.52 X 10 3 

4 Kamara 10.10 1.36 84.1 126.0 0.37 X 10 3 

5 Wangaon - 6.90 138.0 224.0 0.83 X 10 3 

6 Chinchani 9.58 2.19 24.0 

I 
54.0 1.8 X 10 8 
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Table 4. Fallout Radioactiviry in Grass 

nCifkg of dry 
S.No. Location Description (ll0°C) grass 

(Local names) 
&oSr 137Cs 

1 Kurgaon Root and mat grass 0.88 1.81 
2 Boisar Root and mat 0.98 0.92 
3 Badaphokran Root and mat 0.45 1.09 
4 Betegaon Para grass 0.14 0.38 
5 Palghar Para grass 0.03 0.36 
6 Kamara Ber grass 0.11 0.64 
7 Morekuran Grass from cattle grazing land 0.23 1.09 
8 Kamara Kolum paddy grass 1.07 2.35 
9 Vadhvan Kudruk paddy grass 0.72 1.33 

10 Kolvali Dangi paddy grass 0.27 0.75 
11 Umroli Jirbhotty paddy grass 0.20 0.32 
12 Murbe Patni paddy grass 0.95 1.86 
13 Akkarpatti Berseem grass 0.14 1.47 
14 Wangaon Moosa grass 0.03 0.53 
15 Betegaon Gajraj grass 0.14 0.53 

Table 5. Stable Elements and Radioactiviry in Freshwater Samples 

Description 
I 

Drinking water 
from the pond 

Drinking water 
from well 

Well water 
Surya river 

water 
Banganga 

river water 

ppm 

Ca K Sr Mn Zn 

58.0 0.005 - 0.013 0.08 

29.5 0.005 0.52 0.004 0.08 

106.7 0.005 - 0.006 0.16 
27.2 0.005 0.22 0.005 0.15 

25.0 0.005 - 0.003 0.02 

* Below detection limit for 2 litre sample. 
** Below detection limit for 10 litre sample. 

aosr 1a1cs 

pCijl. pCi/1. 

** ** 

** ** 

** ** 
** ** 

** ** 

1115 

neRa 
X 10-• 
pCijml 

6.30 

* 
11.70 
7.50 

0.20 
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Table 6. Stable Elements and Radioactiuiry in Fruits 

g/kg (wet wt.) mg/kg (wet wt.) pCifkg (wet wt.) 
Fruits 

Ca K Sr Mn Zn DOSr 1a1cs II liBRa 

Chikkoo 1.15 2.36 5.25 1.58 1.10 4.24 12.40 -
(Achras sapota) 
Banana 0.13 3.60 4.10 1.13 0.82 Nil 10.80 -
(Musa paradisiaca) 
Papaya 0.32 0.80 1.08 0.19 0.31 1.04 5.04 1.35 
(Carica papaya) 
Jamboo 0.28 0.84 1.02 0.53 0.29 1.89 8.44 0.48 
( Cugenia jambos) 
Peru (guava) 0.19 2.16 1.60 1.68 1.12 3.54 22.50 2.06 
(Psidium guyaua) 
Mangoes - - - - - 8.80 24.18 1.05 
(Mangifera indica) 
Palm tree 0.23 0.78 0.51 0.92 0.65 - 10.30 -

fruit 
(Borassus fabellifer} 

Table 7. Stable Elements and Fallout Actiuiry in Milk 

gflitre mg/litre pCiflitre 
S.No. Location 

Ca K Sr Mn Zn DOSr 187Cs 

1 Kurgaon 1.41 0.88 1.55 0.14 2.88 11.45 21.0 
2 Kamara 1.16 0.98 1.16 0.14 2.15 8.38 22.2 
3 Makunsar 1.63 0.96 0.83 0.15 - 12.50 25.9 
4 Gholvad 1.45 1.13 - - - 4.00 15.0 
5 Badaphokran 1.41 1.12 - - - 10.80 25.9 
6 Boisar 1.29 1.50 - - - 13.90 32.4 
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Table 8. Stable Elements and Radioactivity in Typical Vegetables and Condiments 

g/kg (wet wt.) mgfkg (wet wt.) pCi/kg (wet wt.) 

S. No. Vegetable 
Ca K Sr Mn Zn oosr 137Cs Ra (a) 

I Radish root 0.37 2.96 1.90 1.03 2.20 10.90 6.65 3.30 

2 Radish leaves 2.80 1.30 14.00 4.75 1.04 6.30 18.80 7.38 

3 BrifUals 0.27 0.91 0.70 1.25 1.35 4.37 6.84 1.78 
4 Spinach 0.47 10.00 - - - 5.24 2.90 12.90 
5 Tomato - 2.14 - - - - 13.50 -
6 Okra (Bendhi) 0.59 0.89 - - - 15.40 19.70 3.34 
7 Go war 1.30 2.40 - 3.80 1.90 19.10 60.40 11.70 

(Cyanopsis 
psoraliodes) 

8 Onion (bulb) 0.51 1.68 4.05 2.00 1.35 11.90 6.00 2.26 
9 Onion (leaves) 1.06 2.12 5.40 3.20 1.30 3.10 5.30 2.30 

10 Tondli 0.28 1.25 - - - 1.40 9.36 1.98 
( Coccinia indica) 

11 Chillies 0.14 0.90 - - - 12.40 45.70 -
(Capsicum) 

12 Cabbage 0.50 1.60 - - - 2.36 8.50 -
13 Pumpkin 0.08 0.25 1.25 0.15 0.22 4.25 3.76 0.26 

( Cucuribita) 
14 Coconut 0.18 - 2.84 3.46 2.80 ** 0.90 0.21 

kernel 
15 Coconut water 0.28. 0.24 15.10 1.17 1.24 ** 0.76 O.Q7 
16 Tamarind 0.32 1.28 3.96 1.24 2.14 10.70 23.30 0.62 

( Tamarindus 
indica) · 

17 Betel1eaves 0.58 5.25 15.30 14.60 1.85 87.00 191.00 21.80 
(Piper betel) 

18 Plantain leaves 1.94 7.50 - - - 83.00 99.00 13.4 

** Below detection limit. 

Table 9. Stable Elements and Fallout Activity in Soft Tissues of Sea Food 

g/kg mgfkg pCi/kg 
S.No. Sea food 

Ca K p Sr Mn Zn oosr 187Cs 

1 Pomfret 1.90 2.64 0.79 1.62 1.85 3.20 1.4 2.50 
2 Bombay duck 1.70 1.60 0.64 8.90 0.53 1.53 * 4.95 

(llarpodon nehereus) 
3 Prawns 1.34 1.25 1.12 10.90 0.67 3.40 * 13.40 
4 Shrimps 0.57 1.04 0.83 - 1.70 3.04 * 9.25 
5 Oysters 0.79 1.34 0.56 3.20 4.35 5.30 4.1 8.90 

* Below detection limit. 
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Table 10. Stable Elements and Radioactivity in Local Rice Samples 

g/kg mgfkg pCifkg 
Local varieties of rice 

Ca K Sr Mn Zn 110Sr 137Cs 22BRa 

Dangi 0.12 2.01 2.85 11.86 11.60 11.10 49.00 1.50 

J irbhotty 0.13 2.36 2.12 14.75 13.50 12.30 29.78 2.86 
Ko1um 0.22 1.61 - - - 4.44 29.10 -
Kudruk 0.10 2.34 - - - 10.10 31.20 -
Patni 0.21 2.53 2.23 15.10 11.05 10.24 10.10 -

DIETARY SURVEY 

Dietary surveys have been carried out in 
India by the Indian Council of Medical Re
search and other national bodies periodically 
and statistical data have been compiled to 
prepare the Diet Atlas of India. <8 > Such national 
data are of somewhat limited applicability 
when one considers the special conditions of a 
~mall regi.on. in a large country. For example, 
m a prehmmary demographic survey, it was 
observed that the per capita fish consumption 
by the fishing community in the region of 
interest is about an order of magnitude higher 
than the per capita consumption in the state. 
Thus critical food evaluation required detailed 
study in the small area of the reactor environ
ment, where sections of people falling in the 
category of special groups have to be defined 
on the basis of variations in dietary composition 
and daily intakes of minerals. 

Table 9 gives the distribution of adults 
children and occupation of the 100 familie~ 
surveyed. 

The first dietary survey was undertaken 
to cover 100 families to obtain a daily per capita 
food consumption. The families were chosen 
to cover the wide range of professional types: 
farmer, fisherman, businessmen, teachers, etc. 
( cf. Table II). 

Data on food habits of the families were 
compiled by checking weekly purchases and 
consumption for a month. 

Table 12 gives the daily per capita intake of 
food by the three major groups in the· popula
tion. Each person above 12 years of age was 
taken as one unit and each child (2-12 years) 

as a half unit; infants below 2 years were not 
considered for the computation. 

In classifying the dietary information the 
following preliminary observations are made: 

(i) Of the 100 families, only 10 indicated 
that they did not consume any fish, 
meat or eggs. Even amongst the de
clared non-vegetarians, diet principally 
(80%-90%) consists of rice, pulses and 
vegetables. 

(ii) The cereals in the diet consist besides 
rice of small quantities of wheat, millets 
and jowar. 

DISCUSSIONS ON INTAKE OF ELEMENTS 

AND RADIONUCLIDES 

Daily intakes . of significant elements and 
radioactivity were calculated from the diet 
components for two major groups of the local 
population within 2.4 km from the sea shore. 
Tables 14 and 15 give the daily intake data for 
farmers and fishermen. 228Ra activity in the 
tables was calculated from 228Ra activity re
ported by Chhabra <4 > ·for the food stuffs ob
tained in Bombay. 

Ele~ental intake from meals (2 meals a day) 
served m hotels (cf. Table 13) in the area agree 
reasonably well (except for K) with the intakes 
computed for farmers and fishermen from indi
vidual diet components. This agreement also 
demonstrates the consistency of elemental 
inta_kes by different groups of people in the 
enVIronment. 

Ca, 90Sr AND Sr 

Ca intake and pCi 80Srfg Ca ratios in New 
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Table 11. Occupational Distribution of Families in the Diet Survey 

Distance 
Members in the family 

No. of 
Occupation 

from sea 
families Adults and 

I 
shore 
km 

surveyed children Children 

> 12 yr (12-2yr) 

Farming (a) 0-2.4 25 I 171 61 
(b) > 2.4 27 207 71 

Fishing (a) 0-2.4 11 62 24 
(b) >2.4 - - -

Business (a) 0-2.4 4 12 9 
(b) > 2.4 7 50 12 

Teaching and (a) 0-2.4 7 41 9 
clerical trades (b) >2.4 3 17 8 

Miscellaneous (a) 0-2.4 10 63 23 
(carpenters, mechanics, (b) > 2.4 6 21 13 
diemakers, 
electricians) 
Total 100 644 230 

Table 12. Per Capita Dietary Data of Major Population Groups around TAPP 
(Results of survey of 100 families) 

Dietary 
Farmers 
near the 

item 
sea coast* 

Rice 575.0 
Wheat 49.5 
Pulses 50.6 
Vegetables 129.0 
Fruits 10.0 
Milk 97.0 
Fish 65.0 
Mutton 17.8 
Chicken 4.7 
Eggs (No.) (0.14) 
Salt 18.4 
Sugar 29.2 
Jaggery 27.6 
Fats 31.4 
Chillies 7.1 
Tamarind 13.3 
Total 1125.6 
Water (litres) (3-5) 

* Within 2.4 km from coast. 
t Beyond 2.4 km from coast. 

Farmers Average 
in the Fishermen for 

interiort Tara pur 

(Consumption per day in grams) 
465.0 490.0} 

29.4 81.3 552.7 
46.3 22.1 133.0 

103.0 66.0 54.6 
10.0 5.0 10.2 

110.0 38.0 115.0 
41.5 170.0 74.3 
22.2 10.0 16.3} 
6.2 2.4 3.9 

(0.16) (0.04) (0.13) 
11.2 19.6 15.8 
26.2 30.6 22.6} 
19.7 24.0 20.8 
30.0 32.4 25.9 
6.7 8.1 7.0 
7.8 14.9 10.5 

935.2 1014.4 1072.4 
(3-5) (3-5) (3-5) 

t Includes millets, wheat and other cereals (rice 108 g) (Diet Atlas of India, 1964). 

Infants 
( < 2 yr) 

15 
11 
9 

-
1 
7 
4 
2 
3 
3 

55 

Average for 
Maharashtra 

444.0t 
55.0 

105.0 
18.0 

113.0 
14.0 

14.0 

15.0 

38.0 

31.0 
NA 
NA 

(3-5) 
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Table 13. Stable Elements and Radioactivity in Meals served in Hotels 

Location Description 
Ca K Sr Mn Zn p 90Sr 117Cs Ra a. 

g/meal gfmeal mgfmeal mgfmeal mgfmeal gfmeal pCifmeal pCifmeal pCifmeal 

Tara pur Rice plate 0.26 0.65 1.69 2.89 2.62 0.368 4.56 20.32 1.26 
Chinchani Vegetarian 0.28 0.29 2.60 2.20 1.50 - 5.80 7.80 -

meal 
Palghar Vegetarian 0.27 0.29 0.81 3.50 - - 7.10 20.30 -

meal 
Palghar Vegetarian 0.14 0.52 1.40 1.90 1.81 0.217 5.58 11.46 1.18 

meal 
Palghar Non-vegetarian 0.47 0.50 2.95 4.29 4.76 0.216 - - -

meal 
Dahanu Vegetarian 0.23 1.79 3.04 7.54 5.24 0.639 - - -

meal 
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Table 14. Daily Intake of Some Significant Elements and Radionuclides by Farmers 

Farmers near the coast 

Food 

I material Ca K 
mg p.g pCi 

g g Sr Mn Zn I 90Sr 137Cs 22sRa 

Rice 0.082 1.213 1.380 7.820 6.850} 29.40 
6.00 22.20 0.360 

Wheat O.Q28 0.197 0.443 1.470 0.560 1.12 1.53 0.046 
Pulses 0.023 0.525 0.121 0.645 1.111 1.50 1.38 5.05 0.036 
Vegetables 0 . .080 0.214 0.316 0.238 0.156 3.74 3.88 5.65 0.036 
Milk 0.166 0.111 0.112 0.013 0.232 4.55 1.18 2.28 O.Q15 

Fish 0;068 0.106 0.575 0.093 0.156 54.00 - 0.41 
Mutton 0.032 0.034 0.070 0.012 0.140 - 0.53 1.02 0.050 
Chicken 0.006 0.008 0.019 0.007 - 1.12 0.06 0.12 -
Salt 0.036 0.039 0.446 - - 1.55 1.12 0.26 -
J aggery 0.022 0.264 - 0.125 0.305 - - - -
Tamarind 0.004 0.024 0.028 0.017 0.029 - 0.32 0.32 -
Total 0.547 2.735 3.510 10.440 10.539 95.86 15.41 38.84 0.543 

Table 15. Daily Intake of Some Significant Elements and Radionuclides by Fishermen 

Fishermen 

Food 
Ca K 

material 
mg ILg pCi 

g g 
Sr Mn Zn I 9osr 1370s llll&Ra 

Rice 0.069 1.028 1.170 6.450 5.650 5.10 19.50 0.308 
Wheat 0.046 0.324 0.727 2.420 0.920 27.00 1.84 2.52 O.Q75 

Pulses 0.011 0.228 0.054 0.288 0.490 0.66 0.61 2.29 0.015 
Vegetables 0.041 0.110 0.164 0.126 0.067 1.92 1.98 2.38 O.Q15 

Milk 0.066 0.044 0.044 0.005 O.Q7l 1.80 0.46 1.12 0.006 
Fish 0.178 0.278 1.515 0.251 0.428 141.00 - 1.05 -
Mutton 0.018 0.019 0.039 0.006 0.065 0.62 0.29 0.57 0.107 
Chicken 0.003 0.004 0.009 0.003 - - 0.03 0.06 -
Salt 0.025 0.034 0.475 - - 1.65 0.11 0.22 -
Jaggery 0.18 0.230 - 0.109 0.266 - - - -
Tamarind 0.004 0.026 0.029 O.Q18 0.032 - 0.16 0.35 -
Total 0.479 2.325 4.226 9.676 7.987 174.65 10.58 30.06 0.528 
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Table 16. Ca lntakefom tatl0°SrfCa Ratios in Different Food Groups of New York 
(1965) and Tarapur Diet 

NewYm:k 

Food 
Ca groups -&/Ca 

%of pCi/g 
total 

Cereals and pulses 15.7 52.5 
Vegetables 8.1 59.0 
Milk and milk-

products 61.3 19.3 
Fish and meat 10.6 Il.l 
Total diet - 28.3 

York< 5 > and Tarapur diets are mm.pared in 
Table 16. The per capita daily intam of Ca and 
Sr in Tarapur are ,.... 500 mg and -.. 4 mg res
pectively and the corresponding iim.tak.es in the 
Western diet<8 > are ,.... 1000 mg and,_, 1.3 mg. 

In New York diet< 5 > ,.... 50% of 80Sr intake is 
accounted for by milk and milk pr:oducts, and 

30% is accounted for by cereals and pulses. In 
Tarapur diet, milk and milk prodiuds account 
for less than 10% of the intake,. cereals and 
pulses account for ,.... 70% of intake JfJy fishermen 
and ,.... 50% by farmer. The ratlli:ls of 90SrjCa 
for the total intake in the two areas are very 
similar, viz. New York diet 28.3~ Tarapur 
farmer's diet 287 and Tarapur fisherman's diet 
22. Average intake of IIOSr from New York diet 
is about twice that obtained in Tarapur diet. 
Major contribution of 110Sr in the Tarapur diet 

comes from rice ("' 50% of total) and vege
tables rank next in significance (-- 20%). 

About 80% of total intake of· stable Sr 
comes from cereals and pulses, and fish in 
farmer's and fisherriu:i.n's diets. In the cereals 
and pulses group, rice is the major contribu
tor to Sr intake (-- 70%). Intake of 00Sr is 
highest through cereals because of higher 90Sr 
activity and larger cm;ts'Qmption of cereals. Fall
out activity in rice 'is relatively high because 
of this being a rail;l. crop ( cf. Grum.mitt and 
Robertson <7 >). 

Tara pur 

Farmer Fisherman 

Ca% of 90SrjCa Ca% of 90SrJCa 
total pCi/g total pCi/g 

24.3 64.0 26.3 60.0 
14.6 48.5 8.6 48.5 

30.3 7.1 13.8 7.1 
18.3 5.6 41.6 1.6 
- 28.0 - 22.0 

228Ra 

For the intake of 226Ra, cereals and pulses 
account for 81% in farmers' diet and 75% 
in fisherman's diet, rice alone contributes 80% 
of the intake by farmers and 75% by fishermen 
from this food group. 

187Cs AND K 

Approximately 70% of the total intake of 
137Cs and also ofK is contributed by cereals and 
pulses (Table 17) of which rice contributed ,.... 

80% of the intake from this group. The K in
take of 2.3-2. 7 gfday in Tarapur diet compares 
with 2.3-3.4 gfday in U.S. diet. <5 > In U.S. 

'"" 70% of 1870s intake is obtained from milk, 
fish and meat in contrast with Tarapur, where 
these groups contribute only about 10% to the 
daily intake of mes. 

Total 137Cs intake from New York diet< 5 > is 
three times that from Tarapur diet. 1870s 
intake in Tarapur would be approximately 
proportional to u 7Cs activity in cereals and 
pulses and in view of the fact that the bulk 
of the food is comprised of this group, the 
187Cs body burden in the population is largely 
determined by 187Cs content in this food group; 
vegetables are next in significance. 

An examination of four persons :from the area 
showed that on an average they have a body 
burden of 1.9 nCi 1870s for an average body 



PRE-OPERATIONAL SEARCH FOR BASELINE RADIOACTIVITY 1123 

.Table 17. Contribution to Daily Intake from Major Food Group in Diet of Farmer and Fisherman 

~ Food 

%ffi~ 
Cereals and pulses Vegetable Milk Fish 

daily Farmer Fisherman Farmer 

intake 

Foodstuff 60.0 58.5 11.5 
Ca 24.3 26.3 14.6 
K 71.0 67.8 7.8 
Sr 55.4 54.5 9.0 
Mn 95.0 95.0 2.3 
Zn 80.0 89.0 1.5 
I 30.6 15.7 3.9 
0Sr 55.0 72.0 25.0 
ta7cs 76.0 74.0 12.0 
22eRa 81.2 75.5 6.7 

weight of 55 kg and 84 g body potassium. <1 > 

These studies are being extended and will be 
useful in identifying build-up of body burden 
from sources other than fallout in the region. 

MnANDZn 

Trace elements like Mn and Zn are present 
in high concentrations in cereals ( 11-30 mg/kg) 
and again rice alone contributes about 70% 
of the total intake. Betel leaves (Piper betel) and 
radish leaves (Raphanus sativus) show high con
centration of Mn. Gowar (Cyanopsis psoraliodes), 
onion and coconut kernel show somewhat 
high concentrations ofMn and Zn (cf. Table 8). 
There is significant concentration of Mn and 
Zn in frui~s ( cf. Table 7), but the daily intake 
offruits is very small. 

Oysters ( cf. Table 9) are likely to be the 
significant carriers for radioactive Mn and Zn 
from station effluents as they are found near 
the shore and show high concentrations of the 
stable isotopes. The total intake of oyster meat 
in the diet, however, is small and most of the 
oysters harvested are exported to cities. Oysters 
having the highest cumulative concentration of 
Mn and Zn in soft tissue, among sea foods 
examined, would serve as a useful single indica
tor for build-up of induced 64Mn and 65Zn 
radioactivity in the shore waters of Tarapur. 

Fisherman Farmer Fisherman Farmer Fisherman 

6.5 8.6 3.80 7.8 18.0 

8.6 30.3 13.80 18.3 41.6 

4.7 4.1 1.90 5.4 12.9 
3.3 3.2 0.90 18.9 31.2 

1.3 0.1 0.05 1.1 2.7 
0.8 2.2 0.88 1.2 6.2 
2.3 4.7 1.06 58.0 81.5 

18.6 7.7 4.40 3.8 3.2 
7.9 6.0 3.70 4.2 5.6 

2.8 2.8 1.10 9.3 20.5 

PHOSPHORUS 

Fishermen take on an average about 170 g of 
fish a day, i.e. 18% of the total diet. Survey 
data indicate that there are families of fishermen 
consuming as much as 250-300 g of fish a day. 
Among the poorer section of fishermen the fish 
intake is often 25-30% by weight of a day's total 
food intake. 

High accumulation factors for 82P coupled 
with high percentage intake of fish by a fisher
man indicate that 32P can contribute a high 
exposure, particularly when the diet abounds 
in sea foods like shrimps, fingerlings and inter
tidal organisms. If the bulk of P in the diet 
comes from cereals and vegetables which are 
rich in phytin phosphorus, (B, 9> then isotopic 
dilution of 82P from fish will be reduced. It 
has been observed by other workers that Indian 
meals comparable to Tarapur diet, have a 
phytin P content as high as 42% <10> of the total 
P. It would therefore be necessary in assessing 
the significance of this element to characterise 
the source of supply and not judge only by the 
concentrations present in the dietary intakes. 

IODINE 

The environmental monitoring programme in
cludes sampling of sea weeds and sheep thyroids 
for measurement of radioiodine contamination. 
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Monitoring of bovine thyroid under field con
ditions has shown that it is a sensitive method <13 > 

for detection of environmental 1811. Sheep 
thyroids under identical Conditions of exposure 
have been reported to accumulate five times <14 > 

more 181I than bovine thyroids. <11> 

For exposures resulting from the ingestion of 
radioiodine, milk has often been regarded as 
the most important source. <11> The British 
Medical Research Council, in setting up the 
acceptable level for 181! contamination has 
considered exposure of a child's thyroid as 
critical. In rural Indian conditions <12> infants 
are mostly breast fed and are weaned only on 
medical grounds. Sometimes animal milk of 
some kind is given to supplement breast milk
the quantity rarely exceeding 200 mlfday. The 
supplementary foods for the infants are usually 
prepared from cereals, particularly rice. 

Because of low intake, milk is not likely to 
be the critical food around Tarapur though 
there may be small groups of individual families 
(rich farmers), who may receive a higher expo
sure through consumption of milk. 

The iodine content in food components given 
in Tables 14 and 15 has been calculated from 
reported iodine values for dietary compo
nents. <16• 16> The highest intake of iodine in 
Tarapur diet is from marine fish. Of the two 
population groups examined, iodine intake by 
fishermen is twice that by farmers. Approx. 
80% of total iodine intake by fisherman and 
,...._, 60% by farmer is obtained from fish. There
fore restriction on milk consumption in emer
gency circumstances does not much affect the 
net intake of iodine. Under the circumstances, 
it is possible that the population would receive 
most of the 181! exposure from fish consumption 
and fishermen would receive 'the highest. 

Radioiodine intake through fish has been 
reported to be unimportant because of the 
short half-life of 111I and delays involved in the 
uptake chains. <17 > For most short lived activi
ties, this point requires to be investigated in 
detail and particularly with reference to amounts 
of release and types of fingerlings and juveniles 
caught in the shore waters. 

CRITICAL GROUP IN THE TARAPUR 

ENVIRONMENT 

It is possible to predict from the information 

presented, the population group which will 
receive high radiation exposures through living 
in the vicinity of the power station and by eating 
food produced near the site. 

Fishermen living in the near vicinity at 
Ghivali and Pophran ply their fishing gear in the 
coastal waters that would be receiving reactor 
effluents, and consume fish caught in these 
waters. The average intake of fish is 170 g per 
day by fishermen while that for farmers living 
in the interior it is only 40 g (cf. Table 12). 
Contamination of the land environment is not 
expected to be significant in normal operation 
and the exposure of farmers and fishermen 
from this source are expected to be very close 
to one another and as such the fish growing 
close to the shore and caught by fishermen may 
be the critical component in the diet. Oysters 
and shrimps grown in the area are likely to accu
mulate activation products and could be moni
tored as indicator organisms to follow any build
up of activation products from reactor efflu
ents. Bombay duck (Harpodon nehereus) and 
shrimps are abundant and cheap and are con
sumed by local fishermen in large quantities. 
Therefore the fishing population in the area could 
probably be the Critical Group in the environment. 

SOME SAMPLES FOR TERRESTRIAL 

MONITORING 

High concentrations of Mn, Zn and P and 
relatively large ratios of 80SrJCa, 187CsfK in rice 
show that rice is a useful environmental sample 
to indicate terrestrial contamination. As a 
seasonal crop, its usefulness for round the year 
monitoring is limited. However, it contributes 
significantly to the body intake of trace elements 
and fallout contamination. Table 8 has shown 
that some vegetables (leafY ones because of 
high foliar absorption) are more selective than 
others to accumulate fallout contamination. 
None of them however, is likely to be a critical 
food because of small intake. 

An interesting sample listed in Table 8 is the 
betel leaves, reputedly known as the "Indian 
Pan". Samples ofbetelleaves have consistently 
shown high concentrations of trace elements 
and radioactivity. Of the leafY vegetation 
examined, the betel and plantain leaves promise 
to be good indicators for terrestrial contamina
tion. 
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COMMENTS IN CONCLUSION 

In this study contributions from drinking 
water are not discussed, as contamination of 
main drinking water supply is most unlikely. 

The search for the critical food through die
tary surveys has shown that 90Sr and 1370s con
tamination in the Tarapur diet is obtained 
from cereals and pulses (predominantly from 
rice) and the activation products are likely to 
be obtained through sea food harvested from 
the shore waters. 

The ratios referred to in Table 16 for 90SrfCa 
for Tarapur and New York diet (28.3 and 28.0) 
should be treated with caution since the bulk 
of Ca in the New York diet comes from milk 
and milk products, fish and meat and therefore 
largely available <8 > while only 40% comes from 
these sources in the Tarapur farmer's diet. 
Cereals and vegetables in the Tarapur diet 
contain large amounts of phytin phosphorus 
which reduces considerably <8 • 9 > the availability 
of Ca. 

This survey has brought out the typical 
features of the rural Indian diet in contrast 
to Western types of diet. Though it was anti
cipated in the beginning of the survey that 
possibly there would be a wide divergence in the 
dietary intakes of the different population 
groups in the area, because of different socio
economic conditions, the survey indicated that 
the general types of diets are very similar excep
ting for a small variation in the most easily 
available food stuffs for the group-like cereals 
and vegetables for the farmers and fish for the 
fishermen. These small variations and profes
sional activities ultimately feature in the final 
selection of the possible critical group in the 
area. 
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DISCUSSION 

M. DELPLA (France) : 

J e ferai deux remarques: la premiere de caractere 
general: la seconde, relative a un point tres particulier. 

1. M. Coulon etudie le controle de la pollution 
radio-active de la chaine alimentaire en hygieniste; il 
se place sur le plan de la sante publique et embrasse 
un vaste territoire, le pays tout entier. II est aussi 
possible de considerer, a !'oppose, ce qui se passe a 
proximite d'une installation nucleaire, et utiliser la 
radio-analyse des produits de la chaine alimentaire a 
la mesure de la contamination du milieu par cette 
installation. C'est suivant ces principes que nous 
surveillons nos sites nucleaires. Nous nous proposions 
de vous faire part de notre methode-originale-et 
de nos resultats; nous ne pouvons que regretter 
qu'aucun des rapports que nous proposions sur ce 
sujet n'ait pu etre retenu. Veuillez m'excuser, 
Monsieur Ie President, d'avoir ete aussi long. 

2. M. Coulon cite a plusieurs reprises le ministere 
de !'agriculture. Bien d'autres ministeres s'interessent 
aussi, en France, a la pollution de la chaine alimen
taire. 11 me parait difficile, en cette matiere, si l'on 
cite un ministere, de ne pas mentionner les efforts 
accomplis en cela par celui des affaires sociales 
(sante publique). 

E. Dr FERRANTE (Euratom): 

Les pH 5,9; 7,2; 8,25; 8,55 du sol mentionnes dans 
le memoire sont-ils des valeurs naturelles, c'est-a-dire, 
trouvees dans les differents sols etudies, ou bien les 
auteurs ont-ils corrige le pH d'un meme type de sol? 

R. KrRCHMANN; 

Ces differentes valeurs du pH ont ete observees lors 
des experiences en serre, apres apport d'hydroxyde 
de calcium a un meme type de sol. En conditions 
naturelles la valeur (pH)ea.u du sol etudie est environ 
de 5,9. 

T. L. CuLLEN (Brazil): 

Have the authors considered any other soil para
meters in their studies? For example there are 35 or 
40 parameters used by the agronomer: particle size, 
pH in water, pH in KCl, oxides of metals, exchange
able cations. There are trace elements like Barium 
whose presence or absence is important. 

It is proper in a laboratory to control all but one or 
two variables and let them vary. But in nature there 
are so many variables that influence uptake of the 
natural radioisotopes. 

R. KrRCHMANN: 

En ce qui concerne le facteur sol, nos experiences 
ont ete limitees a la comparaison des niveaux de 
contamination, par Ra 026

, d'une graminee cultivee 
sur quelques types de sols belges que nous connaissons 
bien grace a nos travaux sur le comportement de 
Sr90 dans ces sols. Nous n'avons pas considere separe
ment chacun des nombreux parametres pouvant 
eventuellement influencer le taux de transfert du 
Ra 226 du sol au vegetal. Nous avons d'abord re
cherche si le type de sol jouait un role et ensuite, en 
examinant les caracteristiques differenciant les sols 
etudies, nous avons constate que la teneur en materiel 
sorptif donnait la meilleure correlation avec les 
teneurs en Ra••a observees dans le vegetal. Pour 
l'etude de !'interaction ionique, nous estimons que 
!'agriculture se prete le mieux a des tels travaux. 

G. jOYET (Switzerland): 

Je desire moi-meme faire remarquer que ces 
auteurs ont trouve une correlation entre l'activite des 
herbages et l'activite du lait, correlation qui parait 
etre assez sllre et que d'autres auteurs n'ont pas 
trouvee. 

E. vAN DER STRICHT: 

Les conclusions diametralement opposees des rap
ports presentes par M. Popovic et par M. de Bartoli 
et al. peuvent a mon avis s'expliquer par l'etendue 
geographique tres differente des zones surveillees. 

M. DELPLA (France): 

Comme vous meme, M. le President, j'avais re
marque !'opposition des conclusions des deux rap
ports de MM. Popovic et de Bartoli. J e signalerai 
que, de notre cote, nous ne trouvons pas de correla
tion entre les activites, dans l'herbe et dans le lait, 
mesurees sur les elements alcalino-terreux. En fait, 
l'etablissement d'une telle correlation n'est pas 
possible en raison de la variabilite des resultats 
obtenus sur l'herbe, variabilite due, sans doute, aux 
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conditions c:xpbimentales, en particulier, au. :fa.u
chage successif de pieces juxtaposees delimiteesciWlS 
une prairie naturelle. 

R. B. HOLTZMAN (U.S.A.): 

I would like to ask these authors of the papea .em 
210Po in tobacco why the 210Po appears to be b-.er 
than that in the United States? Could it be due- ilio 

differences in the curing process? I would also like to 
ask the Yugoslav authors how they treated theirorine 
samples; that is were they wet-ashed? 

D. PANOV: 

La premiere question conceme Ia concentration de 
polonium dans !'urine. Nous avons attaque Yuriine 
par HN03 et l'acide perchlorique; on a fait ensuite 
uri.e deposition sur une plaque d'argent et le comptage 
par alpha. 

La deuxieme question est sur les resultats qui sont 
les memes a peu pres dans le tabac et dans la cigasette: 
nous n'avons pas trouve non plus de differencetselon 
les differentes sortes de cigarette. 

W.KOLB(~): 

Im Auftrag der deutschen Zigarettenindustrie 
haben wir ebenfalls Messungen an Tabaken Wld 

Rauchkondensaten vorgenommen. Die spezifische 
11oPo-Aktivitii.t der Rauchkondensate (main stream 
smoke) lag zwischen 1,22 und 1,45 pCi/g ± 17%. 
Signifikante Unterschiede zeigten sich bei 12 ver
schiedenen Rohtabaksorten. Die 210Po-Aktivitat lag 
zwischen 0,30 und 0,71 pCi/g und unterschied sich 
damit extremal um den Faktor 2. 

G. joYET (Switzerland): 

Je voudrais faire moi-m~me une remarque. Dans 
ce travail on a mesure des totalites d'activite de 
cesium de l'ordre de 1,9, c'est-a-dire environ 2 nano
curies par individu. J'ai vu les publications 
presentees par !'auteur a ce sujet et je voudrais 
signaler qu'en Suisse par exemple nous trouvons des 
activites pour l'homme et pour le sujet masculin de 
20 ans qui sont exactement dix fois plus elevees. La 
valeur pour la femme est de 19 nanocuries pour le 
cesium-137, et de 9,5 nanocuries pour la femme de 
20 ans. Ces valeurs sont valables pour le printemps 
de cette annee. Elles coincident a peu pres avec cer
taines valeurs americaines qui ont ete trouve a 
diverses periodes au Brookhaven National Laboratory. 
Je voulais signaler ces differences car je pense qu'ici il 
y a avant tout un effet de latitude. 



SOME RECENT DEVELOPMENTS IN TECHNIQUE FOR 

MONITORING. HIGH-ENERGY ACCELERATOR 

RADIATION* 

JOSEPH B. McCASLIN, H. WADE PATTERSON, ALAN R. SMITH and LLOYD D. STEPHENS 

Lawrence Radiation Laboratory, University of California, Berkeley, California 

Abstract-In order to accurately evaluate the exposures received by individuals working nea_r 
high-energy accelerators it is necessary to measure the separate components in the radiation 
field and to determine their energy spectrum. Since no single instrument or detector will do 
this, a variety of different detectors and instruments must be used. Three recent developments 
in technique for monitoring particulate radiation above 20 MeV use nuclear emulsion, ele
mental mercury, and Be7 production in light elements; below 20 MeV, the use of moderated 
foils of In, Au, and Co has been extended to include Ta. 

When emulsion is used, the number of stars formed by high~energy inelastic collisions is 
counted, together with the number of gray prongs. The ratio of gray prongs per star was 
previously found to be linearly related to the energy of the neutron which formed the star, 
over the energy range 20 to 300 MeV. This technique is used to measure average neutron 
energy and to estimate spectrum shape for neutron energies above 20 MeV. A second technique 
makes use of the spallation ofHg to Tb149, an alpha-emitter of 4.12-hr half-life. The threshold 
for this reaction is near 500 MeV, and it therefore extends the use of threshold detectors for the 
estimation of spectrum shape to a higher energy domain and gives additional confidence in 
previous estimates of spectrum shape made with Bi fission, C12 (n, 2n)C11, and Al 27 (n, a)Na 24 • 

Thirdly, production ofBe7 from C 12, Nu, and 0 16 has been studied; it offers a method of high
energy neutron threshold detection with practical thresholds extending from 30 to 40 MeV for 
carbon to 45 to 55 MeV for oxygen. The practical sensitivity can be arbitrarily high without 
making the extraction process either too lengthy or unwieldy. Another recent development 
involves the inclusion of Ta in the class of detectors which use a thermal-neutron-sensitive 
activation element inclosed in a Cd-clad hydrogenous moderator to allow an integration 
period of a few months and a sensitivity considerably greater than with Co. Finally, recent 
improvements in the performance of our large parallel-plate Bi fission chamber are discussed. 

RADIATION MEASUREMENTS AT LRL 

Application to Personnel Safety and Shielding Evalua
tion 

The instruments and methods described here 
should be viewed in the light of the type of 
problems we encounter and our approach to 
their solutions. In addition tb evaluating ex
traneous radiation fields of high-energy accel
erators so that adequate personnel protection is 
assured, we are also called upon to determine 
shielding requirements both for personnel 

*Work done under auspices of the U.S. Atomic 
Energy Commission. 
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safety and for experimental equipment. In the 
course of this work we develop instruments 
and techniques appropriate to the task. 

Radiation fields are measured in physical 
terms,, using the tools and techniques of the 
experimental physicist. We strive to identify 
the various components of the radiation field 
and to determine their energy distribution. 
Extensive use is made of threshold detectors 
to yield both flux density and spectral informa
tion. This information is directly applicable 
to shielding problems, and, in conjunction with 
National Bureau of Standards Handbook No. 
63 and ICRP recommendations, the dose 
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delivered by the radiation field can be compu
ted. <1 > Direct measurements of accelerator 
radiation in rad or rem units are not generally 
made because of their limited usefulness in 
situations which require a quantitative evalua
tion of shielding. 

INSTRUMENTS AND TECHNIQUES 

The threshold detector systems we use can 
be grouped into two categories. <8 > The first 
category (activation elements) consists of those 
detectors which can be used with a y-ray 
spectrometer system along with a digital com
puter program to provide great spectral detail 
over a limited energy range of about 2 to 30 
MeV (Table I). Data analysis with this system 
can be time-consuming. Gamma-ray spectra 
are often quite complex, and lack of neutron 
cross section data for energies greater than 
about 15 MeV, and production of activities of 
interest by reactions other than (n, p), (n, a), 
and (n, 2n), are problems that require careful 
consideration. 

Detectors which fall in the second category 
(mixed activation elements and pulse counters) 
include pulse counters such as BF3 , polyethy
lene-lined gas proportional counters, and Bi 
fission counters. Other detectors in this cate-

gory are moderated thermal-neutron-sensitive 
foils, aluminum disks, and plastic scintillators 
for carbon activation. These detectors can 
be used to determine the broad spectral fea
tures of a neutron field while embracing a wide 
range of neutron energies from about 0.02 
MeV up to the highest energy of the primary 
particle. A digital computer program produces 
a neutron spectrum by comparison of the ob
served detector response to trial neutron spectra. 
We also determine neutron spectra by measure
ment of proton recoil track length in liford 
L.4 600-p. emulsions. 

The use of 4-rr detectors is favored because 
quite often the radiation fields we encounter 
are nearly isotropic, and particle spectrometers 
that depend on knowing the direction of the 
incident particle can not be used. 

RECENT DEVELOPMENTS 

In addition to the instruments and techniques 
just described, we have added the following 
items. 

1. Neutron Spectroscopy Using Stars in Emulsions 

The average number of gray prongs per star 
in nuclear emulsion is found to be proportional 
to the average incident neutron energy. <3 > This 

Table I. Threshold Detectors* 

Theoretical Effective Half-life of Form of 
Reaction thresholdt thresholdt residual detector 

(MeV) (MeV) nucleus 

Niss (n,p) Con -0.4 1.2 71 days 4-in. metal disk 
AJ27 (n,p) Mgn 1.8 2.7 9.5 min 4-in. metal disk 
Co~ 9 (n, a) Mn11 -0.3 5.3 2.58 hr 4-in. metal disk 
Fe68 (n,p) Mn11 2.9 5.0 2.58 hr 4-in. metal disk 
Ti48 (n,p) Sc" 3.2 5.2 44.0 hr 4-in. metal disk 
Mg 24 (n,p) Na" 4.7 6.1 15.0 hr 4-in. metal disk 
Al27 (n, a) Na24 3.1 5.9 15.0 hr 4-in. metal disk 
1127 (n, 2n) P" 9.3 9.4 13.2 days Boxed crystals 
Co69 (n, 2n) Co58 10.2 10.8 71 days 4-in. metal disk 
Ni 68 (n, 2n) Ni57 11.8 12.5 36 hr 4-in. metal disk 

* From Alan R. Smith, Threshold detector applications to neutron spectroscopy at the Berkeley accelerators, 
Lawrence Radiation Laboratory Report UCRL-16312, Nov. 19, 1965. 

t The theoretical threshold is calculated as - Q X ( 1 + M) / M, where Q is the Q value for the reaction and 
M is the mass number of the target nucleus. The effective threshold is the energy at which the cross section is 
1/100 of its peak value. 
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has been investigated for neutron energies from 
20 to 300 MeV. Two advantages to this system . 
over measurement of proton recoil track length 
are clearly seen. Because the kinetic energy of a 
proton from a nuclear star is less than that of a 
recoil proton, the range in the emulsion is 
considerably less. Recoil proton tracks, on 
the other hand, seldom have both beginning 
and end in the same emulsion. Also, the 
direction of the incident neutron need not be 
known for counting prongs from nuclear stars. 

Neutrons of 20 to 260 MeV from stripped 
deuterons were used to irradiate six Ilford 
K.5 emulsions (3 X 1 in., 600 p.). The neutrons 
were considered to be monoenergetic, with a 
peak energy of one-half the deuteron energy. 
There is, of course, a symmetrical spectrum of 
energies about the peak with a full width at 
half-maximum energy given by 

El/2 = 4.18 ED. 

Neutrons of 300 MeVpeak were obtained by 
bombarding Be with 360-MeV protons. 

Over the energy region from 20 to 300 MeV 
the ratio gray prongs/star increased by a factor 
of 50 from ~ 0.01 at 20 MeV to ~ 0.5 at 
300 MeV (Fig. 1). Between 500 and 1400 stars 
were scanned for each energy region. Figure 2 
defines the classes of prongs. 

The rigor involved in track selection and 
identification is recognized as being an impor
tant aspect of work of this nature, and a certain 
amount of subjectivity could influence the 
results. A comparison, between the gray-prong 
method and an independent determination using 
threshold detector methods was made by Pat
terson and Omberg. <4 > They found substantial 
agreement between these two methods for flux 
shapes derived from cosmic rays and for radia
tion fields at the Bevatron. 

2. Hg Spallation at 500 MeV as a Sensitive Flux 
Detector 

The high-energy spallation reaction in Au 
has been previously reported along with cross
sections for the a-emitting branch ( ~ 10-27 

cm2
), a energy (3.95 MeV), and half life (4.12 

hr) of the reaction product, Tb149
• (a) Use of 

Hg instead of Au for this reaction allows us to 
effectively and easily concentrate the Tb in a 

0.6 .----,----,-----.,-------, 
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A 0.3 
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100 200 

En (MeV) 

300 400 

FIG. 1. Average number of gray prongs per 
star A versus incident neutron average energy 
En. Errors shown in A are statistical errors due 
to counting. Errors shown in En are values of 
!::,.E1t 2• (From Rene Remy, Neutron spectro
scopy by the use of nuclear stars from 20 to 
300 MeV. Lawrence Radiation Laboratory 

Report UCRL-16325, Aug. 1965.) 

form suitable for counting. <6 > The task of 
removing Tb from i kg quantities ofHg proved 
less formidable a problem than might be expec
ted because Tb slowly rises toward the top of 
the irradiated Hg pool. We simply accelerate 
this process by centrifuging the Hg, and remove 
a large portion of the Tb from the top of the 
Hg pool with a cellulose acetate pressure
sensitive adhesive tape. The ultimate sensitivity 
of this system for measuring Tb 149 relative to a 
thin gold foil depends on the amount of Hg 
used and the ability of the centrifuge to process 
it. However, a modest centrifuge which can 
accommodate 500-g samples will allow one to 
achieve an a-counting rate > I 04 times as 
high as with a 10-mg gold foil. It then becomes 
possible to measure flux densities of about 
10 nfcm 2-sec. And with larger volumes of Hg 
the sensitivity improves proportionally. 

The threshold for this reaction in Hg was 
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FIG. 2. Calibration track (recoil proton with 70-MeV kinetic energy). 
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Black-gray 
Gray-black 

Gray 

Criteria 

< 10 gaps in the field of view 
( 100 microns)* 

10 to 20 gaps in the field of view 
21 to 50 gaps in the field of view 

>50 gaps in the field of view 

I 

90 

*The number of gaps were counted in the field of view (100 microns of projected length) so 
that the error made in counting gaps in tracks having a great dip angle is more or less 

compensated for. 

100 

bracketed between 300 and 700 MeV (values 
in between will be determined at a later date) 
by irradiating samples of HgF and Au in the 
internal proton beam at the 184-in. cyclotron. 
Pending completion of the threshold studies, 
it is reasonable to assign the same activation 
threshold value to Hg as is used for Au. 

concentration gradient at the surface, etc., 
were considered to be too difficult a problem 
for our initial studies. Instead, we have found 
a practical and effective method of Tb concen
tration and extraction. We centrifuge the Hg at 
about 1700 g for the somewhat arbitrarily deter
mined time of I hr, with the tape on top of 
the Hg and a 2.5-g Al disk on top of the 
tape. The tape is then removed for counting 
which is started between 100 and about 1500 
min after the end of the irradiation so as to 

Although it is easy to count a particles directly 
from the surface of the centrifuged Hg, the 
vagaries involved in unavoidable mechanical 
and convective mixing, relaxation of the Tb 
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avoid a particles with shorter or longer half
lives. This process, when repeated several times 
on the same Hg sample, shows that the activity 
on the first tape is about 58% of the total activity 
in the Hg. Each successive tape sample re
moves about half of the remaining Tb. Four 
tapes remove about 91%, appropriate correc
tions being made for decay during the 5-hr 
extraction time. Comparison of Tb149 a activity 
in a 400-g Hg sample with Tb149 a activity in a 
thin (1.6 mgfcm 2) ·Au foil irradiated simul
taneously in the external 6.2-Ge V proton beam 
at the Bevatron showed that the Hg-Tb activity 
was greater than the Au-Tb activity by the 
ratio of their respective numbers of target atoms. 
And the activity in ·the Hg was exactly what 
would be expected by calculation that uses a 
1-mb cross section and the proton flux density 
indicated by the thin Au foil activity. Activity 
in the 400-g Hg sample is l.l X 10-3 disinte
grationsfminfg at zero time when irradiated to 
saturation in a field of 1 p+fcm 2-sec above the 
threshold. 

A windowless a counter of 50% of 47T geo
metry, and a 90-min processing time following 
irradiation to saturation at 12 p+fcm 2-sec and a 
50% extraction, would yield an initial counting 
rate of 0.2 count/min. This can be compared 
to an easily attainable counter background 
of 0.2 count/min. 

It is assumed that the reaction cross section 
for Tb149 production for neutrons bears a close 
resemblance to that for protons. 

3. Be7 Productionjrom C12, N 14, and 0 18 with Near 
100% Extraction Efficiency 

It would be advantageous for some purposes 
to have a high-sensitivity reaction which has an 
energy threshold as high as C11 or Bi fission 
without either the short half-life of C11 (20.4 
min), which limits both integration time and the 
number of simultaneous measurements, or the 
low sensitivity and unwieldiness of the large 
Bi-fission counter. · 

Production of 53-day Be7 from light nuclei 
would , seem to be a useful reaction, but the 
difficulty in detecting the 0.478-MeV y-ray 
(12% of all disintegrations) from large volumes 
of target material has until now been a sizeable 
obstacle. However, a simple, reproducible, 
and rapid separation process for extracting Be7 

I.R.P. VOL. li-M. 

from large volumes of liquid target material 
has been found. <7 > Be7 from irradiated water 
(0), benzene (C), or liquid nitrogen is deposited 
on filter paper when the liquid flows through 
the filter. Reproducible and nearly complete 
separation is achieved from an arbitrarily 
large volume of liquid with a 'series of four or 
five separate filters. Each filter (Whatman No. 
541) extracts about 50% of the Be7 in the ear
ner. 

Be7 does not adhere to the walls of polyethy
lene containers as it does to glass. 

The reaction threshold for Be7 production 
should increase from carbon to nitrogen to 
oxygen with C12 -+ Be7 at 30 to 40 MeV and 
0 18 -+ Be7 at about 45 to 55 MeV, depending 
somewhat on the reaction paths. Good cross
section information exists only for the proton
induced reaction in C. Neutron cross-sections 
are not known for any of these reactions. Cal
culation of sensitivities, assuming a cross-section 
of 10mb in all cases, is as follows. 

(a) Benzene (C). One liter irradiated to 
saturation in a field of 1 neutronfcm 2-sec would 
yield a count rate of 0.88 count/min in the 
Be 7 peak. N a I (Tl) background in this spectral 
interval is 12 counts/min. 

(b) Water ( 0) would yield 0. 72 count/min 
under the above conditions. Background is 
12 counts/min. It has been found that the 
distilled water should have a pH of 4.5 to 6.5 
for proper extraction. 

(c) Liquid nitrogen (N). Comparable to ben
zene and water. 

4. Moderated Ta as a Fast-neutron Flux Integrator 

This detector is an extension of our use of 
thermal neutron-activated elements encased in 
Cd-clad hydrogenous moderators. <8 > Six-in.
diameter moderators have been shown to exhi
bit a response characteristic nearly independent 
of incident neutron energy in the range 0.2 to 
20 MeV. In, Au, and Co have been exten
sively used in this manner <9 • 

10 > in a number of 
laboratories. 

Integration time for Ta, with a 115-day half
life for Ta182, extends to several months. In and 
Au integrate over' periods of minutes or hours, 
respectively, and Co is used for integration 
periods of at least 1 year. 

By using a 4-in. diam by 2-in. Nai(Tl) 
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crystal, a flux integral of 107 nfcm1 produces 1.8 
counts/min in the selected energy band for a 
Co disk 2 in. in diam by l/8 in., while the back
ground is 10.1 counts/min. A Ta integrator of 
the same size produces 9.46 counts/min with a 
background of 8.01 counts/min. 

In foils ( 1 in. diam by 0.005 in.) and Au foils 
( 1 in. diam by 0.002 in.) are counted in a 
methane gas-flow proportional counter. Nomi
nal initial count rates at saturation in a field 
of 1 neutronfcms-sec and zero time is 10 counts/ 
min-gram and 3 counts/min-gram respectively. 

5. Bi-Fission Counter Improvements 

Advantage has been taken of recent im
provements in the noise characteristics and 
transconductance of p-n junction field-effect 
transistors to upgrade the performance of our 
large parallel-plate Bi-fission counter. This has 
resulted in a simplification of the arrangement 
of the parallel plates and a substantial improve
ment in the signal-to-noise ratio. 

Previously, delay line coupling of the plates 
was essential to proper performance in order 
that an event on one set of plates not be adversely 
affected by the full capacitance of all of the 
plates (~ 8000 pF). <11

) By using a recently 
available high-trans-conductance p-n junction 
FET as the preamplifier input stage, we are 
able to remove the delay line from the cham
ber and, with all plates in parallel, achieve an 
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FIG. 5. FET preamplifier stage. 

overall increase in performance as shown in 
Figs. 3 and 4. Figure 5 shows the simplicity 
of the FET input stage. 
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PERSONNEL MONITORING AROUND THE CERN 

HIGH-ENERGY ACCELERATORS 

J. DUTRANNOIS and J. BAARLI 

CERN, Geneva, Switzerland 

Abstract-The present methods of personnel monitoring applied near the CERN high-energy 
accelerators are reviewed. This includes the technical as well as the administrative procedures 
in use. Results of statistical analyses of the data are presented, discussed and compared with 
data obtained from radiation survey measurements. The apparent limits of validity of the 
system are deduced and discussed with a view of possible improvements. 

INTRODUCTION 

Sources of radiation of all kinds exist in the 
CERN site. Some are classical, such as radio
active isotopes used to calibrate and check 
detectors and others arise from the induced 
radio-activity in the accelerators. In addition, 
there is the stray radiation resulting from the 
operation of the accelerators. This either 
emerges through the main shielding or comes 
from experimental areas when primary or 
secondary beams are used for experiments. 

The radiation hazard at the various places is 
estimated by frequent and extensive radiation 
survey measurements. <1> According to the re
sults obtained it is possible to divide the CERN 
site into two main regions as shown in Fig. 1. 
However the greater part of the Laboratory is 
not considered as a radiation area and this 

through a medical examination including 
haematology tests, the results of which are used 
for a medical clearance for the radiation worker. 
Routine medical examinations are made at 
regular intervals in order to avoid confusion 
as to the origin of an eventual future illness. 

All newcomers when arriving at CERN visit 
the Health Physics Group where information 
is given about the radiation hazard at CERN 
and the relevant precautions to be taken. The 
previous radiation history of the new staff is 
investigated and information collected from 
previous employers. The Health Physics Group 
also decides whether or not a person should be 
considered as a radiation worker depending on 
the proposed nature of the work and his location 
within the Laboratory. 

explains why about half of CERN staff are not nm RADIATION AREAS AT CERN AND 

classified as radiation workers and therefore are THE PERSONNEL MONITORING 

not subject to regular personal monitoring. <9> The radiation encountered at CERN varies 
The CERN radiation workers are defined in in nature and energy as well as in distribution 

accord~mce with the Recommendations of the from one place to another. <6> It also varies 
ICRP, that is, those people working in an area with the mode of operation of the accelerators. 
where a dose-rate exists that could give to an Figure 2 gives an overall picture of dose-rates 
individual a yearly dose exceeding 1.5 rem. <8> and Quality Factors (QF) at various places 
Due to the existence of very high local dose- during the operation of the proton-synchrotron. 
rates in some of these areas, people occasionally The composition of the radiation and the ratio 
carrying out special work in these areas are of the different components also vary from one 
also considered as radiation workers. <4 > place to another. 

Before a newcomer or a CERN staff member Figures 3 and 4 show typical ~ose-rates due 
is classified as a radiation worker, he has to go to the induced radioactivity inside the machine 
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Fm. 1. CERN site and radiation areas. 

halls and inside the machines themselves. In 
certain areas where most of the maintenance 
and repair or modification work has to be carried 
out, radiation levels are often of the order of 
several remfhour. 

To monitor people working in such areas the 
classical method of film-badges is applied. The 
{3-y sensitive film used is the Kodak RM. This 
film has been adopted because it has a good 
sensitivity, a large recordable dose range due 
to the two different emulsions and it has also 
acceptable variations in the fog. To extract the 
maximum information about the greatly de
graded y-rays near the accelerators and also 
about the {3 doses, a film holder with seven 
different areas corresponding to seven filters 
has been adopted. This is shown in Fig. 5. 

The y film records the dose due to y and to 
the ionization of charged particles of any energy 
and also to slow neutrons by the use of a cad
mium filter. The neutron film, NTA type B, 
records fast neutrons and also, to a certain 

· extent, the spallation effects of high-energy 
particles through the observation of nuclear 

stars. <8 > About half of the CERN radiation 
workers are issued with a neutron film. For 
this reason a film holder has been designed 
which can accept both types of films simul
taneously, or the neutron film is replaced by 
a cardboard phantom. We have observed no 
unacceptable directional sensitivity changes re
sulting from this arrangement. 

CALIBRATION AND READING OF 

FILM-BADGES 

Calibration of film-badges is performed with 
reference to a standard radium source and a 
calibrated PuBe fast neutron source. The 
response of the y film under the various filters 
has been studied for energies ranging from 40 
keV up to 2 MeV. The practical limits of 
sensitivity are.lO mrem for they film, and twice 
the background for our neutron film. The 
calibration factor for the neutron films is ex
pressed in mremftrackfstandard area. The 
reading is made with a semi-automatic pro
jection microscope, using a magnification of 
about 500. The doses are expressed with a 
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FIG. 2. Typical quality factors and:dose-rates (expressed in mremfhr) in experimental areas of the 
proton-synchrotron. 

Quality Factor corresponding to that of the 
PuBe source. 

The standard method used for the treatment 
of the exposed films, including the calibrated 
and background films, ensures the reproduci· 
bility of the results. The different areas of the 
y films are read with a special densitometer 
using the optical transmission oflight. The out· 
put is in BCD and translated in the form of 
punched cards. The identification code is still 
manual. 

Due to the radiation encountered near high
energy accelerators all neutron films have to 

be scanned. Frequently no dose is recorded 
on the y film while a substantial fast neutron 
dose exists. Among people wearing neutron 
films more than one third have a neutron dose 
higher than the dose recorded by the gamma 
films, and 10% have a neutron dose without 
detectable gamma dose. 

ORGANIZATION AND DATA ON PERSONNEL 

MONITORING AT CERN 

The administration of the film-badge service 
has been set up following the structural organ· 
ization of the CERN staff. The staff is divided 
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FIG. 3. Dose-rates inside the synchro-cyclotron hall during shutdown (dose-rates expressed 
in mradfhr). Inside view of the vacuum chamber with dose-rates expressed in radfhr, 14 days 

after machine stop. 

into divisions and each division into groups 
or working teams. Identification of the films 
is facilitated by this system and requires only 
four figures, plus the code for the related period. 
The distribution and exchange of films is made 
by the internal mail, through the responsible 
per.l!Qn of each group or working team. New
comers and people leaving as well as transferred 
personnel are treated automatically, as they 
have to report to the Health Physics group. 
Visitors may be incorporated into a standard 
CERN group or into special groups that can 
be set up, depending on the anticipated period 
of the project at CERN. 

The information is recorded automatically 
on punched,~ards for gamma films and man-

ually for neutron films. This is then treated 
by our CDC 6600 computer as shown in the 
block diagram (Fig. 6). The programme has 
been made as flexible as possible to facilitate in
troduction of new numbers, transfers or extrac
tions. The calibration and other basic data 
are easily changed if necessary. To ensure 
accuracy, a number of tests are made during the 
process and any eventual errors introduced 
with cards are ignored and messages are duly 
recorded concerning these errors. This proce
dure is adopted to protect previous data retained 
by the memory tape. 

The routine output presents lists per division, 
per group and per individual including infor
mation about the doses recorded during the 
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FIG. 4. Dose-rates inside the proton-synchrotron tunnel during shutdown. The under

lined values correspond to measurements at 1 m from the vacuum chamber, the other 
values correspond to measurements at 10 em from the vacuum chamber. 

FIG. 5. New film holder. 
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FIG. 6. Block diagram of the film-badge results processed by the Computer. 

current period ({3, y, slow neutrons, fast neutrons 
and total dose in mrem, and in addition the 
accumulated total doses for the previous 13 
weeks and 12 months). Films that are not re
turned are assigned the average maximum 
permissible dose for the period in question, but 
this value is corrected if the films are subse
quendy returned. Other messages, such as over
exposure, etc., are also printed out. 

The information for a complete year is 
memorized on a tape. It is then an easy task 
to work out relevant statistics or to extract at 
any time any useful data. The copies of the 
results are filed with the Health Physics group, 
as a whole and per group. A copy of the result 
is sent to each group or team leader for informa
tion on his own staff. The responsible Health 
Physics technician for a radiation area also re
ceives a copy in order to know the radiation 
received by the workers. This information is 
used for issuing access permits to radiation 
restricted zones and also for the control of 
individual exposures on the spot. 

RESULTS AND DISCUSSION 

The number of people at CERN under 
routine personnel radiation control is increas
ing from year to year. This can be seen from 
Table I. With the exception of about 10% 
of the radiation workers whose film-badges are 
changed weekly, all film-badges are changed 
every month. 

In 1965, more than 20,000 gamma films 
and 6000 neutron films were processed and 
read. The percentage of lost films was the 
same for the last two years and amounted 

to 3.1%. 
Any dose exceeding the recommended aver

age maximum dose for any one period ( 400 
mremfmonth or 100 mremfweek), is considered 
as an overexposure: 228 such cases occurred 
in 1965. This is understandable since these 
overexposures (almost exclusively due to gamma 
radiation) were received by people carrying 
out repair and maintenance work of the accele
rators. Access to the accelerators for this kind 
of work is limited to only one to two days in 
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Table 1. Distribution of doses 

Dose 
(remfyear) 

1962 

0-I 687 
I-2 42 
2-3 11 
3-4 8 
4-5 6 

5 3 

Number of 
people under 757 
routine cont. 

every two-week period, and this explains such 
overexposures. In some of these cases there 
were exposures exceeding the ICRP recom
mended dose value for 3 and 12 month 
periods. 

One of the most important problems in 
assessing the personnel radiation dose near 
high-energy accelerators is to what extent the 
results obtained are valid and reliable. This 
problem reflects the method of interpretation 
of the film-badge reading. No attempt is 
made in this paper to elucidate this problem, 
but some few remarks can be given in the light 
of comparison with the results obtained from 
the rather complicated set of radiation survey 
instruments used near the CERN accelerators. 
Such comparison has shown that the film-badges 
normally overestimate the dose by a factor of 
about 1.5. In regions with low dose-rates it 
has been observed that an underestimation of 
20% occurs. These figures are sufficiently con
servative and at the same time not restrictive 
for the work to be done. This applies however 
only to regions outside and far away from the 
shields. As soon as direct beams exist close to 
weak shielding, the readings become irregular and 
might lead to large factors of over-estimation 
or underestimation of the dose. Such conditions 

Number of persons 

I963 1964 1965 

871 1058 1220 
45 105 36 
I8 22 2I 
I2 8 3 
2 5 0 
1 I I 

949 1199 I280 

are normally recognized by the existence of 
special tracks on the neutron film-badges. 
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AIRBORNE RADIOACTIVITY PRODUCED IN THE CERN 

ACCELERATORS 

A. RINDI, S. CHARALAMBUS and J. BAARLI 

CERN, Geneva 

Abstract-It is of interest in connection with radiation protection of accelerators to evaluate 
the risk from radioactivity of the air near such installations. This radioactivity is produced 
in the accelerator as a result of interactions of primary and secondary particles with the 
atmospheric air. Due to ventilation, radioactive air may also be released to regions outside 
the main shielding enclosure and should therefore also be considered in this respect. 

In order to provide some information about this radioactivity, calculations have been made 
of possible isotopes and their concentration. These results are compared with measurements 
made near the CERN high-energy machines. It is found that after 30 minutes of accelerator 
operation 41A, 11C, 13N and 150 are the isotopes of main importance and measurements show 
that their total concentration near a target region may reach values up to a few 1-'Cijl of 
air. 

The relative contribution of these isotopes was found to be 14% for 41A, 31% for 11C, 4 7% for 
13N and 8% for 150. For longer operational time 3H and 7Be may in addition make a contribu
tion to the total radioactivity of the air. 

The data obtained are compared to maximum permissible concentrations recommended 
by the International Commission on Radiological Protection. For those isotopes not stated 
in the ICRP tables calculated maximum permissible concentrations have been used for 
comparison. It is concluded that with the present intensities of high-energy beams (1011 pfsec) 
a radiation risk from air activity can be present and should be taken into consideration. 

The paper has been published in Nuclear Instruments and Methods, 47, 227-232 (1967). 
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LA RADIOPROTEZIONE INTORNO AGLI ACCELERATOR! 

DI FRASCATI 

M. LADU, M. PELLICCIONI eM. ROCCELLA 

Gruppo eli Dosimetria delle A.lte Energie, CNEN, Frascati, Roma (Italy) 

SoDUD.ario-Vengono dapprima esposti i problemi di radioprotezione into rna agli acceleratori 
di alta energia. In particolare vengono discussi i seguenti problemi: 

(a) schermature; 
(b) produzione di gas radioattivi; 
(c) produzione eli gas tossici; 
(d) raelioattivita residua; 
(e) pozzi di spegnimento dei fasci. 

Si accenna anche al problema della "skyshine" e a quello eli ventilazione dei locali in 
rapporto all'espulsione eli pulviscolo atmosferico attivato. 

Si esamina quindi i1 caso degli acceleratori di Frascati con particolare riguardo ai monitori 
fissi e ai vari dispositivi messi in atto per la sicurezza del personale~ 

Illavoro termina con un cenno ai problemi di raelioprotezione che potranno presentarsi nel 
prossimo futuro, con 1' entrata in funzione eli nuovi e sempre piu potent! acceleratori eli particelle. 
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REMOVAL OF RADIOACTIVE LUMINOUS PAINT 

FROM INSTRUMENT DIALS 

N.ROSENTAL 

Health Physics Department, Soreq Nuclear Research Center, Israel Atomic Energy 
Commission, Yavneh, Israel 

Abstract-The overhaul of radioactive luminous painted dials is a common practice. Usually, 
the old radioactive paint is mechanically scraped, then the dial is manually reprocessed and then 
repainted with fresh radioactive luminous paint. 

All these operations raise airborne and surface radioactive contaminations, which may result 
in health hazards to the workers. 

The present work describes a safe facility and procedure for the above listed ~perations 
which will prevent external and internal radioactive contamination hazards. 

The facility consists of a fume hood convertible into a glovebox with a built in system for 
the removal of old luminous paint and dial decontamination. The conversion of the fume 
hood into a glovebox is made when the preparation stage is reached for the luminous paint. 
The process will be described in some detail and experimental decontamination results will 
be discussed. 
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AIRBORNE IODINE MONITORING AT THE RADIO

ISOTOPE TEST PRODUCTION PLANT, JAERI 

S. FUKUDA, M. NARITOMI, S.IZAWA andY. IZUMI 

Division of Health Physics and Safety, Japan Atomic Energy Research Institute, 
Tokai-mura, Naka-gun, lbaraki-ken, Japan, 

Abstract-During production of iodine-131 from an irradiated telluric acid (H 2Te04) by 
the distillation method, a considerable amount of airborne radioiodine is generated in the cell 
and its major portion is discharged to the atmosphere through a stack after passing through 
air cleaning systems, consisting ofprefilters, charcoal filters and high efficiency particulate filter. 
Some minor portion of airborne iodine generated leaks directly out of th6 cell to the service 
area and operation area, although a negative pressure is maintained in the cell. 

To evaluate the airborne iodine concentration· in air and the amount discharged as accu
rately as possible, extensive radiation monitoring was performed using various kinds of 
monitoring devices. As one of these devices, an iodine sampler was developed which is com
posed of three sampling components, i.e. HV-70 filter paper, charcoal-impregnated filter paper 
and charcoal cartridges. 

At several sampling positions of the air cleaning systems, the overall collection efficiency of 
the sampler was evaluated by taking into account activities collected in cold traps (containing 
granular charcoal) which are connected to the sampler in series. It was found that the overall 
collection efficiency ranges from 70% to 100%, highly dependent on whether the samples 
were taken at upper stream or downstream of the air cleaning systems. 

Data obtained from the airborne iodine monitoring at the stack and in the working areas 
conducted during the iodine-131 test production are presented, and internal exposures of the 
operating personnel received by inhaling the airborne iodine are described in relation to the 
air contamination of the working areas. 

INTRODUCTION less reactive components constitute a major par-
Many of the papers on methods or techniques tion of the airborne iodine discharged. The 

of airborne radioiodine sampling are mainly behaviour of iodine leaking directly into the 
concerned with the characterization and be- working areas from the processing cell, etc., 
haviour of airborne iodine under the accidental would be rather similar to that in the accidental 
conditions of a reactor. There are few reports release. 
<1 -

7
> concerning a routine sampling of airborne In the radioisotope test production plant, 

iodine released from a stack during normal which was constructed to gain experience for 
operation of a radioiodine production facility the construction of a large-scale radioisotope 
or fuel processing plant, and also routine production plant, iodine-131, the chemical 
airborne iodine monitoring in working areas. form of which is Nal in basic sodium sulfite, is 

In general, it is much more difficult to sample produced from a sulfuric acid solution of ir
efficiently and evaluate the concentration of radiated telluric acid (H2Te04) by the distil
radioiodine in air during routine operations lation method. During the processing, a con
than during accidental events. The more re- siderable amount of airborne iodine is generated 
active components of airborne iodine have such in the cells and its major portion is discharged 
properties as to be easily adsorbed and to be into the atmosphere after passing through two 
generally removed in passing through the fil- existing air cleaning systems. Some minor 
tering media of an air cleaning system. The portion of the airborne iodine leaks directly 
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into the service and operation areas from the 
cells. 

In order to evaluate the iodine concentration 
in the air and the amounts released, exten
sive radiation monitoring was performed with 
various types of air monitoring devices. The 
present paper describes the airborne iodine 
monitoring carried out during the iodine-131 
test production prior to the routine operation 
and also the performance of an iodine sampler 

. employed in this monitoring program. 

RADIATION MONITORING SYSTEM AND 

MONITORING DEVICES 

Stack monitoring system 

A schematic diagram of the air cleaning and 
monitoring systems for the iodine discharged 
into the atmosphere is shown in Fig. 1. The 
airborne iodine generated in the cells, mostly 
in a distillation cell, is filtered by two air 
cleaning systems before it is discharged through 

0 Iodine sampler 

<Ir® Sampling position 

Iodine-131 distillation cell 

~~ilction air 

n~g~ystem 

\ 
\ 

"""-""--+-------=.=-=-='------'\.---_, To pump 

l 2nd NcOH scrubber 

the stack (17m hign,)~ The first is a cell-venti
lation air cleaning ~m, consisting of a glass 
wool filter, 4 charcaar:iilters (670 x 1000 X 57, 
Barnebey Cheney-lit' ,•granular charcoal used) 
and an absolute filter:iinstalled on the top of each 
cell. The second iS;; an exhaust air cleaning 
system, consisting ·or.·a glass wool filter and a 
charcoal filter (Mod:i:d. 7 FE filter manufac
tured by Barnebey <mheney Co., U.S.A.). 

In the normal oper:ation; the concentration 
of airborne iodine diischarged increases very 
rapidly 30 min after.· :.start of the distillation, 
reaches a maximum' iin about one hour, and 
then decreases at tlm;emd. However, the iodine 
still continues to be rdeased at low concentra
tion. The variation~ in the concentration of 
released airborne imdiJae amounts to about 2 
orders of magnitu& cburing and following the 
processing. 

To cope with sm:nli problems as highly fil
tered exhaust air ancl.ithte varying concentration, 

~tack monitoring_ 

_s_y_sie,m_ 

-Air monitor 

Signals and alarms 
are trasmitted to a 

health physics office. 

Chan:aid -Impregnated 
-filter Jlapat' 

FIG. I. Schematic diagram of airborne iodine monitoring and air cleaning S)IStll:lDS at the 
'· radioiSotope test production plant. 
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t 10 lOim 

and to make it possible to evaluate the average 
concentration or the amount of airborne iodine 
released from the stack as accurately as pos-" 
sible, the iodine sampler, shown in Fig. 2 
and in Table 1, was constructed in trial. The 
sampler was designed to ensure high overall 
collection efficiency under various sampling 
conditions, ease of handling and quick counting 
after the sampling, and low cost to be applicable 
to routine work. 

_______ _TI! "-R I_ 

FIG. 2. Iodine sampler. 

Table 1. Air Monitoring Devices 

Monitoring devices Characteristics Sampling media 

Air flow rate: 25-100 l.fmin HV-70 or HE-40 filter paper 
External dimension : (50 mm0, 9 mil thick) 

Iodine sampler 70 mm0, 215 mm or 230 mm Charcoal filter paper* 

1155 

1 
1 

long Charcoal cartridget 2 or 3 

Local air samplert Air flow rate: 25 l./min HV -70 or HE-40 filter paper 1 
Charcoal filter paper 2,....,3 

Air flow rate: 50,..,150 l./min HV-70 or HE-40 filter paper 1 
Detector: end window type GM Charcoal filter paper 1,....,2 

Stack air monitor tube (window thickness 1--2 (The iodine sampler is 
mg/cm2) connected in series.) 

Range: 6 ranges from 
0.1 to 10• cps 

Air flow rate: 25-50 l.Jmin HV-70 or HE-40 filter paper 1 
Detector: end window type G M Charcoal filter paper 1 

Laboratory air monitor tube or 1 3/4" X 2" Nai Charcoal cartridge 2 
scintillator 

Range: 4 ranges from 150 to 
1.5 X 106 cpm 

Air flow rate: 50-100 !.(min HV-70 or HE-40 filter paper 1 
Detector: 1 3/4"0 X 2" Nai Charcoal filter paper 1 

scintillator (The iodine sampler may be 
Iodine monitor§ Range: 6 ranges from 0.1 to connected in series.) 

104 cps 
Single channel pulse height 

analyzer used 

*Charcoal-impregnated filter paper, manufactured by Toyo Roshi (Toyo Filter Paper) Co. Ltd., Tokyo, 
Japan: 50 mm0 X 2 mm thick, average diameter of carbon particles "'2/L. 

t Charcoal cartridge, manufactured by Toyo Roshi Co. Ltd., Tokyo, Japan: 50 mm0 X 20 mm thick 
(effective thickness 18 mm), 30-mesh coconut shell charcoal used. 

t Installed to evaluate an air contamination in fixed points of working areas. 
§ A sample collected for a preselected interval, during which the sample is counted, is automatically moved 

and a succeeding filter paper is placed over a detector from a filter paper stocker. 
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The sampling positions in Fig~ IJ,., except 
position No. I, were used for meaau&iing the 
collection efficiencies of the iodine sa:m1pler and 
the installed charcoal filters. These.:·psitions 
were not used for routine monitaer:img. A 
continuous air monitor and the iodfu.~~IS8.1Ilpler 
are installed at position No. 1 fort routine 
stack monitoring. The primary ~ of 
installing the air monitor is to indicate the 
relative variations of iodine concentraliion with 
time by measuring continuously ther: activity 
accumulated in the charcoal filter R~ and 
to actuate an alarm immediately ift~ an 
abrupt change of the concentration ar~;an unu
sual release that exceeds a preset l~l' should 
occur. It would be impossible to ca:litissate the 
air monitor for iodine and determine:thlo.e correct 
concentration because of the uncertaftilyy of the 
collection efficiency of each sampling::~ium 
for the various forms of airborne fotdillllle. For 
these reasons, the air monitor is.> ellll$iployed 

together with the iodine sampler to evaluate 
the correct average concentration or the amount 
released over a certain period. Characteristics 
of these monitoring devices are listed in Table 1. 

Monitoring system for the working areas 

The monitoring system for the working areas 
is shown in Fig. 3. The local. air sampling 
system was designed for the purpose of examin
ing the correlation between the iodine con
centrations in the air and the actual thyroid 
burdens as determined by a whole body counter. 
Using these results necessary measures are taken 
to control the internal exposure by inhalation. 
The other purpose of this monitoring system is to 
find the origin of leaks of the airborne iodine 
and to improve the air-tightness of the cells 
and their equipment. In addition, a laboratory 
air monitor was operated to monitor· continu
ously the general air in the service area and to 
actuate the alarm. The monitoring devices 

D 
O'IJ==JOD ® 

Semi -11dtti• laboratcry 

u 

@l Laboratory air moatt61MHJr iodine monitor 
I o Local air sampler

® Gamma area monl·f6r.:r 
[@! Hand, foot and cl~: monitor 

To large-scale radio-

isotope production plant 

FIG. 3. Radiation monitoring~ for working areas. 1-4. Iodine-131 processing cells. 
1. Preparation. 2. Distillation. 3"!,~ispensation. 4. Storage. 5. Phosphor-32 processing 
cells. 6. Sulfur-35 processing;:- C11l\lR.. 7. Changing room. 8. Shower room. 9. De-

contamination room.. I:.tM!L. Temporary liquid waste retention bottle. 
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employed are listed in Table 1 and shown in 
Fig.4. 

Counting of the samples 

The counting method for the charcoal filter 
paper and charcoal cartridge is somewhat com-

Fm. 4a. Laboratory air monitor. 

FIG. 4b. Iodine monitor. 

plicated. Two kinds of counting equipment were 
used: ( l) a 400 channel pulse height analyzer with 
5 in. X 4 in. Nai(Tl) detector for the measure
ment of the collection efficiency of the iodine 
sampler; and (2) a scaler with If in. 0 X 2 in. 
Nai(Tl) detector for the routine monitoring. 
The former was calibrated for the charcoal 
filter paper by counting the 0.364 MeV photo
peak of standard iodine-131 sources. In this 
case, its overall counting efficiency is 17% and 
the minimum detectable amount is approxi
mately J0-6 p.Ci for 4-min. counting. 

The overall counting efficiency for the char
coal cartridge was determined to be 14%, 
assuming that the collected iodine was uniformly 
distributed throughout the cartridge. The 
efficiency selected was between 14% and 17%, 
according to the actual distribution of iodine 
in the cartridge. 

The calibration of the scaler with If in. 0 X 

2 in. Nai(Tl) detector was also performed, using 
standard iodine-131 sources by s~tably setting 
the discriminator. The minimum detectable 
amount is approximately 10-4 p.Ci for 10-min 
counting. 

MONITORING OF AIRBORNE IODINE AT 

THE VENTILATION DUCT AND STACK 

In order to ensure the effectiveness of airborne 
iodine monitoring at the stack and in the work
ing area, the field test for determining the 
collection efficiencies of the iodine sampler was 
carried out (using the airborne iodine pro
duced during the processing) in parallel with 
the routine stack monitoring, because the re
sults obtained by a laboratory test could not be 
directly applied to the field monitoring. The 
details of this test, conducted under the various 
sampling conditions, will be given in a later 
paper together with the counting methods for 
the sampling media. The present paper des
cribes the measuring results relating to the 
stack monitoring. 

The overall collection efficiency of the iodine 
sampler was determined, using one or two ref
erence cold traps which were connected to the 
sampler in series and consisted of glass wool 
and activated granular charcoal (Barnebey 
Cheney-10, 130 g used) maintained at a temper
ature of less than -50°0 with dry ice immersed 
in ethanol. 
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To examine the. dependence of the coll.eotion 
efficiency of the iodine sampler on the cd~ 
of the .filtration by the air cleaning systems;. the 
samplings were carried out at several diifferent 
positions in the air cleaning systems shown in 
Fig. l. In passing through the air d.'eruning 
systems, the physical andfor chemical fOrms 
of iodine might be changed and the fraction of 
less reactive components in the discha:rgediodine 
would be considerably increased. 

Sampling at the inlet of the cell-ventilation air detm£n.g . 
system 

Two types of samplings whose periods; are 
different were adopted as follows: (I} short 
period sampling (less than 2 hr, in general 
30 min), which was employed for the purpose of 
following the variations of concentration with 

time and at the same time determining the 
collection efficiency in this sampling period; 
and (2} long period sampling (more than 8 hr) 
for examining the dependence of the collection 
efficiency on the concentration determined by 
the short period sampling, which. is usually 
applied to the routine stack sampling. An 
example of results obtained is sho~n in Fig. 5. 

In the short period sampling the overall col
lection efficiency was around 100%, while in the 
long period sampling it varied within the range 
of from 95% to 100%, depending on the con
centrations and atmospheric conditions. 

The distributions of the iodine collected in 
each component of the sampler during and 
following the processing are shown in Fig. 6 
and Table 2 for the short period sampling and 
the long period sampling, respectively. As seen 
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FIG. 5. Variation of concentration of airbocne .iodine at the inlet of the cell-ventilation air 
cleaning system during and following the processing. 
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FIG. 6. Distribution of airborne iodine col
lected in each component of the sampler during 
a 30-min sampling at the inlet of cell-ventila
tion air cleaning system. Air flow rate is 
45 I./min. Detectable quantity of iodine-131 is 

not collected in the cold trap. 

in Fig. 6, more than 80% of the iodine is col
lected in a charcoal-impregnated filter paper. 
The percent of iodine collected in the charcoal 
filter paper increases up to approximately 
100% and then gradually decreases with time 
after the end of the processing, although the 
released amount of iodine markedly falls off. 
The fraction of iodine in the first charcoal 
cartridge shows a remarkable fluctuation dur
ing the processing, in particular within about 
3 hr of the start of the distillation. These 
results indicate that the chemical forms of 
airborne iodine, probably including I 2, HI, 
HI03 and HIO,, <8 > may well be changed from 
the initial stage of generation to the end of 
distillation. In comparing Fig. 6 and Table 2, 
little difference is found between the distribu
tions of iodine collected in each component of 
the sampler for the short period and for the long 
period, although in the long period sampling 
the fractions collected in the first and second 

charcoal cartridge were of the same order of 
magnitude. The increase of the fraction in the 
second cartridge is caused by the fact that the 
iodine adsorbed in the activated charcoal dur
ing the abrupt change of concentration is de
sorbed in. the course of the long period sampling 
under the low concentration . 

Sampling at the exit of the cell-ventilation air cleaning 
system 

In the sampling at the exit of the cell-venti
lation air cleaning system, the distributions of 
the iodine collected in each component of the 

. sampler is quite different from those collected 
at the inlet. As shown in Fig. 7 and Table 2, 
more than 60% of airborne iodine is collected 
in the first charcoal cartridge, whereas less than 
20% of iodine is collected in the charcoal filter 
paper. This indicates that after passing through 
the cell-ventilation air cleaning system the 
fraction of the less reactive components in the 
residual airborne iodine increases relatively and 
the collection efficiency of the charcoal filter 
paper for the filtered iodine is only less than 
20%. Despite such great differences between 
the iodine distributions among the components 
of the sampler obtained by the exit sampling 
and those obtained by ·the inlet sampling, 
overall collection efficiency of the sampler was 
still maintained at higher than 90% (94% on 
the average) in both the short period and the 
long period sampling. 

Sampling at the exit of the exhaust air cleaning system 
and the stack 

The exhaust air cleaning system originally 
consisted of a glass wool filter and an absolute 
filter and the discharged amount of the total 
processed iodine was rather high, ranging from 
0.5% to 5%. In addition, the distributions of 
iodine among the components of the sampler 
and its overall collection efficiency at the stack 
or the exhaust air cleaning system, which 
ranged from 89% to 94% (91% on the average), 
were almost the same as those obtained at the 
exit of the cell-ventilation air cleaning system, 
indicating that the absolute filter was not 
efficient for removing the airborne iodine. 

Based on these results, a charcoal filter (Model 
7FE) was installed instead of the absolute filter 
in the exhaust air cleaning system, in order to 
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Table 2. DistributU, of /odine-t3t Activity Collected in each Component of the Sampler during the Long PerWd Sampling at Various Positions of the Air Cleaning Systems. 
Airflow Rate 25 l.jmin. 

Sampling 
position* 

No.3 

Samplinw 
po~i<lll 

5/27 
t4:30-2t :30 
5/30 
t0:45- t7:45 

1.4 X 10-2 

3.6 x to-• 

1 X IQ-6 

< JQ-6 

Activities collected in each component of the sampler 

24 

7 

6.8 X 10-3 

1.8 x to-• 

47 

50 

1.2 ~ io:• 
7.9 x to-2 

2.t X J0-2 

2.0 X JQ-S 

9.7 X JQ-4 

u 

8.5 

11 

t4 

27 

2.2 X JO-S 

5.8 X J0-4 

t5 

t6 

85 

84 

* Sampling positions of No. 6 and No. 5 are located at the inlet and exit of the cell·ventilation air cleaning system, respectively and a sampling position of No. 1 is located at the exit of 7 FE 
charcoal filter in the exhaust air cleaning system, as seen in Fig. l. 
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FIG. 7. Distribution of airborne iodine collected in each component of the sampler during 
a 30-min sampling and variation of concentration at the exit of cell-ventilation air 

deaning system. Air flow rate is 45 I.jmin. 

make the filtration much more efficient and to 
assure the environmental radiological safety. 
As a result of this change, the percent of the 
discharged iodine was reduced to less than 
0.03%, as seen in Fig. 8. On the other hand, 
the overall collection efficiency of the sampler 
decreased down to a minimum of 70% in 
the long period sampling, showing that the 
relative amounts of less reactive components in 
the airborne iodine discharged increased con
siderably. However, there was not much dif
ference between the distributions of the iodine 
among the components of the sampler in the 
samples taken at the exit of the cell-ventilation 
air cleaning system, and those taken at the exit 
of the exhaust air cleaning system. 

The collection efficiencies of the sampler 
obtained in each stage of the filtration are sum
marized in Fig. 9. The overall collection effi
Ciencies ranges from 70% to 100%, depending 
on the various sampling conditions; in particu
lar, on whether the samples were taken upstream 

or downstream of the air cleaning systems. 
Relative humidity and temperature during the 
period of this series of samplings were between 
60% and 80% and about 20°C, respectively. 
Significant differences were not found between 
the overall collection efficiencies obtained at 
the exit of the exhaust air cleaning system and 
at the stack. 

At every stage of the filtration, iodine was 
not collected appreciably onto the HV-70 filter 
paper, so that it is concluded that the airborne 
iodine generated during processing is in the 
vapour phase and little, if any, iodine is asso
ciated with particles. 

~CONT~ATIONOFWO~G~ 

Service area 

In the early stage of the iodine test produc
tion, air contamination by the leaked iodine 
occurred in the service area, despite a negative 
pressure differential of about 40 mm H 20 in 
each cell. The variations of concentrations 
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at stack m.!'t~Zldation to iodine processed in each run. 

obtained at three sampling pointS!:thehind the 
cells shown in Fig. 3 are illustramciiim F•ig. 10. 
The mode of variations is similar.'Ul:i! idlat at the 
stack, but in Fig. 10 the first and:"'ca1e00nd peak 
concentration appears about 10 lib.< and 1 day, 
respectively, later than those at tlkrc:t;Stack and 
the magnitude of the concentration at>' different at 
each sampling point. These indic~t:dtat the air
borne iodine leaks from the distillacionrucell nearly 

proportionally to the amount generated, and 
gradually accumulates in the service area. 

On the basis of such results, some attempts 
were made to prevent the leakage of the 
airborne iodine from the cells as follows : ( 1) 
the places where leakage was likely to occur, for 
example, joints of the cell air ventilation duct, 
openings of the cell attachment, etc., were sealed; 
and (2) the cell-ventilation air cleaning system 
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the sampler at each stage of the filtration by air 
cleaning systems. Figures in brackets indicate 

number of measured samples. 

was improved to maintain a negative pressure 
differential larger than 100 mm H 20. In 
consequence, the air contamination of the service 
area decreased by about one order of magnitude 
or more, and at present the airborne iodine 
concentration is always kept below 5. X 10-u 
p.Cifcc during normal operation. An example 
of the air contamination after improving the 
air~tightness is shown in Fig. lOb. The mode 
of concentration variation in Fig. lOb is dif
ferent from that in Fig. lOa and no correlation 
is present between the concentration variation 
at the stack and that in the service area. The 
air contamination in Fig. lOb might have been 
caused by the leakage of airborne iodine from 
a liquid waste bottle which was placed behind 
the cell access door to retain temporarily the 
irradiated telluric acid solution after the end 
of the processing. 

Operation area 

Airborne iodine monitoring is continuously 
performed in the operation area whenever 
operations are carried out. The results obtained 
in the operation area during the same run as in 
Fig. lOa are shown in Fig. J 1. The concentration 
in the operation area reaches a maximum value 

of approximately 10-10 p.Cifcc about 2 days 
after start of the processing and is about 
one tenth of the concentration in the service 
area. This air contamination mainly occurs by 
the diffusion of airborne iodine from the cells 
into the service area. After various measures 
for preventing the leakage were taken, the air 
contamination decreased to the minimum de~ 
tectable limit (8 x 10-12 p.Cifcc) during normal 
operation, except that slightly higher concen~ 
trations than the minimum detectable limit 
were found under incidental conditions for a 
day or so, two or three days after the distillation. 

INTERNAL EXPOSURE OF THE OPERATING 

PERSONNEL 

In order to examine the effectiveness of the 
air monitoring system in evaluating the inhala
tion hazard, the thyroid burden of the operating 
personnel was measured each time after the 
end of the processing using a whole body coun
ter. The results measured for the period April 
1965 to March 1966 are summarized in Fig. 12. 
The total number of individuals measured over 
the period was 69, in 28 of which thyroid up
takes were detected. The maximum of the 
thyroid burdens summed for each individual 
over the period was 4.3 m p.Ci, which gives an 
integrated thyroid dose of 28 mrem. 

The amount of actual uptake in the thyroids, 
as determined by the whole body counter, is 
at most about 200 times and on the average 
about 20 times as large as the maximum prob
able uptakes calculated using both the daily 
average concentrations in the working areas 
and the working time. No significant correla
tion was found between the actual uptake and 
the calculated uptake, as shown in Fig. 13. 
This could be caused by the fact that such 
marked variations of concentration might exist 
in both time and space that the exposure cannot 
definitely be assessed with the daily average 
concentrations determined by the samplers at 
fixed points. In addition, human exposure due 
to the inhalation could be highly influenced 
by personal factors such as working habits, 
respiratory rate, etc. · · · 

To permit more precise assessment of the· air 
contamination to which individuals are exposed, 
personal air samplers (using a charcoal filter 
paper and a charcoal cartridge at a flow rate 
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of 10 I./min) are now employed. Preliminary 
results indicate a fairly good agreement between 
the activity on the charcoal paper, in which 
the collection efficiency is taken into considera
tion, and the actual thyroid. burdens. 

CONCLUSIONS 

The field test of the newly developed sampler 
conducted at the isotope test production plant 
shows that it can be satisfactorily employed for 
the purposes of routine monitoring within the 
error of ± 20%, and it is now widely applied 
to the airborne activity monitoring at JAERI. 

Further detailed investigations are planned 
to improve the existing air sampling system and 
to obtain reasonable correlations between the 
results of the samplers at fixed points, the results 
of the personal air sampler carried by operators, 
and the actual thyroid burdens. 

Internal exposures of the operating personnel 
due to the inhalation of iodine-131 occurred 
during the test production. Although these 
exposures were not significant from the view-
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detectable amount of the whole body counter. 



1166 · S. FUKUDA, M. NARITOMI, S. IZAWA andY. IZUMI 

point of exposurf!v::ctCX>ntrol, many effurts were 
made to reduce botkil the airborne iodine genera
tion and its le~e, which resulted in the 
remarkable reduotiovn of the air contamination 
in the working aooaas. The amounts of iodine 
discharged througw:tlthe stackwere also reduced 
by about 2 orders:.t~bf magnitude by installing 
a charcoal filter inil.~ · the exhaust air cleaning 
system. 

The monitoring;~:-Ystem for the radioisotope 
test production plall'Lr.t. will be applied in the more 
improved form to tbhe new large-scale radioiso
tope production p!ah:nt where the production of 
iodine-131 is planl'Wfd at a cycle of 10 Cifweek. 
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THE SIGNIFICANCE OF RADIOACTIVE AEROSOL 

MEASUREMENTS MADE IN THE WORKING 

ENVIRONMENT 

W. A. LANGMEAD and D. T. O'CONNOR 

Radiological Protection Division, Authority Health and Safety Branch, UKAEA, 
Harwell, Didcot, Berks., U.K. 

Abstract-The objectives of radioactive aerosol measurements in the working environment 
are reviewed; it is emphasized that a clear distinction must be maintained between (i) sampling 
to determine personal exposure-both chronic and acute intakes; (ii) sampling to determine 
general contamination levels in the working environment; and (iii) early warning sampling 
using alarm devices to detect important increases in the level of air contamination in the working 
area. 

The suitability of personal air samplers for the measurement of personal exposure is discussed, 
in particular the relevance of short term or even individual exposure measurements. In many 
areas upper limits to average personal exposure can be estimated satisfactorily from continu
ously operated static samplers. In such cases it is necessary to make assumptions about the 
relationship between the long-term average air contamination as measured by such static 
samplers and average personal exposure as measured by personal air samplers. 

Published mean values of the ratio of results obtained with personal air samplers and static 
air samplers are reviewed and shown to vary widely depending on the nature of the aerosol 
and the working environment, and the relative positions of the instruments. It is concluded 
that in the absence of evidence to the contrary, a factor of 0.1 should be applied to the ICRP 
maximum permissible concentrations to convert them to criteria against which the long-term 
average of the results from static air samplers may be used to demonstrate compliance. 

Measurements of the particle size distributions of aerosols encountered in establishments of 
the Atomic Energy Authority are discussed and the application of this data to allow modified 
values of ICRP maximum permissible concentrations to be employed. These modified values 
involve a factor derived from the difference between the lung retention of the fraction of the 
sample assumed to be respirable and that of the ICRP Standard Lung Model. The further 
modifications to the current ICRP values of (m.p.c.),. permitted by the lung model proposed by 
the ICRP Task Group onLung Dynamics are briefly considered in relation to the particular 
aerosols discussed. · 
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THE MONITORING OF RADIOACTIVE NOBLE GASES 

IN AIR 

W. F. MERRITT 

Environmental Research Branch, Biology and Health Physics Division, Atomic Energy of 
Canada Limited, Chalk River, Ontario, Canada 

Abstract-The radioactive noble gas content of 400-litre air samples collected in meteoro
logical balloons was measured by y-ray spectrometry. Particulates and iodines were removed 
by a filter and a bed of activated charcoal in the sample line. The balloons were placed 
over a 3 in. X 3 in. Nai (Tl) crystal in a large lead shield (30 in. X 30 in. X 30 in.) with 
4 in. of shielding on all sides. The apparatus was calibrated with gas samples that had been 
assayed by absolute counting techniques. Argon-41 was calibrated against cobalt-60 in a high 
pressure 411' ionization chamber. Xenon-133 and xenon-135 were separated from irradiated 
xenon on a mass separator and assayed by internal gas proportional counting. The counting 
efficiency of the crystal with varying gas volumes was measured and optimum conditions 
selected. Efficiencies varied from 0.1% for argon-41 to 0.4% for xenon-135. Sensitivities were 
in .the range of femtocuries ( 1 0-16) per em 8 and in all cases were two orders of magnitude less 
than the MPCa as set by the ICRP. 
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ETUDE DE L'EFFICACITE DE VETEMENTS DE 

PROTECTION EN UTILISANT LE TRITIUM COMME 

TRACEUR 

F. BILLARD etA. CHARAMATHIEU 

Service Technique d'Etudes de Protection, CEA, Centre d'Etudes Nucleaires, 
Fontenay-aux-Roses, France 

Resume-En vue de determiner, lors d'une intervention dans un local contamine par du 
tritium, le type de scaphandre devant etre utilise pour obtenir une protection optimale, le 
taux de renouvellement dans ce scaphandre et, le cas echeant, la duree de !'intervention, nous 
avons etudie le comportement des differents scaphandres existant en France, dans des atmo
spheres dont la concentration en tritium etait variable. 

Les manipulations ont porte sur six types de scaphandres. Des mannequins portant les 
scaphandres etaient disposes dans un caisson etanche et alimentes en air frais a des debits 
variant de 5 a 30 1/min. Sur chaque scaphandre on avait place un point de preU:vement situe 
au niveau de la Ute; pour les vetements en deux parties on avait un autre point de prelevement a 
hauteur de la ceinture. 

Les premiers essais ont rapidement demontre que les vetements de protection en deux ou 
trois pieces ne sont pas tres efficaces, l'activite specifique a l'interieur de ces vetements 
depassant respectivement dans les meilleures conditions, c'est-a-dire avec undebitdeventilation 
maximum, lflOOO et 1,'600 de l'activite specifique dans la piece (soit une efficacite de 1000 
et de 600). Les vetements d'une seule piece assurent une protection superieure d'au moins un 
facteur 3. 

Les meilleurs resultats ont ete ·obtenus avec le scaphandre Scalhene dans lequel l'activite 
specifique a toujours ete inferieure, dans les conditions normales de ventilation, a l'activite 
minimale mesurable correspondant au bruit de fond des chambres d'ionisation utilisees pour 
la mesure, ce qui irnplique une efficacite d'au moins 16.000. 

Toutefois, !'experimentation ayant ete effectuee sur des scaphandres habillant des manne
quins, les effets de souffiet provoques par les mouvements d'un manipulateur etaient elimines. 
Or, ces effets pourraient accroitre dans de grandes proportions l'activite specifique dans les 
scaphandres. U n essai a done ete effectue avec le scaphandre Scalhene porte par un operateur: 
l'activite specifique dans le scaphandre est encore restee inferieure a la valeur minirnale mesur
able, si bien que l'on peut affirmer que son efficacite est toujours superieure a 16.000. 

Cette etude semble montrer que plus que la nature des materiaux plastiques constituant 
les parois du scaphandre, son etancheite d'une part, le debit et la repartition de la ventilation 
interne d'autre part, conditionnent son efficacite. Il en resulte que la selection operee au 
moyen de tritium est valable pour d'autre produits contaminants. 

1171 



DISCUSSION 

J. SHAPIRO (U.S.A.): 

Would Dr. McCaslin please supply additional in
formation on his prong reading method with regard 
to ease of reading, training required, time to read a 
film, accuracy and sensitivity. 

J. B. McCASLIN: 

Although we realize that a certain amount of 
subjectivity may be involved in identification of 
nuclear tracks, I would like to add to what has been 
said that Wade Patterson and Ronald Omberg 
recently compared cosmic ray spectra and the spectra 
of radiation existing near the Bevatron with both the 
threshold detector techniques and with the technique 
of using gray prongs from nuclear stars. The spectra 
shapes showed good agreement using these inde
pendent techniques. 

G. A. SVENSSON (Sweden): 

Do you have any comment on the competing re
actions when using the Be-reaction in a high-energy 
bremsstrahlung radiation field? 

]. B. McCASLIN: 

We realize of course that these reactions can occur; 
however, we have not done any work along these 
lines. 

E. w. jACKSON (U.K.): 

In the case of radiation which is escaping in the 
form of narrow beams, it seems possible for workers 
to receive significant doses without any recorded dose 
appearing on their film badges. Can the author say 
whether he has met this problem at CERN and what 
steps are taken to obtain an accurate assessment of the 
dosages received ? 

W. j. MEINIGER (Netherlands): 

In Fig. 1 you showed a plan of CERN, showing two 
regions for radiation control. How do you prevent 
non-radiological workers walking into the radio
logical areas? 

J. DUTRANNOIS: 

All areas where dose-rates higher than 2.5 mremjhr 
exist are restricted areas which are under supervision; 

they are enclosed by shielding and fences and access 
is through interlocked doors. An access permit is 
required for entering these areas, which prevents 
access by non-radiation workers. 

L. DE FRANCESCHI (Italy): 

I would like to ask Mr. Dutrannois what is done at 
CERN in the very frequent case of a dose below the 
sensitivity of the personnel dosimeter (gamma and 
neutron). Do they put in the personal record the 
value "zero" or, instead, the accepted value of the 
lower limit of dosimeter detection (for instance 10 mR 
or so)? 

J. DuTRANNOIS: 

The lower limits of sensitivity are fixed at I 0 mrem 
for the y-films, and at 15 mrem for the neutron films. 
Doses lower than these limits are taken as zero. Even 
in the case of a weekly film distribution, the maximum 
error will be only of the order of 0.5 rem per year. 

]. M. REEs (U.K.): 

I should like to ask Mr. Dutrannois what is con
sidered the maximum acceptable dose rate at places 
where maintenance work has to be done on the 
accelerator. 

j. DUTRANNOIS: 

The maximum permitted dose level in an area 
where work has to be carried out is the one existing 
on the spot, as the work has to be done. In practice 
this corresponds to 6 to 8 rem/hr. When it is possible, 
some cooling time is allowed. In such places of course 
the work is done under the close and direct super
vision of Health Physics, and the dose distributed 

·between the maximum practicable number of people. 

T. A. STEELE (U.S.A.): 

Do you have radiation areas in which there are 
neutrons with energies between 0.1 eV and 0.4 MeV 
and, if so, how do you monitor personnel for neutrons 
in this energy region? 

j. DUTRANNOIS: 

For neutrons in the range ofO.l eV to 0.4 MeV we 
have no means of measuring the dose in our personnel 
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monitoring system so we neglect it. Statistically this 
is unimportant and is probably compensated for by 
double counting of some other bnnponent of the dose. 

A. RINnr (CERN) : 

Nella llA riga a partire dal fondo del riassunto si 
deve leggere 7Be invece di 7B. 

A. P. HULL (U.S.A.): 

Are these areas in which the radioactive gases are 
produced off-gassed, and if so are the total amounts 
involved sufficient to cause any environmental 
problems? 

A. RINm: 

Gli isotopi a vita media molto corta (inferiore a 
qualche minuto) non rappresentano un rischio im
portante dato che l'intervallo di tempo fra l'arresto 
dell'acceleratore e il momento in cui il personale puo 
penetrare all'interno e tale da permettere il decadi
mento di questi isotopi. 

P. HUBLET (Belgium): 

J'aimerais savoir s'il y a de Ia radio-activite induite 
dans la terre qui recouvre les accelc!rateurs. Si la 
reponse est affirmative, quels sont les problemes 
eventuels de sante publique qui se pose:nt? 

J. BAARLI: 

We have made measurements at CERN of the 
radioactivity of shielding and earth close to the 
accelerators. There is induced. radioactivity with 
concentrations decreasing away from the machines. 
The concentrations seem, however~ to be of little con
cern at present but will certainly have to be con
sidered for accelerators with in.creasing intensities oc 

energies. 

L. DE FRANCESCHI (Ita?Y) : 

I would like to hear from Dr. :Rindi which techni
que was employed in measuringtheairoontamination. 
In particular how do they measure 1he percentage 
concentration of the different conta.miaants. Also, if 
they tried to find the form in which 1he isotopes are 
present (except A41 of course). 

Inoltre, tornando indietro alla. dom:anda di un 
delegato riguardo i neutroni intermedi~tualmente 
presenti e non registrati, mi pare che:a Ik. Dutrannois 
abbia detto che attraverso misure eseguite dal Dr. 
Nachtigall e risultato che la pe.n:eatua1e della dose 
neutronica dovuta ai neutroni dltBa zona termica, 
diciamo, e fino a 0.5 MeV, e trascurabile. 

Ora a me sembra, rna potrei ~iare, che in vee il 
Dr. Nachtigall abbia proprio t:row:to in molti casi 

un'alta percentuale di neutroni. ntermedi; anzi, se 
ben ricordo, ne ha fatto addirittura oggetto di una 
comunicazione al recente congresso di Vienna. 

A. Rrnm: 

11 monitoraggio dei gas e stato fatto soltanto in aria 
ed e stato usato un "portable gas monitor" AL53C. 
E' un apparecchio a camera di ionizzazione a flusso, 
munita di un filtro assoluto prima della camera di 
ionizzazione, quindi gli isotopi radioattivi presi in 
considerazione sono soltanto quelli gassosi. La 
determinazione degli isotopi presenti neUe misure e 
stata fatta per separazione geometrica della curva di 
decadimento. Per l'altra domanda rispondera il dott. 
Baarli. 

J. BAARLI (CERN) : 

I could make a brief comment on the intermediate 
neutrons, i.e. neutrons from thermal up to 0.5 MeV. 

Outside the shielding of high-energy accelerators, 
all kinds and energies of particles up to the maximum 
energy of the accelerator might exist. At the present 
time no suitable instrument has been made for a direct 
evaluation of the radiation hazard, i.e. dose in rem. 
This information is therefore obtained indirectly by 
a set of instruments which has been selected at CERN 
for the purpose. The set is based on commercially 
available instruments which measure in principle: 

(1) thermal neutron dose, 
(2) fast neutron dose, 
(3) dose from high-energy radiation (strong nu

clear interactions), 
(4) dose from gammas and the ionization. 

When using this set, allowance for the epithermal 
neutrons has been made in the measurements of the 
fast neutron dose and in the fact that the system 
measures the dose froni high-energy radiation twice, 
i.e. by the ionization (4) and by the dose from the 
observation of strong nuclear interactions (3). A 
separate measurement of the intermediate neutrons 
is of no particular interest for the dose assessment for 
protection purposes. The measurement of inter
mediate neutrons might however be of 'interest as 
such, but this problem as well as the problem of 
measuring, e.g. thermal neutrons or any other particu
lar component near high-energy accelerators separ
ately, is complicated by the presence of all other 
·cadiation types and energies. 

M. PELLICCIONI (Italy): 

Abbiamo trattato principalmente tutti i problemi 
.lffii radioprotezione inerenti la prossima entrata in 
iftmzione dell'acceleratore lineare da 40 kW. 

In particolare abbiamo calcolato quali devono 
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essere gli spessori degli schermi lungo l'acceleratore, 
intorno ai bersagli e intorno al pozzo di spegnimento. 
Sono stati poi stimati i livelli di radiazione dovuti 
all'attivazione del ferro e del rame della guida d'onda 
e alia produzione di gas tossici (03 e N0 2) e radio
attivi (N13, 0 15, Cl 38) nell'aria del tunnel del
l'acceleratore. 

Parte dei risultati sono stati gia pubblicati in note 
interne dei Laboratori Nazionali di Frascati. 

R. LEIMGRUBER (Switzerland): 

Wurden Messungen dariiber gemacht, ob ein 
Iodfilter nach der einmaligen Beladung mit Iod und 
der nachfolgenden Spiilung mit Luft das gesammelte 
Iod wieder abgegeben hat oder nicht? Was fiir 
Raumabluft-Iodfilter werden verwendet, und welch en 
Retentionsfaktor haben diese fiir die verschiedenen 
Iodkomponenten? 

Y. YosHIDA: 

I. The overall collection efficiency of the iodine 
sampler was determined by using one or two reference 
cold traps which were connected to the sampler in 
series and consisted of the glass wool and the activated 
granular charcoal (Barnabey Cheney -10, 130 g 
used) maintained at temperature of less than -50 
oc with dry ice immersed in ethanol. The activities 
collected in each component of the sampler were 
measured every 30 min or 8 hr, respectively, depend
ing on short period or long period sampling. From 
the distribution of iodine deposited in the com
ponents, the removal of iodine can be checked. 

2. Concerning filter papers, for aerosol sampling 
HV-70 (cellulose asbestos) filter paper is used. For 
iodine sampling, charcoal impregnated filter paper 
which consisted of carbon particles (diameter = 

"-'21-') imbedded between two cellulose filter papers, 
manufactured by Toyo Roshi Co. Ltd. in Japan was 
used. 

P. CouRVOISIER (Switzerland): 

I. Is the factor of 0.1, suggested in the abstract as 
a conversion factor for maximum permissible con
centrations according to ICRP tables, a gross mean 
value or some limit? 

2. Is there any trend in the ratios between personal 
and static air samplers showing differences between 
different types of work done, such as laboratory work, 
workshop activities, or work in a reactor hall? 

w. A. LANGMEAD: 

In answer to question'! dealing with the use of a 
factor of 0.1 referred to in the abstract and at the 
invitation of the Chairman to comment further on the 
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work described in the abstract, I will make the follow
ing comments. 

Mr. Hermiston, from the U.K. Atomic Energy 
Establishment of Windscale, discussed yesterday 
some measurements of plutonium aerosols made with 
personal air samplers (P.A.S.) and with static air 
samplers (S.A.S.) and referred to the values of the 
ratio P.A.S. reading/S.A.S. reading obtained on 
single occasions and average values of the ratio 
obtained over long periods of time. The Authority 
Health and Safety Branch has been studying these 
and other results obtained at various establishments 
of the Authority and have confirmed that the statis
tical distribution of both P.A.S. readings and S.A.S. 
readings are usually log-normal and also values of the 
ratio referred to above are distributed log-normally 
ip. many situations. The average long-term value of 
the ratio depends not only on the type of aerosol but 
also on the relative positioning of the two instruments; 
the type of work undertaken and the manner in whieh 
the contamination is released. Low level chronic 
contamination often gives values of the· ratio around 
2-3 whereas contamination arising locally from the 
activities of the worker gives values from about 3-30. 
Only in circumstances where it has not been possible 
to undertake a programme of operational research to 
determine the appropriate value of the factor is it 
suggested that a factor of 10 for this ratio be assumed 
(corresponding to a fraction of 1 f 10 to be applied to 
ICRP (mpc)a values) in the belief that such a value 
will not be in error by more than a factor of 3. 

The paper also describes measurements of particle 
size distributions of aerosols encountered at various 
establishments using the Centripeter designed and 
described by Sherwood (AERE, Harwell, U.K.). 
This instrument enables 4 ranges of aerodynamic 
particle size to be separated and the activity of the 
four filter papers corresponding to particles < 1.4 ,.., 
1.4-4 ,.., 4-14 ,.., and > 14,.. determined. In this way 
one can determine whether the particle size distribu
tion is log-normal, and the value of A.M.A.D .. and 
geometric standard deviation found which largely 
'determine the physical characteristics of the aerosol. 
Using the lung model proposed by the Task Group on 
Lung Dynamics of Committee II of ICRP, one can 
determine the percentage of the activity breathed 
which is retained in the deep lung. 

In general this percentage is less than the 12!% 
. predicted by the current ICRP lung model, the 
respirable fraction of the aerosols encountered in the 
Authority ranging from 35-75%. It is emphasized 
that these values are provisional. 

B. w. EMMERSON (U.K.): 

Has the portable air sampler been used for the 
measurement of airborne P 31 using a charcoal loaded 
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filter paper? If so, how do results from these measure
ments compare with results taken with a static air 
sampler within the same area, and what factor would 
be recommended? 

w. A. LANGMEAD: 

In answer to the question about the use of personal 
air samplers for measuring radio-iodine, I want to 
say that measurements of this kind had been made 
using special filter papers but I cannot recall the 
details. 

L. DE FRANCESCID (Italy): 

I apologize Mr. Chairman if my comments cover a 
subject which has already been raised by others. 
First of all it seems that the comparison of personal 
and static device data is very difficult, in particular 
because of the different volumes of air sampled which 
makes the statistics much poorer for personal devices. 
It would also be interesting to know if the larger 
values are always on the same side. As far as the 
factor ljlO is concerned, I think that if we begin to 
correct our measurements with factors, any time we 
don't like them it may rnislead us. 

S. 0. W. BERGsrROM (Sweden): 

In connection with Pu work at AB Atomenergi, 
Studsvik Research Station we analysed these prob
lems and found that the larger air volumes and the 
possibility of applying alpha spectrometry made static 
air saznplers superior to personal ones by a very large 
factor-larger than the ratio 3 to 30 found by the 
author for the ratio between measured concentrations 
of personal and static samplers respectively. 

As one usually investigates all significant levels of 
air contamination, would it not be unnecessary to 
make corrections to the ICRP long term average 
MPC values as body burden measurements will any
how be the real criterion for actual exposure. Per
sonal air samplers are very awkward to carry and we 
have preferred fixed samplers at the glove-boxes. 
In both these cases, do you think there is a possibility 
that entrainment of activity with the sampler, air 
culTUI.t towards the worker might actually increase 
the exposure? 

w. A. LANGMEAD: 

In answer to a question as to whether the air flow 
through the personal air sampler was likely to inter
fere with the aerosol concentration in the breathing 
zone, I would say that this is unlikely in view of the 
low flow-rate (2 I./min) and experiments carried out 
at AERE Harwell, U.K. have shown reasonable 
agreement between P.A.S. results and simultaneous 
measurements of the contamination in air actually 

breathed achieved byi' 1fitting a special filter to a 
respirator, the air fiow·!Mcingprovided by the wearer's 
breathing. 

w. A. l.ANGMEAD: 

In answer to a furt!licer remark that the results of 
excreta measuremen$ are more reliable than esti
mates of activity brut!hed as a measure of body 
burden, I agree that diiis is generally so but that the 
P.A.S., coupled with ,-au-ticle size determinations, is 
likely to give good rerults for lung burden and lung 
dose and should be eomsidered a satisfactory alter
native or auxiliary mctn.od for this purpose. 

D. K. CRAIG (South 4'fo:im): 
Mr. Chairman, I tiirik that this is a very important 

matter. It must be em.pbasized that an 0.3 p. diameter 
particle of plutoni\liW rmetal (density ---19 gfcc) be
haves like an aerody:niUilic equivalent unit density 
sphere of about 6 fl. diaiBeter, plutonium oxide. (den
sity ---11.2 g/cc) likerolJ£lM.It a 3,.. diameter unit density 
sphere. Presumably,, tile man, and therefore the 
personal sampler, is; C!J.uite close to the source of the 
airborne plutonium~ Tile static sampler is quite far 
away. Therefore, dliffezrential setting of the larger 
particles is bound tlil' give significant differences be
tween the concentnciOJilS detected by the personal 
and static samplenL However, this does not give us 
much information a;llou!t the relative hazard of the 
aerosol. I think that it 1is important that we should 
use as personal samplers SOl11£ size selective sampling 
device that will give· us an idea of the aerodynamic 
size distribution of lllle· plutonium and, therefore, the 
likely hazard in te~:rns; elf the amount of Pu likely to 
reach the functionahr.ea& of the lung. I think that the 
implementation of $Udi consideration would help to 
resolve a lot of the cruestions raised by Dr. Langmead. 

w. A. LANGMEAD: 

In answer to a further question from Dr. Craig, I 
would like to repeatr that the determination of the 
factor referred to i.in: the abU:ract is the result of 
measurements made over an. ertended period of time 
and that the figur-e of" O.I was quoted as a rule of 
thumb guide which i8 not Iikfy to be very much in 
error. It is very much better to apply such a factor to 
static air sample re,ufts than to trust such readings un
modified by any factor. In. general S.A.S. readings 
underestimate the lilreatbinA air concentration of 
contaminants by X 10. 

L. FITousst (France) : 

Je voudrais demander an:. Dr. Langmead les dis
positions qui sont normaFen:latt prises lorsqtie des 
travaux doivent ttre effecto61 en presence d'une 
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contamination atmospherique. En generalles moyens 
de protection, c'est-a-dire vetements, appareils, 
respiratoires, etc., sont choisis en fonction des niveaux 
de contamination atteints. 

Le Dr. Langmead peut-il nous donner quelques 
informations sur ce sujet en particulier lorsque l'on a 
affaire a une contamination atmospherique par du 
plutonium ou des radionucleides a activite massique 
faible? 

w. A. LANGMEAD: 

The methods of protection available for the worker 
when it is necessary for him to work for lengthy periods 
in a contaminated atmosphere deperid very much on 
the circumstances and the breathing air activity con
centration. In the decontamination of heavily con-

taminated items, full pressurized suit facilities includ
ing clean breathing air supply would be provided. 
In transient situations where the activity concentra
tion in the air temporarily exceeds the (m.p.c.)a, 
respirators or even half-face masks would probably 
be adequate depending on the number of (m.p.c.)a 
X hours involved in the work. 

However, for the handling of large quantities of 
plutonium, increasingly we are separating the work
ing-faces of the glove boxes involved from the areas 
where maintenance of equipment in the boxes is 
undertaken. Contamination of the workers' breathing 
air then becomes a transient incident, due usually to 
glove puncturing, which can be rapidly dealt with, 
the air in the working area returning quickly to 
normal. 
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Abstract-A dry box explosion on January 17, 1966, exposed three individuals to inhalation 

of dust containing a mixture of 239Pu and 241Am. Preliminary measurements at the University 
of Pittsburgh whole body counter 27 hr after the incident, using a 1 mm thick, 2 in. D, Nal 

detector indicated a possible lung burden as high as 0.4 fLCi 2 39Pu in one of the individuals. 

Although a considerable fraction of the contamination was believed to be 241Am, upper-limit 
estimates of 239Pu in the lung were still as high as 0.24 fLCi on day 4 (post-exposure), so the deci

sion was made to administer 1 g/day DTPA intravenously for the next three days. On day 5, 

a hundredfold increase appeared in the count-rate and changes occurred in the spectral shapes 
indicating a sudden appearance of new surface contamination on the anterior chest. This 

activity, as well as its probable source (another spot of contamination found on the forehead) 
was removed. Subsequent spectral shapes indicated that further measurements were indicative 

oflung radioactivity. Isotopic analyses of contamination and air samples showed that the major 

fraction of the activity was 241Am. Interim estimates oflung burden were then: 7 X 10-• fLCi 
of 241Am on day 4; 4 X IO-• fLCi on day 11; 6 X IO-• fLCi on day 28; and 4 X I0-4 fLCi on 

day 57. These values are consistent with the elimination of about 36,600 djmin of 241Am and 

54 djmin of 239Pu in the first fecal sample. Urine excretion rates, initially less than 0.4 dpm/24 
hr, increased 50-100 times between days 5-8, suggesting the efficacy of DTPA in removing 

insoluble 241Am from the lung.t 

I. INTRODUCTION 

In this paper, measurements and final evalua
tions of internal and external 239Pu and 241Am 

* Supported in part by a grant from the .Health 
Research and Services Foundation, Pittsburgh, 

Pennsylvania. An interim report of this work was 
presented at the annual meeting of the Health Physics 

Society in Houston, Texas, June 1966. 

t There was an error in the abstract in the Health 

on a glovebox operator following a contamina
tion-releasing explosion will be summarized, 
showing how a single 2 in. D X 1 mm sodium
iodide detector may be used together with other 
bioassay and survey data in the medical man
agement of inhalation accidents involving X
ray emitting nuclides. Also, the possible effi-

Physics journal. The surprising aspect of this case was 
that the DTPA seemed to remove what initially be

haved like "insoluble" Am0 2 • 
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cacy of DTPA administration in removing 
inhaled plutonium and americium oxides is 
indicated. 

U. DESCRIPTION OF THE INCIDENT 

At 2:05p.m., Monday, January 17, 1966, an 
explosion occurred in a glovebox when a tech
nician attemptFrl to ignite a propane torch. 
The torch had apparently leaked after a new 
cylinder was attached. The explosion blew 
out the gloves and knocked the operator to the 
floor. Within seconds the operator proceeded 
to the change room and within one minute 
the plant evacuation alarm was sounded. 

Hot gases from the open glove ports had 
singed the operator's eyebrows and produced 
minor first degree facial burns. He was also 
contaminated over his face, hair and chest with 
alpha activity up to several hundred thousand 
disintegrations per minute per 100 em 2 • Nose 
swipes read 100,000 counts/min for the right 
nostril. The glovebox operator showered until 
all external alpha contamination had been re
moved, except for one spot reading 1200 
counts/min on the right front chest. His nasal 
contamination was reduced below 1000 counts/ 
min per smear by irrigating with water. Urine 
samples were collected from all persons involved 
in the incident and fecal samples were also 
collected from those who entered the area 
immediately after the explosion. 

Air samples indicated alpha air concentra
tions of up to 1.1 X 10- 7!1-Cijcc in the room 
where the accident had occurred, averaged over 
t0-20 min after the accident. Floor contami
nation levels in the vicinity of the incident were 

up to 300,000 counts/min per 100 cm 2
, and 

contamination was spread throughout the entire 
plant. However, the glovebox operator in
volved had the highest contamination and was 
the only one who was found later to have 
measurable internal activity. Thus only his 
measurements will be summarized here. 

III. EVALUATION AND MEDICAL 

On the day after the accident, the company 
health physicist learned that our new whole 
body counter facility* had just obtained a 
thin-window 2 in. D X 1 mm Nai detector. 

The equipment was immediately set up and 
the exposed technician was brought in for his 
fi~t interim examination 18 hr after the incident. 
In Fig. 1 the technician is shown lying on a 
cloth cot, with the l mm Nai crystal detector 

*See J. 0. MEHL and K. R. BECK (Editors), 

Directory of Whole-Body Radioactivity Monitors. IAEA, 
1964.. Ln the first case study from the whole body 

counter, the authors would like to acknowledge the 
contributions of their former associate, Dr. Francis 

] .. BradLey, toward the design and specifications of 
~facility. 

FIG. 1. View of simple apparatus used for emergerr< 

crystal with 0.005 in. AI windbw. H 
detection, 2 in. D X 1 mm Nai 
1eath cloth cot. 
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placed about 2 em underneath his chest. This 
detector was purchased from Harshaw with a 
0.005 in. aluminium window, which transmits 
about 96% of 17 keV photons. This detector 
is similar to that originally developed by Roesch 
and Baum for wound monitoring. <1 ) Twenty 

minute counts at a given position were repeat
able within a factor of two. Many 20-min counts 

were subsequently taken near different body 
positions, and spectral shapes and intensities 
were utilized together with geometry considera
tions to discriminate between internal and 
external radioactivity and its location in the 
body. Only a brief illustration of the measure
ments, lines of reasoning, and resulting medical 
actions will be given here. 

All spectra were recorded on a ~orthern 

Scientific Company 256-channel analyzer and 
a teletype printer, with all settings remaining 
fixed during the series of examinations. Only 
half the memory was used for each count so that 
spectral shapes could be inter-compared on a 
log scale. This turned out to be a valuable 
procedure in the detective work that followed. 
With so many variables to consider during such 
an emergency, it is most important to fix those 
parameters that can be fixed and constantly 
inter-compare data with given standards. In 
this way, confusion and inadvertent errors may 
be minimized. 

All spectra connected with the evaluations 

'V)a:i 
-c: 
c:c: 
::lCJ 
0~ 
uu 

1000 • 

\00 • • • • • 
Co7trol 

!0 • 0 I I :., • 

., .'•::" .. ~ :~.. ... . . . 

c.w. 

were photographed with a polaroid camera and 
kept in a notebook in order of date. 

Figure 2 shows a comparison of the chest 
spectra of the exposed technician (on the right) 
with that of one of the unexposed technicians 
(on the left) as first observed 18 hr after the 
accident. Due to time considerations in the 

early period of the emergency, the gain was 
fixed to that of the preceding measurement 
with the 17 keV peak (of 239Pu or 241Am) in 
only channel 3 and the 60 keV peak of 241Am 
in channels 21-25. This turned out to be a 
fortunate operational decision since the printer 
began to print out zeros above channel 30 
several days after the accident. Although a 
more expanded spectra would have been clearer, 
the highest count of the 17 keV peak remained 
consistently in channel 3 for an unattenuated 
source during the critical weeks of measurement. 
Thus, ratios of counts in channels 21-25 could 
be used to study body absorption. The low 
relative height of the 17 ke V peak, as in Fig. 2, 
compared to that of a smear of contamination 
from the incident was initially indicative of a 
possible internal burden of plutonium or ameri

crum. 
At the time of the first measurement 18 hr 

after the accident, standard solutions of plu
tonium and americium were not yet prepared. 
Thus, a preliminary estimate was made of the 
maximum possible internal lung burden, as-

17 KeV 60 KeV 

.;_J. .. 
+.r 
. . 

127 

.--.. . ..., . .. ,., . . 
J.Z. 

256 

Channel no. 

FIG. 2. Comparison of spectra of uncontaminated employee ("control" indicated on left) 
with spectrum of exposed technician 18 hr post-accident (right). Vertical counts channel 

scale is logarithmic. 
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Table 1. Excretion Data Jfersuu Time: Urine Data 

Date 

lf18 (1st void) 
1/18 (24 hr) 
1/20 (24hr) 
l/21 (24hr) 
1/22 (Preirifusion) 

1/22 (Post DTPA 1) 
1/23 (Post DTPA 2) 
1/24 (Post DTPA 3) 
1/25 (24 hr) 
1/26 (24 hr) 
1/27 (24 hr) 
1/28 (24 hr) 
1/29 (24 hr) 
1/30 (24 hr) 
2/8 (24 hr) 
2/9 (24 hr) 
2/14 (24 hr) 
3/20 (24 hr) 

Date 

1/19 (83.7 g) 
1/21 (84.1 g) 

1/22 
l/23 
1/24 
1/26 
1/27 
1/29 
1/30 
2/8 
2/9 
2/14 
3/20 

TG!tal[ activities in sample* 

dpm 238Pu 

0.05 ± 0.05 
0.3 ± 0.2 
1.33 :lt. 0.16 
0.29 ± 0.06 

2.6 ± 0.33 
1.55 :!t 0.31 
2.37 ±: 0.24 
1.-92 ± 0.13 
2·.s: ±: 0.7 
Z2 ::!±: 0.2 
1.29 ±: 0.16 
0:.94 ±: 0.12 

0'.8· ~ 0.1 
t..L ± 0.1 
0'.84 ±. 0.15 
0'.29 ± 0.12 
01.09 ± 0.08 

Feed Data. 

57± 6 
t9 ± 0.8 
O'.B ± 0.9 
2.1 ± 0.9 
2: . .2 ± 0.9 
2:.3 ± 0.5 

0' .. 48 ± 0 . .15 

2.7 ± 0.7 
0.5 ± I.l 
2.6 ± 0.7 

dpm "-41Am 

0.3 ± 0.2 
0.5 ± 0.3 
0.6 ± 0.3 

Lost Sample 
0.08 ± 0.08 

4.4 ± 0.2 
31.4 ± 2.6 
28.5 ± 2.il 

7.5 ± 0.8 
36.7 ± 2.3 
25.4 ± 1.5 
17.6 ± 1.2 
10.1 ± 0.5 
17.4 ± 0.8 
0.5 ± 0.23 
4.9 ± 0.4 
1.3 ± 0.1 

10.9 ± 0.9 

dpm 241 Am 

36,600 ± l' 100 
8.8 ± 1.5 
2.8 ± 1.3 

16.9 ± 1.7 

15.3 ± 1.6 
26.6 ± 2.2 
18.6 ± 1.6 
15.1 ± 1.6 
11.3 ± 1.5 

1.5 ± 0.2 
12.8 ± 1.1 

4.7 ± 0.6 
1.5 ± 0.3 

* Attempts were made tD obtain 24-hr samples from 
the subject, but collection may he uncertain in some 
cases; also collections were separated between DTP A 
infusions in order to determine the ·effects of each 
treatment. 
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sumed to be 239Pu, on the basis of the assump
tion that about 4% of the alphas from 239Pu 
are accompanied by 235U L X-rays in the 17 
keV region. Using the reported attenuation of 
17 keV X-rays in the tissue of dogs, <2 > con
sidering the half-value layers of about 0.6 em 
from 17 keV X-rays in soft tissue and 0.03 em 
in bone, (31 and a conservative factor of 3 to 

correct tor rib absorption, it wa~ estimated at 
18 hr after the accident that the maximum 
possible lung burden of the exposed technician 
could be as high as 0.4 ttCi-about 10 times the 
amount that could be permitted to solubilize 
and enter the bone. The detection limit for 
239Pu with a 20-min count was estimated to be 

0.03 ttCi, with a 5% chance of not detecting 
this amount if present in the lungs. This is 
only about twice the detection limit of Swinth, 
Griffin, and Park<2 > of0.016 ttCi in dogs using a 
52-detector arrangement for total body count
ing. Since the single detector may be placed 
closer to a particular organ containing the 
activity, the use of more and more detectors 
may reach a point of diminishing returns when 
activity is located in a small region of the body. 

Since the probable contamination was be
lieved on the day after the incident to be insol
uble plutonium oxide, it was decided to establish 
the fecal and urinary excretion for a few days 
and take further counts before deciding whether 
to administer DTPA. It was believed that any 
remaining plutonium in the lung at 18 hr would 

Qj 
<:: 
<:: • a 

_c: 
u . .. .. 
:!! 
<:: 
::> 
0 
u 

1000. .. ... 

17KeV 60KeV 

be solubilized by the body to a negligible degree 
in a few days, and that any soluble portion of 

the plutonium had probably already been 
transported to bone and could be partly re
moved by DTPA at a later time. <4

• 
5

> The fecal 
and urinary excretion data may be followed in 
Table 1 and an abstract of the chest count data 
with the 2 in. D X 1 mm Nal detector is pre
sented in Table 2. Counts over other areas of the 
body were also used in establishing the locations 
of internal and external contamination. 

By day 4 post-accident, standard solutions 

were prepared containing 1 ttCi of 239Pu and 
0.044 ttCi of 241Am in each of three solution 
volumes: 100 cc, 500 cc, and 1000 cc. The 
1000 cc solution was used to simulate the lung 
spectrum and X-ray emission for comparison 
with the technician. The other solution gave 
some idea of the change in spectral shape with 
varying degrees of self-absorption, for use in 
discriminating between surface and internal 
contamination. The actual percentage of 241Am 
in the contamination was initially believed to be 
smaller than this. However, the high 241Am 
content of the fecal samples had indicated by 
day 4 that 241Am, which had previously been 
handled in the same glovebox, might actually 
be the major fraction of the contamination 
unless the body was preferentially eliminating 
the 20Am. (A paper in this conference (6 > indi
cates that such preferential elimination may 
actually occur under some circumstances.) Thus, 

.. .. 

.. ... .. .. 

100
_ + l.rEx~osed technician .. 

... ... .. 
. -: : .. ,..,";;.'~I liter standard (0.044J-LCI Am- 241) 

!0 •••• • ..... .... 
f 0 ftt/ •••• I I _,. 

1 
4 4 • 

... , ••••.•• ... , ,,,, ... u..., __ ............ , ........... '''' 
112 

Channel na. 

Fw. 3. Comparison of spectrum of exposed technician 4 days post-accident with spectrum 
of I ,.,.Ci 2 3 9Pu and 0.044 ,.,.Ci 241Am in I !. solution in polyethylene. Control counts of normal 

subject have not been subtracted from the technician's spectrum. 
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Date 

1/18/66 
(1 day 
posl-incident) 

l/21/66 
(4 days 
post-incident) 

1/22/66 
(5 days 
post-incident) 
(DTPA treatment 
at noon) 

l/23/66 
(6 days 
post-incident) 
(DTPA treatment 
at noon) 

l/24/66 
(7 days 
post-incident) 
(DTP A treatment 
at noon) 

1/28/66 
(11 days 

p est-incident) 

/8/66 (22 days 2 
p est-incident) 

/14/66 (28 days 2 

p est-incident) 

I 

Table 2. Summary of Chest Count Datafrom Whole Body Counter 

Net counts above 
controJ(a) per 20 

Estimated maximum minutes 
, Detector position quantity of 241Am 

17 keV 60 keV in lung (f.'Ci) 

peak peak 

1 in. below right front chest 239 427 0.021 1-'Ci 241Am or 
0.46 1-'Ci 239Pu* 

Right front chest 118 253 0.012 1-'Ci 241Am or 
0.27 1-'Ci 239Pu* 

Right front chest repeat 28 126 0.006 fLCi 241Am 

Right back chest 13 56 0.003 

Left front chest 32 

I 

114 0.006 

Right front chest, 5 :20 pm 17,464 8,472 t 
(Note: High 17 j60-keV peak ratios and comparison of front and back counts indicated 
the sudden appearance of contamination in chest region.) 

Right front chest, 5 :55 pm 22,731 13,704 t 

Left front chest 3,810 5,679 t 
(Note: Contamination removed with undershirt, patient showered.) 

Right front chest, 10:00 pm 249 372 O.Q18 

Right front chest 91 230 t 
Left front chest 24 50 

Left back chest 56 148 

Right back chest 60 104 

Right front chest 83 140 0·007 
Note: Repeated after shower, spot of head contamination removed.) 

Right front chest I l 52 0.003 

8 17 < 0.002 

Average of 4 chest positions 30 82 0.007 

Average of 4 chest positions 6 20 <0.002 

Average of 4 chest positions 9 12 <0.002 

I 
* Early interpretations assumed 239Pu predominant and used a conservative factor of 3 to correct for rib 
absorption. 
t Surface contamination. 
t These counts were influenced partly by contamination found on the forehead. 
(a) Control counts of26 per 20 min in the 17-keV region and 69 per 20 min in the 60-keV region were sub
tracted from each 20 min patient count. 
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FrG. 4. Spectra of contamination discovered on chest, day 5 post-accident as viewed by crystal 
from front right chest (top) and through back (bottom). Oscilloscope X-axis was expanded, 

but analyzer gain was the same as in Figs. 2 and 3. 
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the presence of a known amount of 241Am in the 
standard was desirable. 

Consequently, estimates of lung burden based 
on assumed 239Pu were made using only chan
nels 2-4 in the region of the 17 keV peak. Esti
mates of 241Am were made using only the 60 
keV peak in the region of channels 21-25 (see 
Figs. 2-6). Of course, 241Am also yields L X-rays 
(0.12 of 13.96 keV, 0.13 of 17.76 keV, and 
0.03 of 20.80 keV per disintegration) as well 
as gamma-rays (0.36 of 59.57 keV and 0.025 
of 26.36 keV per disintegration), <7 l so it was 

recognized that if an appreciable quantity of 
241Am were present, the 239Pu burden could 
be grossly overestimated. Later radiochemical 
analyses of air samples and contamination 
showed that more than 85 per cent of the activity 
was 241Am, so evaluations of 239Pu given in Table 
2 are given only to illustrate the sequence of 
events that determined courses of action. 
Figures 2-6, as well as spectra of the contami
nation, also confirm that any additional 239Pu 
represented in the 17 keV peak can be con
sidered to contribute only a fraction of the 
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Fro. 5. Spectra of contamination viewed on day 5 near right front chest (top) and left front 
chest (bottom). 
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FrG. 6. Spectra of contaminated undershirt (bottom-10-min count) and unexposed subject 
(top-400 min-count). 

exposure, since the permissible burdens of 239Pu 
and 241Am are about the same, and the propor
tion of 241Amf 239Pu may be expected to grow 
with time. <8 ) 

On Friday, January 21 (day 4 post-incident), 
spectra were obtained similar in shape to that 
observed 18 hr post-incident, but somewhat 
lower in intensity (Table 2). Figure 3 shows one 
of the chest spectra taken on day 4 compared 
to the spectrum of the standard solution that 
was obtained by that day. The 1 1. standard 

contained 1 /LCi 239Pu and 0.044 /LCi 241Am. 
By 4 days post-incident, information from fecal 
analyses had indicated that the dust might 
be predominantly 241Am; yet the low 17 keV/ 
60 ke V peak ratio compared to that of the 
smear indicated a probable internal burden 
greater than 10% of the MPBB even for 241Am . 

. Also, fecal-' excretion after the first day had 
decreased to very low levels. So the decision 
was made to administer 1 g DTPA intraven
ously on each of days 5, 6, and 7, and to follow 
the lung burden and excretion data daily to 
determine whether fecal andfor urinary levels 
would increase and whether the lung burden 
would subsequently decrease. 

Suddenly, after the first DTPA treatment on 
day 5, an increase by up to a factor of 1000 was 
noted in the count-rate over the right chest 
area. Figure 4 shows the spectrum viewed with 
the crystal near the front right chest (top), 

and viewed through the back (bottom), with the 
horizontal oscillope scale expanded. The rela
tively high 17/60 keV peak ratio from the front 
of the chest (see Fig. 4) and the much lower 
intensity viewed through the back, indicated 
the presence of a new speck of contamination 
on the chest. 

Figure 5 shows a spectrum near the right 
front chest (top) compared to that near the left 
front chest (bottom), localizing the con tamina
tion to the right front chest area. Late on the 
5th day, the technician's undershirt was care
fully removed and placed in a plastic bag. 
Then his chest was washed, the wash-rag was 
saved in a plastic bag, and the technician was 
sent in for another shower. 

In Fig. 6, a spectrum of the undershirt coun
ted for 10 min (bottom) is shown together with 
the spectrum of an unexposed individual coun
ted for 400 min. The spectrum from the under
shirt, which offered little absorption of the 17 
ke V peak, again shows a high 17 ke V /60 ke V 
peak ratio. 

Since the undershirt was contaminated, and 
the wash-rag was found uncontaminated, it was 
deduced that the observed contamination had 
suddenly appeared on the undershirt when it 
was pulled over the head that morning. On 
the 6th day, further alpha monitoring with an 
Eberline PAC-3A found some residual contam
ination of about 1000 dpm on the forehead, 
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indicating the probable source of the contam
ination found on the undershirt the previous 
day. After further showering the count near 
the head was reduced somewhat but not enough 
to indicate from geometry considerations that 
the contamination, while on the head, had 
appreciably affected lung measurements before 
day 5. Further chest spectra were consistent 
in shape and intensity, as viewed from front 
and back, and indicated true lung burdens. 

After isotopic analyses confirmed that the 
contamination was more than 85% 241Am, 
evaluations of lung burden using the 60 ke V 

peak then ranged from 0.021 11-Ci 2HAm after 
I day to less than 0.002 fLCi by day 7. In these 
evaluations only a factor of2 was used to correct 
for rib absorption since experiments with a 
human skeleton showed this would be sufficiently 
conservative to account for the range of factors 
observed.* 

Table 1 shows the high initial fecal excretion 
of 36,000 dpm 241Am (0.016 fLCi) and 57 ± 6 
dpm 239Pu on the first day, with a negligible 
amount initially in urine. The fecal excretion 
dropped sharply on the 2nd and 3rd days and 
then both the fecal and urine excretion increased 
sharply following the DTPA administration. 
This striking effect of the DTP A was so mew hat 
surprising since the inhaled material was mostly 
americium and plutonium oxides. No mathe
matical models can be fitted precisely to the 
data since the body processes were complicated 
by the DTPA administration, which apparently 
assisted in the rapid reduction of the internal 
portion of the contamination to below the 
sensitivity of the counter. (Table 2). Of course, 
there was no opportunity for a control experi
ment to determine whether the lung burden 
would have decreased even without DTPA 
administration. The primary medical con
sideration was to minimize the risk to the 
technician. 

The initial amount of fecal excretion (0.016 
11-Ci), and the remaining lung burden of 0.02 
11-Ci after day 1 (Table 2) are considered within 
the range of ICRP models. This lends further 
confidence that the evaluated burdens in Table 2 
are of the correct order of magnitude. The 

*The authors are indebted to Mr. Andrew Bukovitz 

for carrying out the measurements. 

technician was followed for 4 months with no 
further appearance of detectable 241Am. 

IV. CONCLUSIONS 

The following main points were emphasized 
in the above incident: 

l. Although not conclusive, the correlation 
with time between the increaoe in excretion 
rates and the rapid disappearance of the lung 
burden following DTPA administration, sug
gests that DTPA may hasten the removal of 
even insoluble oxides of plutonium and ameri
cium from the human lung, although removal 
rates cannot be specified accurately from the 

data of this case. 
2. A number of principles of emergency man

agement of inhalation accidents were empha
sized in this incident, including: 

(a) Necessity for direct supervision of all 
measurements and actions at the whole 

body counter. 
(b) Recording of all data and events with 

time and date as they occur. 
(c) Necessity to keep exposed subject pro

perly informed and briefed to develop an 
attitude of co-operation and trust, while 
avoiding alarming statements or divulg
ing premature evaluations to unautho

rized persons. 
(d) Necessity to assign tasks quickly to all 

staff; everyone wants to help in an 
emergency, and their help must be 
constructive. 

3. Multiple measurements and examination 
of spectral shapes with a 2 in. D X I mm Nai 
detector can be helpful in the detection of 241Am 
or 239Pu in the human lung, and in discrimi
nating between internal and external body con
tamination. A 20-min count with the detector 
within a few centimeters of the chest can detect 

more than approximately 0.002 fLCi 241Am or 
0.03 fLCi 239Pu. A 200-min count (or ten 20-min 
counts, which give the same statistical precision 
but better information on time dependence and 
fluctuations of measurement) can detect about 
0.01 fLCi 239Pu or 0.0007 11-Ci 241Am at the 5% 
level of significance, as defined by Roesch and 
Baum. <1 ) 
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EARLY ASSESSMENT OF THE SERIOUSNESS OF LUNG 

CONTAMINATION BY INSOLUBLE ALPHA AND LOW 

ENERGY BETA EMITTING MATERIALS AFTER 

INHALATION EXPOSURE 

B. A. J. LISTER 

Health Physics & Medical Division, 
Atomic Energy Research Establishment, 

Harwell, Didcot, Berks, England 

Abstract-After inhalation of gamma- and high energy beta-emitting materials, the lung 
content can be measured by direct in vh•o counting methods. For materials with less penetrating 
radiation this approach is not possible (except perhaps to give an upper limit) and indirect in
formation, such as that from measurements on excreta and examination of air sample papers, 
must be used to make an assessment of lung content. 

This paper reviews the usefulness of such indirect information and suggests ways in which it 
can be used to arrive at the best estimate of lung burden. Data from some relevant inhalation 
incidents illustrate the points made. 

AFTER inhalation of airborne radioactive con
tamination, the fate of the radionuclides con
cerned will be determined by the physical and 
chemical forms in which they occur in the air. 
Their depth of penetration into the respiratory 
system and their site of deposition will be influ
enced mainly by particle size, shape and density, 
and partly by their chemical reactivity. Trans
fer from the respiratory system and subsequent 
metabolism will be determined by chemical 
form and particle characteristics. 

In their 1959 reportC1 l Committee II of 
I.C.R.P. described a simple model for the 
behaviour of particulates in the respiratory 
tract. In this model, for compounds other than 
those which are readily soluble, it is supposed 
that of the material inhaled, 25% is exhaled 
and 50% is deposited in the upper respiratory 
passages and subsequently swallowed; of the 
remaining 25% deposited in the lungs, half is 
eliminated and swallowed within the first 24 hr, 
the other half being retained in the lungs with a 
long half time of removal. 

In 1964 Committee II established a Task 
Group to review this lung model. In their 
report <2 l this Task Group has developed a de-

position model which depends on dust sampling 
data and which describes deposition in terms 
of three anatomical compartments-the naso
pharynx, the trachea and bronchial tree and the 
pulmonary compartment. The clearance of 
dust deposited in each compartment is dealt 
with "quantitatively, kinetically and by path
ways" and an attempt is made to classify chemi
cal compounds according to their retention in 
the respiratory system. 

This report clearly represents a major ad
vance in our understanding of the behaviour 
of particulates in the lung and will lead to a 
new appraisal of maximum permissible levels 
of airborne contamination. For the operational 
health physicist, however, the important ques
tion is whether the new model gives him an 
improved weapon for attacking one of his major 
problems, how to make an early assessment of 
the seriousness of lung contamination after a 
suspected inhalation exposure. , 

The general methods available to the health 
physicist are: ' 

(i) Direct measurement of act1v1ty in the 
lung by in vivo counting techniques. 

1191 
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(ii) Interpretation of measurements of the 

rates of excretion of the radionuclides 

concerned. 
(iii) Interpretation of other indirect informa

tion. 

This paper reviews the usefulness of various 

approaches for insoluble materials emitting 

radiation of low penetrating power and sug

gests methods which have been found useful in 

practice. 

IN VIVO MEASUREMENTS 

For many gamma and beta-emitting radio
nuclides it is possible to make in vivo measure

ments of the body content at levels far below the 
maximum permissible. ca. 4 l For those radio

nuclides which emit alpha and low energy beta 
radiation, such direct measurement is either 

impossible or extremely difficult. For example, 

only now is it becoming possible, with extreme 

sophistication of instrumentation, to make in 

vivo measurements of 239Pu in the lung at a level 

approximating to the maximum permissible 
lung burden (16 nCi). <5 • •J 

URINARY EXCRETION 

Measurements of urinary excretion are used in 

most establishments handling large amounts of 

unsealed radioactive materials as a method of 
assessing internal contamination. Their quan

titative, or perhaps even qualitative, usefulness 

for assessing the body content of "insoluble" 

materials must be seriously questioned. <4
• 

7
• 

8 l 

For some elements, for example strontium, <7 l 

neither the chemical form nor the method of 

intake seem markedly to affect the urinary 

excretion pattern which is similar after, for 

example, inhalation of the soluble chloride and 
the insoluble carbonate. Experience has shown, 

however, that for many elements it is quite 

possible for the lung content of an insoluble 

material to be considerable without significant 
activity appearing in urine. cs. 9 l In such cases, 

application of relationships worked out to relate 

the rate of urinary excretion to the body content 

of soluble material can be wholly misleading. 

Although it may be possible to relate the 
excretion in urine to lung retention many 

months or years after intake (e.g. for plutonium 

oxide <10 l), the use of such relationships cannot 

be expected to give any useful information on 

lung retention of insoluble material at a time 

when therapeutic action is being considered. 

FAECAL EXCRETION 

11ore valuable information on lung retention 

of insoluble materials can be obtained from 

measurements of the activity excreted in faeces, 
but quantitative interpretation is complicated 

by reason of variations in excretion pattern 

with particle size of the inhaled material. <9 l 

In most cases of accidental inhalation, faecal 

excretion follows the general pattern shown in 

Fig. l. The excretion rate rises to a maximum 
on the second or third day after intake and then 

falls away to reach a lower, relatively constant 

level after some 10-12 days which is maintained 

for perhaps more than I 00 days after the intake. 

The ratio of the peak excretion rate to the 

"plateau" excretion rate apparently varies with 
particle size of/the inhaled material, the fall 

being dramatic over several orders of magnitude 

after inhalation of large particles and less 

marked for particles of small diameter. 

The simple I.C.R.P. lung model suggests that 
the amount of insoluble material transferred 

to the GI tract (62!%) is five times that retained 

in the 1 ung ( 12 t%). By application of this 
model, faecal excretion measurements can be 

related to the amount retained in the lung, 
since the total amount of radionuclide excreted 

in faeces during the first few days after inhala

lation probably represents all that was deposi

ted in the upper respiratory tract. If particle 
size information is available, a more refined 

approach can be made using the lung dynamics 
model proposed by the I.C.R.P. Committee II 

Task Group. 

Sometimes (fortunately rarely) the incident 
resulting in the intake is not immediately 

recognized. In such a case the early faecal 

excretion data are not available and only the 

longer term "plateau" excretion rate can be 

determined. To obtain useful data at this 
interval after the intake when faecal excretion 

is at a relatively low level, the individual must 

be removed from active work for at least a 

week prior to the start of the sampling pro

gramme, thus eliminating the possibility of 
high results being due to a recent small acute 
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FIG. I. Faecal excretion patterns following inhalation of insoluble material. 

intake. The "plateau" level can be determined 
by a series of samples. 

Such "plateau" data can only be useful in 
evaluating lung content if some relationship 
can be assumed between the "plateau" level 
and the early (cumulative four day) faecal 
excretion. Cases where the necessary full data 
are available are unfortunately rare, but exa
mination of a few well documented cases at the 
Harwell and Aldermaston establishments allows 
some hope that this plateau value might give a 
"feel" for the seriousness of lung content. The 
relevant data for these cases are given in Table 
1. (Although in column 2 and throughout this 
paper reference is made to the first four day 
faecal excretion, in cases where the first four 
samples cover a longer period, this longer 
period is inferred.) 

In only nine of the eleven cases in Table 1 
does the data allow a reasonably firm figure to 
be given for the ratio in the last column. In 

these cases, which cover a wide range of particle 
sizes, all the ratios fall between 10 2 and 104 • 

Combination of this range with the I.C.R.P. 
simple lung model would suggest a range of 
20-2000 for the ratio of the long-term retention 
(R) to the average daily low level faecal excre
tion (Fp) between about 10 and 100 days after 
the exposure. 

If the I.C.R.P. Task Group constants are 
accepted, i.e. that two thirds of the material 
leaving the lung with a long halftime is cleared 
via the gastro-intestinal tract, then the ratio, 
RjFp X 2/3 can be taken as the inverse of the 
average daily rate of removal from the lung(.\ in 
the expression ,\t1/ 2 = 0 ·693). The ratios ob
served in the cases in Table 1 correspond to 
biological half times in the lung of from 9 days 
to 2! years. Most cases of inhalation exposure 
to insoluble materials in which clearance from 
the lung has been measured in vivo come within 
this range, as does the value adopted by the 
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Table 1. Faecal Excretion Data from Inhalation Cases 

Case 

A 
B 

c 
D 
E 

F 
G 

H 
I 

J* 
K* 

Approximate faecal 

excretion in first 

4 days (Eu'F) 
(pCi) 

8 >~ 10" 
10" 
10' 
10' 
50 

5 X 10' 
8 Y. !(]'> 

>6 < 10" 

> 10 2 

2 / 10" 
7 X 10 2 

* Very small particle size. 

I.C.R.P. Task Group, 360 days, corresponding to 

an RfFv ratio of 780. 

Although usc of this range f(Jr RfFp or any 

selected value ,,·ithin it, can only give a very 

approximate indication of lung retention, it 

might be helpful as a guide to the seriousness 

of lung contamination. 

ANALYSIS OF NOSE BLOW SAMPLES 

For many years the analysis of nasal swabs has 

been used to indicate whether or not significant 

amounts of radioactive material have been in

haled. Over the past two or three years at Har

well, on occasions when there has been a known 

or suspected release of insoluble airborne radio

active material, each person concerned in such 

an incident has been asked, as soon as possible 

after recognition of the incident and after 

washing his hands, to blow his nose into a 

paper tissue. The tissue is then rapidly assessed 

in the bioassay laboratory by wet ashing fol

lowed by direct counting. (This procedure has 

now been adopted in other laboratories in the 

United Kingdom and elsewhere. (11 >) \Vhenever 

possible, on the detection of activity on nose

blow samples, faecal voidings over the first four 

days (or the first four voidings if this covers a 

longer period) have been collected and assayed, 

and the results compared with the results from 

Average daily faecal 

excretion in "plateau" 

region (1:~) 

(pCi) 

1 
0·5 
0·5 
0·5 
0·5 
8 

2 X 10 2 

3 
1 

12 
8 

Ratio 

\Ea'FfFv) 

8 y 10 3 

2 / 10 3 

2 X 10 2 

2 10 2 

1()2 

6 )' 1()3 

4 10 3 

>2 •/ 
/. 10" 

> 10 2 

10 2 

10 2 

the nose-blow samples. Combined results from 

plutonium laboratories at Harwell and A .. E.E. 

\Vinfrith, shown in Fig. 2, show a strong positive 

correlation. 

The few occasions on which significant levels 

of activity were detected in nose-bJo,,· samples 

although the subsequent faecal excretion was 

very low, can be explained if the aerosols 

involved in these exposures were of large par

ticle size, so that virtually complete deposition 

occurred in the nose and nasal passages. r,The 

I.C.R.P. Task Group model suggests goo 0 deposi

tion in the naso-pharyngeal compartment for 

particles of 1 of.L equivalent diameter and gg u 0 de

position at 30f.L)· Under these circumstances, 

clearance via the gastro-intestinal tract may 

have been negligible. The median of the ob

served ratios of the cumulative activity excreted 

in faeces during the first four days to that in the 

nose-blow sample is almost exactly unity and 

this ratio is illustrated by the continuous line 

in Fig. 3. The broken lines enclose goo 0 of 

all the points and indicate that, by assuming 

a ratio unity, one can normally predict early 

faecal excretion from the activity in the nose

blow sample within a factor of 20. Such varia

tion is not inconsistent with calculations based 

on deposition and clearance figures given by the 

I.C.R.P. Committee II Task Group, if limits 



EARLY ASSESSMENT OF THE SERIOUS.'\IESS OF LU;";'G CONTAMIJ\'ATION 1195 

4 
lOr-------------------------------,---------------, 

0Harw4ZII data 
•Winfrith data 

/ 
/ 

/ 
/ 0 

/ 
/ 

/ 
0 / •• 

.(i 0 
0 

X20 

t 
• 

/ 

/ 

/ 
/ 

/. 
/ 

• 
• 

/ 
/ 

• 

• • f . ~· • 
0 

0 

, 
• 

• • 

0 

• • 
•• 0 

• 
• 

0 

. / 
/ . / . / . / 

/ 0 

/ 

/ 
/ 

/ 
/ 

/ 

gto 
b 
)( .. 
s 

X20 0 /0 
/ .. -.!2 • >-

/ 
/ 

0 ] l 0 
~~------------~I0~-~~------~1~0~2~--------~10~3~--------~104 

Activity on nose blow sample CpC i) 

FIG. 2. Comparison of alpha activity in noseblow sample and in subsequent faecal samples 

(generally four days). 

are assumed for nasal clearance when collecting 

the nose blow sample. 

It is of value to consider in detail the case of 
2

3
9Pu. For the maximum permissible lung 

burden of 16 nCi, the I.C.R.P. simple lung 

model implies an original deposition of 96 nCi 

and early faecal excretion of 80 nCi. If this 

latter figure is taken as an "action" level, then 

an "investigation" level of one-tenth of this, 

i.e. 8 nCi, may be set for faecal excretion of 

plutonium corresponding to 8 nCi for the nose

blow sample. 

This lung model does not take into account 

differences in particle size of the inhaled mate

rial. As the particle size decreases, the retained 

lung burden will constitute a higher proportion 

of the total deposition and vice versa. The 

I.C.R.P. Task Group suggests that for particles 

of O.l,u equivalent diameter, deposition in the 

pulmonary compartment is as high as 50° 0 , 

resulting in long-term retention of 30" ,, and 

for particles of 20fL diameter only .J 0 
,, v\·ith 

retention 3 ': 0 . To take this uncertainty into 

account \\·hen, as is usual, the particle character

istics of the inhaled material are unknown, a 

safety factor must be introduced. Presumably 

the incidents giving rise to the results plotted 

in Fig. 2 must have involved a vvide range of 

particle sizes as well as wide variations both in 

nose-blow "techniques" and delays after inhala

tion before the sample was taken. In spite of 

this. with two exceptions all the points indicate 

a ratio of less than 20 for faecal excretion to 

nose-blow content. \Vith the introduction of 

a safety factor of 20, the investigation level for 

the nose-blow sample is reduced to 400 pCi. 

It is suggested that if a nose-blow sample 

exceeds this level, subsequent faecal samples 

should he collected to obtain further evidence 

of the degree of internal contamination. 
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FIG. 3. Excretion data following plutonium inhalation (case F). 

If the particle size is extremely small or if a 
person breathes through the mouth, either from 
habit, or because of a cold, very little of the 
material inhaled may be deposited in the nose. 
A negative result from a nose-blow sample 
taken following a known incident which has 
been confirmed by environmental monitoring 
will not therefore necessarily rule out the need 
for further biological sampling. The decision 
will depend on the severity of the incident as 
indicated by the other evidence. However, if a 
nose-blow result is less than 400 pCi and there 
is no other firm evidence of a significant release, 
there is little justification for requesting faecal 
samples, as the retained lung burden will almost 
certainly be less than 10% of the maximum 
permissible value. At Harwell an investigation 
level of 250 pCi has resulted in an important 
reduction in the number of faecal samples 
analysed. As with all biological sampling great 

care must be taken to prevent spurious contam
ination of samples. In the case of nose-blow 
samples skin contamination around the area 
of the nose is a danger and some of the low ratios 
found between activity in faecal and nose-blow 
samples may be due to this cause. In some cases 
it has been found that a second nose-blow sample 
contains significant activity although in most 
cases the bulk of the removable activity can be 
cleared with one blow. 

The above discussion relates to airborne 
plutonium contamination, -but the same argu

ment can be applied to any material recognized 
as insoluble in the lung environment. 

THE ASSESSMENT OF LUNG BURDEN 

AFTER INHALATION 

It is quite clear that no one piece of informa
tion alone can be expected to give a good assess
ment of the retained lung burden within a few 
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days after an accident. Information of the 

following type may be relevant in assisting the 
health physicist in his evaluation of such 

exposures: 

(i) In vivo measurement. 
(ii) Analysis of urine (of little value). 

(iii) Analysis of the early faecal excretion. 
(iv) Analysis of late ( > 10 days) faecal ex-

cretion. 
(v) Analysis of nose-blow samples. 

(vi) Particle size analysis of air samples. 
(vii) Other relevant evidence. 

The way such information can be used in 

practice is exemplified by an incident which oc
curred at Harwell in which a man was exposed 
for a short period to high levels of airborne 
contamination, confirmed by spectrometry mea
surements to be mostly 239Pu. • l7J vivo measure
ments on the second day after the incident 
failed to detect any plutonium contamination 
in the lung, thus giving an upper limit of 30 nCi 

(the limit of sensitivity at that time) or about 
twice the maximum permissible lung burden. 

Examination of personal and other air samples 
by counting and stripping film autoradiogra
phy(12l and of samples collected on a cascade 

centripeter '13 l indicated that the man was ex

posed to about 6 X 104 mpc hours of plutonium 
airborne contamination and that he had in
haled 135 nCi of plutonium on particles of acti
vity median equivalent diameter SJi. Direct 
application of the I.C.R.P. simple lung model 
suggests a retained lung burden of 12 · 5% of 
the inhaled amount, i.e. of 17 nCi. A detailed 
analysis of the particle size data obtained and 
application of the I.C.R.P. Task Group lung 
model suggested that the initial pulmonary 
deposition was 11 ·6% of that inhaled, i.e. 16 

nCi of which 60% ( 10 nCi) would be retained 
with a half time of about a year. 

Since the airborne contamination was not 
detected until routine counting of air samples 
at the end of the day, a nose-blow sample was 
not taken until some hours after the release of 
activity. Its plutonium content (43 pCi) was 
therefore of little use in assessing lung content. 

The plutonium content of urine samples 
dropped rapidly (see Fig. 3) from about 3 ·6 pCi 
on the first day of the exposure to below the 
detectable level (0 ·02 pCi) after 12 days. This 

urinary excretion may have been due to uptake 
from the lung or from the gastro-intestinal tract 
and no valid use can be made of these figures. 

Faecal samples showed a plutonium content 
of 26 nCi on the second day, the subsequent 
daily excretion falling rapidly (see Fig. 3) for 
a few days until, after day 12, there was a 
relatively constant daily faecal excretion of 
plutonium falling only from 10 pCi to 3 pCi by 
day 200. From the second to the fifth day after 
the intake 46 nCi were excreted in faeces. 
Although the voiding on the day following 
the incident was not collected, experience sug
gests that excretion in the first 24 hr is unlikely 
to exceed half the peak value on the following 
day. This assumption leads to a cumulative 
first five day excretion of ,.._, 60 nCi, corres
ponding, according to the I.C.R.P. simple lung 
model, to a long-term retention of ,..._, 12 nCi. 

This figure is based on a very much simplified 
lung model. In this incident the known par
ticle size distribution of the inhaled cloud com
bined with the I.C.R.P. Task Group lung model 
indicates initial deposition in the pulmonary 
compartment of 11 · 6% of that inhaled (imply
ing 7% long-term retention), of 76% in the 
nasopharynx and of 8% in the tracheal-bron
chial region. It is reasonable to assume in the 
existing circumstances that all plutonium de
posited in the tracheobronchial and naso
pharyngeal compartments (84%) appeared in 
faeces in the first few days. This, together with 

40% of that initially deposited in the pulmonary 
region, i.e. a total of 89%, corresponds to the 
measured faecal excretion of 60 nCi. The 
long term retention of 7% therefore corresponds 
to 4· 7 nCi. 

Although more directly relevant data is 
available in this case, it is interesting to note 
that use of the ratio of 20-2000 for early cumu
lative excretion to daily "plateau" excretion 
leads to the suggestion that the long-term lung 
retention is between 0·16 and 16 nC'i. Use of the 
I.C.R.P. Task Group figures for rate of clear
ance from the lung together with the "plateau" 
excretion level suggests a retention (Fp X 780) 
of 6· 2 nCi. 

Thus values have been obtained (see Table 2) 
ranging from 0 ·16 to 17 nCi with a definite 
upper limit of 30 nCi and a decision has to be 
made as to which of the approaches used is 
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Table 2. Analysis of Data for Cases of Inhalation of "Insoluble" Plutonium 

Approach 

I. In vivo measurement 

2. I.C.R.P. (1959) lung model 

Retained lung content 

(nCi) 

3. Air sample data+ T.G.* lung model 

<30 
17 
10 

4. Nose blows 
5. Urine analysis 

6. Early faecal analysis+ I.C.R.P. (1959) 
lung model 12 

7. Early faecal analysis + T.G.* lung 

model 4·7 
8. Faecal "plateau" excretion + T.G.* 

clearance data 6·2 
9. Faecal "plateau" excretion + 

Table 1 data 0·16-16 

* I.C.R.P. Committee II Task Group on lung dynamics. 

more valid in this particular case. Since the 

faecal excretion and particle size characteristics 
of the airborne contamination are known with 

certainty it is felt that the assessment using 

these data gives the best chance of approaching 

the truth. The individual was therefore accre

dited with an initial retained lung burden of 
5 nCi of 239Pu. In this case we were fortunate 

in possessing useful air sample data; usually 

such data are not available and the answer must 

be arrived at on less secure grounds. 
Some of the approaches described in this 

paper are purely empirical and have no pre

tence of precision; neither can they give any 

information on the systemic burden. But in 

giving a guide as to the seriousness of the lung 
content they can assist medical officers and 

health physicists in their early treatment of the 

exposed person. 
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THE UPTAKE, RETENTION AND EXCRETION OF 

INHALED EUROPIUM OXIDE IN TWO HEALTHY 

ADULT MALES 

P. L. ZIEMER, R. E. GEORGE* and W. V. KESSLER 

Bionucleonics Department, 
School of Pharmacy and Pharmacal Sciences, 

Purdue University, Lafayette, Indiana 

Abstract-Body burdens and activity excreted were repeatedly measured following an acci
dental europium oxide inhalation by two adult males at Purdue University. Isotopic com
position of the europium involved was determined to be 93.4% 156Eu, 3.25% 155Eu, 2.9% 154Eu 
and 0.35% 152Eu. Initial body burdens were found to be 55 ,u.Ci and 38 ,u.Ci of the mixed 
europium isotopes. Retention following the early rapid elimination processes was described 
by a power function: R(t) = At-n. One subject cleared 80% of his initial respiratory tract 
burden during the first day; the second cleared 89% of his burden. Based on the recent lung 
model of the ICRP, integral lung doses for the two subjects were calculated to be 6.8 rad and 
2.2 rad; lower large intestine doses resulting from early rapid clearance were 3.1 and 2.2 rad. 

INTRODUCTION 

On December 28, 1966, two members of the 

Purdue University Physics Department were 

exposed to a high level of airborne radioactivity 

for a short period of time. The inhalation 

occurred when a quartz ampoule, which con

tained reactor-produced europium isotopes in 

the fmm of insoluble europium oxide, ruptured. 

The material had been prepared by exposing 

98.7% enriched 153Eu oxide for 24 days to a 

flux of2 X 1014 neutrons/em 2/sec. The resulting 

activity, although initially stated by the supplier 

to contain 40 mCi of 154Eu and 2 mCi 152Eu, 

was later determined to contain 950 mCi 156Eu, 

23 mCi 155Eu, 29 mCi 154Eu, and 1.2 mCi 
1s2Eu. 

detector. Collection of urine and feces was 

also initiated to assist in determining body 

burdens. 

By day three following the incident, the body 

burdens in the two individuals were reduced 

sufficiently to allow whole body counting to 

be initiated in the Purdue University, 4-pi, 

large volume, liquid scintillation counter, 

SINCO-P. This counter has been described 

in detail in the literature. <1 ) 

Since very little has been reported in the 

literature on the behavior of europium com

pounds in biological systems, the measurements 

have served to characterize an excretion model 

for inhaled insoluble europium oxide. These 

data may further assist in the characterizing 

of the retention and excretion of other rare 

earth compounds in the body. 

METHODS AND MATERIALS 

Emergency procedures were carried out by 

Health Physics personnel, and the exposed 

individuals, after being externally decontami

nated, were immediately placed under medical 

observation. Preliminary estimations of their 

body burdens were made with a medical scan

ning unit utilizing a sodium iodide crystal 

The exposed subjects were counted three 

times a week for the first two weeks, then twice 

a week through the month of February. Weekly 

Radiobiology counts were then made for the next two months, * Present address: Armed Forces 
Institute, Bethesda, Maryland. 

I.R.P. VOL. 11-0 

bi-weekly counts were made during the month of 

1199 
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May, and beginning in June counts were made 
once per month. Initially, the counting rates 

were such that only 2-min counting times were 

required. This was later increased to 4 and 6 

min as body burdens decreased. Excreta were 

collected continuously for the first week fol

lowing the exposure. Thereafter, single 24-hr 
urine and fecal samples were collected each 

week as regularly as the subjects' cooperation 

made possible. After the fourth month, col

lection was reduced to once per month. 

Gamma spectroscopy was used to confirm 

the presence of 152Eu and 154Eu in the material 
inhaled by the exposed subjects. Spectra col

lected indicated that 156Eu and 155Eu were 

present in addition to 154Eu and 152Eu. The 

activity of the europium mixture at the time of 

the exposure was determined to be 93.5% 
15s£u, 3.25% 155£u, 2.9% 154£u, and 0.35% 

1s2Eu. Repeated counting of sources made 

possible calculation of the abundance of 156Eu 

as it rapidly decayed out of the mixture. The 

relative activities of the other europium isotopes 
were found by examination of the mixture's 

gamma spectrum. To verify these observations, 

calculations were made to determine the ex

pected yields of 156Eu, 155Eu, 154Eu, and 102Eu 

at the neutron flux, amount of target material, 
neutron cross sections, and irradiation time 

reported by the supplier. The results were in 

close agreement with the observed activities. 

A single channel analyzer operated in the 
integral mode with the base discriminator set 

to pass pulses equivalent to about 100 keV 

or greater was used to collect the whole body 

counting data. Integral counting was selected 

because the gamma spectra of the euporium 

isotopes involved cover a broad range of energies 
from 19 keV to 2.19 MeV. 

Counting standards were prepared from 
europium recovered from the scene of the inci

dent. The absolute activity of the recovered 

europium standards was determined using 4-pi, 

gas flow, beta counting. Chest phantoms were 

prepared using 2-gailon polyethylene LoLLle~ 

filled with distilled water. Smaller phantoms 

were prepared for urine and fecal analyses. 

Characterization of europium excretion was 

complicated by the presence of the four radio

isotopes whose physical half-lives varied from 

15 days to 16 years (Table 1). Nevertheless, an 
excretion model for inhaled europium oxide 

was developed after evaluating the data by 

two different methods. First, the fraction of 

the body burden excreted per day was obtained 

by determining both the body burden and the 
activity in the excreta for a given day. As a 

second method of evaluation, successive whole 

body counts were compared to normalized 

europium standard counts to find the fraction 

eliminated per unit time. Excretion models 

obtained by the two methods were in agreement. 
The fraction eliminated decreased with time 

and retention of inhaled europium oxide 

seemed to be best described by the power law: 

R(t) = At~n, where R(t) is the fraction of initial 
burden retained at time t, A is the fraction 

retained at unit time, and n is a constant. 

Particle size distribution data were deter
mined for unirradiated Eu20 3 from the same 

chemical batch used to prepare the europmm 
involved in the exposure incident. A phase 

Table 1. Characteristics of europium isotopes 

Approximate number Range of 
I 

Thermal neutrou 
Physical 

Isotope 
half-life 

of gamma energies cross-section 
gammas in spectrum (MeV) (barns) 

u 1Eu (stable) - - 5900 
152Eu 12.4 yr 22 0.122 to 1.41 5000 
1ssEu (stable) - - 320 
154Eu 16 yr 11 0.123 to 1.61 1400 
1s•Eu 1.8 yr 

I 
11 0.019 to 0.146 13000 

l56Eu 15.2 days 27 0.60 to 2.19 
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contrast microscope was used according to 
the methods of Drinker and Hatch. <2 l 

Radiation doses to lung, lower large intestine, 
and lymph tissue were then calculated in four 

ways: 

1. Using the 1959 I CRP lung model. 
2. Using the 1959 ICRP model modified to 

fit excretion data. 

3. Using the recently proposed lung model of 
the ICRP task group. 

4. Using the task group model modified to 
fit observed excretion data. 

RESULTS 

\Nhole body and excreta counting indicated 
that the initial internal body burdens of the 

two subjects, Z. G. and H. K., were 55 fLCi 
and 38 fLCi of mixed europium isotopes, res
pectively. Z. G. eliminated approximately 80% 
of his respiratory tract burden via the G I tract 
within the first 43 hr; H. N. cleared 89% of 
his burden within 48 hr by the same route. The 
retention equation fitting the data of Z. G. was 
found to be: R(t) = 0.21-0 ·

09
; for H. N.: 

R(t) = O.l2t-0
•
1 although his data were far less 

consistent (see Figs. 1, 2, and 3). After the rapid 
early clearance mechanisms ceased to be effec
tive, urine to fecal ratios of europium activity 

were equal to very nearly one. 
Values of radiation doses to critical organs 

calculated for the 4 lung models are listed in 

Table 2. 
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The unirradiated sample of Eu20 3 was found 
to have a count median diameter and standard 

deviation of 0.54 fl. and 2.0 fL respectively. The 
mass median aerodynamic diameter was cal

culated to be approximately 6.4 fL· Excretion 
data could be shown to agree with the recently 
proposed lung model if route (j), the rapid pul
monary compartment clearance rate, was as
signed a half-time of 12 hr vs. the L!4 hr time 
recommended by the ICRP task group. 

DISCUSSION 

The difference in retention observed in sub
jects Z. G. and H. N. may be explained as 
resulting from somewhat different exposure 
conditions. Z. G. remained in the vicinity of 
the spilled europium for an estimated 5 min, 
while H. N. left the area about 1 min after 
the incident occurred. Rapid settling of the 

larger Eu20 3 particles out of the breathing 
zone of the subjects may certainly have caused 
Z. G. to breath an aerosol of decreasing particle 
size, resulting in a higher percentage of pul
monary deposition. Since clearance mechan
isms are far less rapid in the lungs than in the 
upper portions of the respiratory tract, retention 
at one day post exposure would be logically 
greater for Z. G. 

Urine to fecal ratios of europium activity 
suggest that europium absorption was occurring 
in the lungs since the highly insoluble nature of 

dR!dt =~ 
R(t) t 

125 200 

DAYS POST EXPOSURE 

Fw. 1. Europium clearance determined from whole body measurements of Z. G. Curve 
represents power law retention where exponent for variable t is -0.09. 
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FIG. 2. Europium clearance determined from whole body measurements of H. N. Curve 
represents power law retention where exponent for the variable t is - 0.1 0. 

Table 2. Summary of Radiation Doses Calculated Using Various Lung lVfodels 

ICRP lung model-1959 ICRP Task Group lung model 

Subject Organ Modified to 

Original 
fit 

Proposed 
Modified to fit 

excretion excretion data 
data 

Z. G. lung* 4.4 rad 5.5 rad 8.7 rad 6.8 rad 
lower large 

intestinet 3.0 2.9 3.0 3.1 

lympht - - 10.0 -

H.N. lung* 3.0 2.0 5.7 2.2 
lower large 

intestinet 2.1 2.2 2.1 2.2 

lympht - - 3.8 -

* Infinity dose; over 90% of lung dose absorbed within 4 years of exposure. 
t Infinity dose; over 90% oflower large intestine dose absorbed within 3 days of exposure. 
t 50-year dose to lymph tissue. 
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FIG. 3. Europium body burdens as determined 
by whole body counting in SINCO-P. 

Eu20 3 would preclude a high percentage of 
absorption through the gut. 

Use of the best present knowledge on res
piratory tract clearance and other biological 

parameters of concern indicated that the lung 
and lower large intestine should still be con
sidered the critical organs in the exposure 
incident. Had the mixture consisted only of 
long-lived isotopes of europium, lymph would 
have been the tissue of greatest concern. 

The data also suggest a possibility of hold-up 
in the lungs in view of the fact that the retention 
power law overestimated excretion for the time 

period from 1 January 1966 through 24 January 
1966. Hold-up of plutonium oxide in the lungs 
has been described by Langham. <5 J Chemical 
similarities of actinides and lanthanides sug
gest that similar behavior on the part of euro
pium oxide is a reasonable explanation. 
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INHALATION CASES OF ENRICHED INSOLUBLE 

URANIUM OXIDES* 

J'j'EIL B. SCHULTZ 

Union Carbide Corporation, 

Nuclear Division, 

Oak Ridge Gaseous Diffusion Plant 

Oak Ridge, Tennessee 

Abstract-The retention and excretion of uranium by about 80 employees routinely assigned 

to calcining and fluorinating uranium-bearing materials enriched in the 235U isotope have 

been closely followed for more than a year. In vivo measurements of body radioactivity were 

made by means of gamma spectrometry with two Nal scintillation detectors in an "iron

room" type, low background counter. Initial chest cavity burdens ranged from less than 

0.006 fLCi to about 0.050 fLCi of enriched uranium, with only two cases having annual averages 

greater than 0.017 fLCi. The effective half-lives for chest cavity retention of the three employees 

who were temporarily removed from uranium processing areas ranged from about 120 to 250 

days. Urine samples collected over 24 hr were analyzed for uranium mass, alpha activity, 

and 235U enrichment. Average ratios of chest cavity burden to urine excretion rate increased 

from about 550 to 1100 between the initial and final determinations. Fecal excretion rates 

averaged 40% to 180% of the uranium urinary excretion rates. Material balance calculations 

showed agreement ranging from 50% to 75% between total urinary-fecal excretion and reduc

tion in chest cavity burden as shown by in vivo measurements. Pulmonary function tests of the 

employees revealed normal respiratory performance. Medical data, including chest X-rays, 

clinical urinalysis for albumin, and microscopic examination of urine for pathological cells 

and organisms, are normal in all cases. There is no evidence of personnel injury from these 

transient internal uranium depositions. 

INTRODUCTION 

During more than 20 years of operation of a 
uranium gaseous diffusion plant, appropriate 
environmental monitoring and operating con
trols have been maintained to limit exposure of 

employees to acceptable levels. For the past 
5 years, in vivo gamma spectrometry measure
ments of the 186 keV gamma radiation asso
ciated with 235U have been performed to 
supplement the urinalysis program for monitor
ing personnel involved in uranium processing. 
Over 90% of the personnel monitoring data 
reflect either less-than-detectable or negligible 
results, and present no problem in evaluating 

* This document is based on work performed at the 

Oak Ridge Gaseous Diffusion Plant, operated by 

Union Carbide Corporation, Nuclear Division, for the 

U.S. Atomic Energy Commission. 

exposures. The retention and excretion of 
uranium by about 80 male employees routinely 
assigned to calcining and fluorinating uranium
bearing materials enriched in the 235U isotope 
have been closely followed for the period of 
November 1964 through June 1966. The pur
pose of this paper is to record the results of this 
study, with data for 3 employees reported in 
detail. 

SUMMARY 

The operation of industrial-scale uranium 
recovery facilities at the Oak Ridge Gaseous 
Diffusion Plant by the Union Carbide Corpora
tion, Nuclear Division, for the U.S. Atomic 
Energy Commission involves the calcining 
and fluorinating of uranium-bearing materials 
enriched in the 235U and 234U isotopes. En
vironmental air sampling and work surface 

1205 
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radio-activity surveys are conducted on a routine 
basis in all processing areas to evaluate internal 

exposure potential via inhalatior:. Person~el 

monitoring practices include urme analysis, 
fecal analysis, and in vivo gamma spectrum ana
lysis programs. Urine and fecal samples, either 

single voiding or excreta collected over 2~ .hr, 
are analyzed for uranium mass alpha act1v1ty, 
and 2asu enrichment. In vivo measurements of 

body radioactivity were made by ~e.ans. of 
gamma spectrometry with 2 Nai scmt1llat10n 
detectors in an "iron-room" type, low back
ground counter. The retention an~ excretion 
of uranium by about 80 male chemical opera
tors and maintenance mechanics routinely as
signed to calcining and fluorinating ur~nium
bearing materials enriched in the 235U Isotope 
have been studied during the period ofNovem
ber 1964 through June 1966. Only 8 detectable 
chest cavity burdens were recorded; of these, 3 
had an annual average value less than 0.008 

,u.Ci of uranium; 3 averaged between 0.00~ 

,u.Ci and 0.017 ,u.Ci, and 2 averaged 0.028 ~-tCI 
of uranium. The subjects of this report are the 

z latter cases and a third case in the 0.008 ~-tCi 
to 0.017 ,u.Ci range, all ofwhom are male chemi
cal operators and were temporarily tra1_1sferred 
from uranium processing areas followmg the 
initial elevated urinalysis and in vivo measure
ments. The effective half-lives for chest cavity 
retention of these 3 employees ranged from 
about 120 to 250 days. Average ratios of chest 

cavity burden to urine excretion rate~ i~~reased 

from about 550 to 1100 between the Imtlal and 
final determinations. Fecal excretion rates 

averaged 40% to 180%. of the uranium uri~ary 
excretion rates. Matenal balance calculatwns 
indicated that 50% to 75% of the reduction in 
chest cavity burden as shown by in vivo measure
ments are reflected in the total urinary-fecal 
excretion. Pulmonary function tests revealed 
normal respiratory performance, and medical 
data are within normal limits in all cases. There 
is no evidence of personnel injury from these 
transient internal uranium depositions. 

BACKGROUND INFORMATION 

Operations 

Personnel in the study group were 80 employ
ees assigned to the operations and maintenance 
activities in the enriched uranium recovery 

facility, involving the conversion of uranyl 
nitrate, U02(N03) 2, by calcining at about 
750°C to urano-uranic oxide, U 30 8, and the 
direct fluorination of the oxide to uranium hexa
fluoride, UF 6• These operations, conducted in 
closed systems, are located in relatively open 

areas of approximately 12,000 ft 2 and 3009 ft 2, 

respectively. 

Environmental Monitoring 

Established practices limit internal exposure 
to acceptable levels by appropriate environ
mental controls. To evaluate both the effec
tiveness of these controls and the internal ex
posure potential via inhalation, air sampling 
is conducted on a routine basis in all processing 
areas. In general, environmental air levels 
are well within the limits prescribed by the 
National Committee on Radiation Protection <1 > 

and the International Commission on Radio
logical Protection. <2 > Long-term or 8-hr shift
length samples are automatically collected, 
counted for alpha radioactivity concentration, 
and recorded by locally developed continuous 
air monitors. <3

) During this study, 954 shift
length samples were collected, with an average 
concentration of 3.3 X I0- 11 ,u.Cijcc, and a 
maximum 8-hr value of 1.5 X l 0-9 ,u.Cijcc. Spot
air samples, taken over periods of lO min or 
less in close proximity to equipment during 
maintenance or operation activities requiring 
momentary opening of the system to atmosphere, 
resulted in maximum air levels of 4.9 X 10-7 

,u.Cifcc. Where the probability of relatively high 
air activity exists, the use of appropriate res
piratory equipment is mandatory. Measure
ment of transferable uranium alpha activity 
on work surfaces provides a broad sampling 
base for estimating the potential personnel 
exposure. <4

) Uranium alpha levels on floors and 
work surfaces averaged l.l X 10-s ,u.Cifcm 2.' 

with a maximum value of only 4.5 X 10- 6 

,u.Cijcm 2, reflecting effective environmental con
trol techniques. 

Aerosol Characteristics 

Evaluation of the potential hazard from 
inhaling radioactive airborne particulates re
quires not only monitoring of the concentration 
levels, but also careful consideration of the 
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physico-chemical characteristics of the particles, 
and the physiological characteristics of the 
human respiratory system. The two compounds 
of most likely exposure in these cases are urano
uranic oxide, U 30 8 , and uranium hexafluoride, 
UF 6 • The oxides of uranium, generally listed 
as being insoluble in water, actually have widely 
varying solubilities (0-100%) in synthetic lung 
fluids, <>l with the U 30 8 of interest in this study 

being about 16% soluble in test tube studies 
over a 4-month period. The uranium content 
of the powder is 84%, approximately 2/3 being 
hexavalent and l/3 being tetravalent. This 

oxide powder has a surface area of 3.05 m 2/g 
and a density of 8.38 gjcc. A count median 

diameter of 1.0 ± 3.0 fL was determined from 
the photomicrograph shown in Fig. 1. The 
other potential exposure material, gaseous 
uranium hexafluoride, hydrolyzes if released 
to the atmosphere, with reaction products of 
hydrogen fluoride, HF, and uranyl fluoride, 
U0 2F2• The particle size range of the highly 
soluble, short biological half-life U0 2F2 aerosols 
varies widely from submicron to several microns 
in diameter, depending upon several factors, 
such as ambient temperature, relative humidity, 

FIG. l. Photomicrograph of U 30 8 X 500 reduced to,~ •. 

I,R.P. VOL. II-O* 
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and the concentration of the UF 6 at the time of 
the release. <4 > During the study period, en
richments in the 235U isotope ranged from about 

10% to approximately 90%; for the 3 cases 
reported, the most likely enrichment of the 
exposure material was about 25% 235U. 

Personnel Afonitoring 

In order to evaluate the effectiveness of 
engineering design and operational practices, 
and to estimate the degree of internal exposure, 
personnel monitoring programs have been 
established. Monitoring of all personnel who 
work in uranium areas is accomplished by 
uranium urinalysis and in vivo gamma spectrum 
analysis. If either method points up potential 
exposure cases, fecal sampling as well as more 
frequent urinalysis and in vivo gamma spectrum 
analyses are used to more precisely evaluate the 
degree of exposure. The scheduled urinalysis 
sampling frequency is monthly for both the 
chemical operators and the maintenance mecha
nics, as well as the supervisory staff. These 
routine samples are obtained on a spot basis 
and are submitted after a 2- or 3-day work 
break, allowing time for the highly soluble 
uranium to be eliminated. When more fre
quent sampling is indicated, 24 hr urine and 
fecal voidings are submitted. In this study, 
when the employees were requested to provide 
such timed excretion samples, the importance 
was stressed to secure knowledgeable co-opera
tion. Volumes of urine and masses of feces 
reported to be 24-hr samples averaged 1263 
mljday and 135 g/day, respectively, and are 
summarized in Table A5. Urine analyses are 
routinely made for both uranium mass and 
alpha activity, using the familiar laboratory pro
cedures of (a) the fluorophotometric method for 
determining uranium mass, and (b) electro
plating and counting for alpha activity. The 
235U enrichment is determined by surface ioni
zation mass spectrometry. 

The in vivo gamma spectrometry measure
ments of the 186 keV gamma radiation asso
ciated with 235U reported in this study were 
made at the nearby Y-12 Plant, also operated 
by the Union Carbide Corporation, Nuclear 
Division, for the U.S. Atomic Energy Commis
sion. Figure 2 is a photograph showing the 
positioning of the subject and the detertors. 

FIG. 2. In vivo gamma measurement-position

ing of subject and detectors. 

·~ 

This gamma radioactivity measurement facility 
consists of the familiar low-background "iron
room" counting chamber, two 9-in. diameter 
by 4-in. thick thallium-activated sodium iodide 
crystals, and a 400-channel pulse height analy
zer. <

6
> Quantities as low as 30% of the maximum 

permissible body burden of any of the isotopic 
enrichments investigated can be measured. For 
a wide sampling of employees representing the 
many crafts and skills working in a large gaseous 
diffusion plant, all chest cavity burdens, except 
as indicated in this report, averaged well below 
0.008 JLCi of uranium. 

EVALUATION OF DATA 

Medical Findings 

Deposition, retention, and translocation of 
inhaled radioactive particles are related not 

only to their physical and chemical proper
ties, but also to the physiologic and anatomic 
characteristics of the host. For example, ciga
rette smoke, a ciliostatic substance, might reduce 

the rate of mucus transport by over one-half, 
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and thus influence the respiratory system clear
ance, particularly during and shortly following 
the dust exposure. <7 l Pulmonary function tests 
of the employees, two of whom are relatively 
heavy cigarette smokers, revealed normal res
piratory performance. Medical data, including 
chest X-rays, clinical urinalysis for albumin, 
and microscopic examination of urine for patho
logical cells and organisms, are wiLhin uonnal 
limits in all cases. 

In Vivo Gamma lvleasurements 

Of the 80 employees considered in this study, 
8 had detectable chest cavity burdens, 3 had an 
annual average value less than 0.008 ,uCi of ura
nium, 3 averaged between 0.008 ,uCi and 0.017 
,uCi of uranium, and 2 averaged 0.028 ,uCi. The 
subjects of this report are the 2 latter cases and a 
third case in the 0.008 ,uCi to 0.0 I 7 ,uCi range, 
all of whom are male chemical operators and 
were temporarily transferred from uranium 
processing areas following the initial elevated in 

vivo measurement. These data are detailed m 
Tables Al, A2, and A3 of the Appendix. 

Excretion Data 

The least square fit for excreta measurements 
on these employees predicted initial levels as 
high as 71 pCifday in the urine and 593 pCi/day 
in the feces. The excretion pattern changes at a 
rate different from that of the chesL burden, as 
shown in Figs. 3, 4, and 5. 

Data Summary 

For ease of interpretation, the tabulated data 
were fed to a computer program to determine 
the least square fit for the log of the measurement 
as a function of the number of days since the 
initial elevated in vivo measurement. The dates 
of the first elevated in vivo measurements are 
the time datum ( t = 0) for the derived curves 
of uranium excretion and chest burden data 
for the 3 cases, shown, along with the expo
nential function-of-time formulae, in Figs. 3, 4, 
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FIG. 4. Excretion and in vivo curves, case K-2. 

and 5. Overall bioassay data averages for the 
3 cases are summarized in Table l. For the 
convenience of the reader, comparisons of ex
cretion and in vivo data are listed for these and 
other cases C8 - 10 l in Table A4. 

The data suggest that the half-lives of insol
uble or slightly soluble inhaled uranium in the 
chest cavity have long-lived components in 
these 3 cases ranging from about 120 to 250 
days. The initial shorter half-life component 
of uranium excretion found in cases F-IB and 
UR-29 was seen in case K-3, but not in cases 
K-1 and K-2. Ratios of monthly averages of 
in vivo chest cavity burden and the quantity 
of uranium excreted daily in the urine varied 
from about 120 to 4130, averaging 1032, 904, 
and 357, respectively, for the 3 cases, suggesting 
the multiplication factor for estimating the 

quantity of uranium retained in the lung from 
the quantity of uranium excreted per day in the 
urine. For the 2 more similar cases, urinary 

excretion levels of23 ± 17 pCifday and 24 ± 15 
pCi/day at 95% confidence levels would predict 
0.017 f.LCi chest cavity burden of uranium. 
Fecal excretion was a significant mode of clear

ance in the 3 cases, averaging 92%, 44%, and 
183%, respectively, of the urinary uranium 
elimination. These variances may be explained 
by such factors as differences in particle size, 
effective solubility, physiology of respiration, 
individual physical characteristics of the human 
anatomy governing dust deposition, and the 
elapsed time after exposure that fecal sampling 
started. 

Material balances were calculated on the 3 
cases for total excretion, and compared with the 
decrease shown by in vivo measurements. These 
.data suggest that 50% to 75% of the chest bur
den decrease is accounted for through v.rinary' 
and fecal excretion. A possible explanation 
is that a portion of the uranium retained in the 
lung is being transferred to another component, 
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Table 1. Data Summary 

Case K-1 Case K-2 

Urinalysis 

Early excretion level (pCijday) 64 71 
Biological half-life (days) 138 103 
Number of measurements 48 21 

Fecal Analysis 

Early excretion level (pCijday) 57 41 
Biological half-life (days) 144 71 
Number of measurements 43 17 

Total Excretion 

Urine-fecal excretion (pCi) 22,000 13,000 
In Vivo 

Early burden (pCi) 40,900 41,900 
Biological half-life (days) 245 209 
In vivo decrease (pCi) 29,000 26,000 
Number of measurements 17 12 

Ratio 

Fecal/urinary excretion 0.92 0.44 
Total excretion/in vivo decrease 0.76 0.50 

500 

Case K-3 

45 
134 
22 

583 
12,383 

18 

20,000 
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27,119 
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0.69 
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FIG. 6. Systemic burden build-up. 

such as the bone or lymph nodes, where it is 
retained but is not detectable by in vivo gamma 
spectrometry. An estimate of the buildup of 
uranium in other body components was de
rived from a computer program which sums 
the differences between excretion and apparent 
elimination from the chest cavity. Plots of 
this buildup are shown in Fig. 6. As a point of 
reference, 50,000 pCi is the maximum permis
sible body burden (bone) for soluble, enriched 

uramum. 

CONCLUSIONS 

Three individuals with detectable quantities 
of enriched uranium in their chest cavities 
and excreting measurable quantities in their 
urine and feces were monitored for a period of 
over a year. The data are still being collected. 
For these cases, the following general conclu
sions are made: 

1. Biological half-lives for insoluble uranium 

dust retained in the lung ranged from 
120 to 250 days. 

2. In the absence of current soluble uranium 
exposures, factors of about 1000 were re
flected by the ratios of the chest burden 
and the daily urinary uranium excretion 
levels. 

3. Fecal excretion is a significant mode of 
uranium elimination. 

4. The apparent decrease of uranium in the 
chest is greater than the amount of uran
ium excreted, suggesting transfer of uran
ium from the chest cavity to another organ. 

5. Systemic buildup for these lung burdens 
represents about 20 per cent of the maxi
mum permissible body burden (bone) for 
soluble enriched uranium. 

6. Urinalysis is of value in highlighting 
potential uranium exposure cases. 

7. Urinalysis, fecal analysis, and in vzvo 
gamma spectrometer measurements are 



INHALATION CASES OF ENRICHED INSOLUBLE URANIUM OXIDES 1213 

suggested for thorough evaluation of a 
significant uranium exposure. 

8. Medical findings for these employees are 
within normal limits and there is no evi
dence of personnel i~ury from the trans
ient internal uranium depositions. 
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APPENDIX 

Table Al. Excretion and In Vivo Data. Case K-1 

In vivo Urine Feces In vivo Urine Feces 
Date (pCi) (pCijday) (pCijday) Date (pCi) (pCijday) (pCijday) 

---
1/12/65 34,489 209 - 7/20/65 

o,c nnr:: 1{) 0'7 
L:-r,o~J '"' "-' 

1/15/65 50,276 67 - 7/31/65 - 24 25 

1/17/65 - 65 155 

1/18/65 - 25 - 8/9/65 - 16 42 

1/24/65 - 49 - 8/20/65 17,730 - -

1/27/65 41,209 82 - 8/22/65 - 32 20 

1/28/65 - 64 109 8/29/65 - 30 10 
1/31/65 - 45 59 

I 9/5/65 - 27 24 

2/7/65 - 73 109 9/12/65 - 15 9 

2/15/65 - 16 35 9/19/65 - 15 20 
2j16f65 39,549 - - 9/28/65 18,337 - -

2/23/65 - 21 37 

2/28/65 - 32 23 10/3/65 - 17 18 
10/10/65 - 21 20 

3/7/65 - 8 94 10/29/65 - 16 22 
3/14/65 - 22 45 

3/21/65 - 20 36 11fl/65 16,192 - -

3/22/65 31,858 - - 11/13/65 - 16 20 
3f28j65 - 24 39 11/28/65 - 22 20 

11/30/65 17,609 - -
4/4/65 - 32 26 

4/12/65 - 63 38 12/12/65 - 8 15 
4/18/65 - 21 16 12/26/65 - 16 10 
4/25/65 - 29 33 12/29/65 11,415 - -

4/26/65 32,465 - -

1/23/66 - 8 8 

5/2/65 - 59 23 
5f16f65 - 33 37 2/4/66 14,370 - -

5/23/65 - 24 40 2/27/66 - 8 9 

5/25/65 28,700 - -
5/31/65 - 54 10 3/17/66 16,556 - -

6f6f65 - 32 23 4/3/66 - 6 20 
6/13/65 - 27 40 

6/20/65 - 16 22 5/8/66 10,160 10 15 
6/27/65 - 24 10 

6jl5f66 5667 - -
6j19j66 - 8 17 
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Table A2. Excretion and In Vivo Data. Case K-2 

! 
In vivo Urine Feces 

Date (pCi) (pCi(day) (pCi(day) 

5/25/65 42,673 81 -

5/27/65 I 42,356 111 -

6(7(65 
I 

62 - -

6(20/65 - 60 45 

6/23/65 42,582 - -
6(28/65 - 64 -

7/2/65 
I 

62 I 25 -

7/21/65 37,055 55 17 

8/4/65 - 32 40 
8/18/65 ! - 34 10 
8/20/65 I 28,403 - -

I 
I 

9/1/65 
! 

- 28 41 
9/15/65 30,849 - -

9/19/65 
i 

40 8 

i 
-

10/12/65 
I 

21 8 I -

10/13/65 20,929 - -

l0/31/65 - 25 15 

11/11/65 23,375 18 6 
11/30/65 - 14 5 

1/6/66 21,925 24 1 

2/3/66 - 15 2 
2/4/66 18,029 - -

3/3/66 - 15 5 
3j30J66 18,392 21 10 

5/25/66 - 14 2 

6/22/66 18,256 11 12 
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Table A3. Excretion and In Vivo Data. Case K-3 

In vivo Urine Feces 

Date (pCi) (pCijday) (pCi/day) 

. 1j11j65 24,868 74 

1/19/65 94 

2/4/65 23 

2j23j65 27,610 59 

3/4/65 33 34 

3/14/65 40 31 

3/23/65 23 12 

3/29/65 11,227 

4/1/65 15 15 

4/11/65 15 12 

4f19/65 13 9 

4/29/65 7680 II 7 

5/9/65 30 9 

5f19/65 130 8 

5/24/65 7424 

5/27/65 24 6 

6f14/65 14 7 

6/24}65 10 10 

7/28/65 52 7 

8}10}65 4425 

8}19/65 39 56 

9}19/65 16 7 

10}7 /65 7460 

10/10/65 14 5 

11/25/65 3 6 

12/2/65 1499 

1/27/66 8 8 

1/28/66 1134 

6/16/66 4132 
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Case 

1 
UR-2 
y 
y 

-1 
-2 

Y-3 
Y-4 
Y-5 
K-1 
K-2 
K -3 

Table A4. Comparison of Excretion and In Vivo Data. 

Chest burden : Chest burden* : I 
Urine excretion Total excretion Fecal excretion*: 

(pCijpCi per day) (pCijpCi per day) Urine excretion 

I I 
(pCijpCi) 

Initial Final Initial Final 
- I 

270 610 - - 0.1 
2200 3100 200 1200 1.1 
1700 2200 1200 1400 0.5 
1600 3800 900 1800 0.9 
1100 1600 520 540 1.6 
2100 4900 1300 1800 1.0 
3200 5700 920 1300 3.3 

780 980 370 560 0.9 
660 1100 440 840 OA 
550 160t 370 llOt 1.8 

* Over the period covered by fecal analyses. 
t Chest burden less than 6000 pCi enriched uranium. 

Table AS. Excretion Quantities 

Chest burden drop*: 
Total excretion 

(pCijpCi) 

0.9 
2.6 
1.6 
1.1 
0.9 
0.7 
0.7 
0.8 
0.5 
0.7 

Urine (volume) Feces (mass) 

Case 
Number 

-1 
-2 
-3 

K 
K 
K 
T ota1 

No. 
samples 

39 
14 
18 
71 

(m1/day) 

Min. Avg. Max. 

610 1325 1900 
860 1369 1700 
440 1023 1540 
440 1263 1900 

No. 
(g/day) 

samples Min. Avg. Max. 

39 51 181 362 
14 18 54 126 
18 48 92 186 
71 18 135 362 



DISCUSSION 

w. N. SAXBY (U.K.): 

1. '."lere measurem<"nts carried out in other parts 
of the trunk? 

2. Were any further D.T.P.A. treatments carried 
out after the first series? 

3. Is there any later data on the faecal and urinary 
output and in particular of their ratio? 

A. BRODSKY: 

1. Yes, as also mentioned in the printed version of 

this paper, measurements were taken near many body 
positions to determine the locations of internal and 

external contamination. However, the detailed data 

are voluminous, so only a sample of the more im
portant chest measurements are to be published here. 

2. Of course, it would have been of scientific 
interest to give further administration and follow sub

sequent excretions, even after the lung burden was 

below detectable limits. However, the medical mem
bers of this team felt that DTPA was not without its 

risks and thus further administrations could not be 
justified after the lung burden was well within safe 

limits. 

3. Faecal excretion dropped to very low values 
within a few weeks after the DTP A administration. 

About 5 months after the accident, the employee 

changed jobs and we no longer have access to this 
data. However, the lungs and other parts of the body 

were counted through May, 1966, and no appreciable 
indication of contamination reappeared after the 

period covered by Table 2 of this paper. 

]. R. HORAN (U.S.A.): 

In the calibration of your phantom did you employ 

radioactive material from the incident itself, such as 

the radioactive particle recovered from the operator's 
undershirt? 

A. BRODSKY: 

Not directly, since insufficient material was avail
able. However, samples of the contamination were 

examined with respect to the relative attenuation of 

the 17 and 60 ke V peaks in water, and the informa
tion was utilized in analyzing the results obtained 

with the more intense 1 liter standard. Since ulti
mately only the 60 keV peak was used to obtain 

Am 241 burdens, this procedure was satisfactory. 

F. BERTHOLD (Germany): 

For the assessment of plutonium incorporated in 

lungs using external detectors, Kiefer, lv1aushart and 
co-workers have described a system using a triple 

large area flow-counter allowing both energy and 

range discrimination. Their results were better than 
with any practical scintillation counter system. 

With an improved version of this instrument it is 

possible to resolve the different Pu-X-ray lines. 
Using the relative line-intensities of the in vivo spec

trum, a calculation of the depth from which the 

radiation originated and the absolute activity in
corporated is possible. The detection limits are 

about 0.01 1-'Ci incorporated Pu. 

B. A. J. LISTER: 

I am, of course, aware of the work of Nlaushart and 

the parallel work of Rundo at Harwell. The present 
limit of detection by direct measurement is about 

three-quarters of the maximum permissible lung 

burden. Probably with even greater sophistication 
of instrumentation this will be reduced-but I am not 

sure that the reduction will ever be considerable. We 

still have a great interest in assuming lung burdens 
well below this level and we shall still need the alter
native approaches. 

D. K. CRAIG (South Africa): 

Dr. Lister, you several times mentioned that 

analyses of particle size were carried out. Could you 
please give us some idea as to the range of the ob

served particle size distributions involved? 

B. A. J. LISTER: 

Yes, I can certainly give you the range of particle 

sizes found iri practice. The largest particles are 
several hundred microns and the smallest are much 

smaller than a tenth of a micron. We can find almost 
any size you care to mention. 

Hub. WrJKER (Netherlands): 

Showing his second slide, the speaker remarked 
that 15% of the material was soluble. Can the 

speaker give his opinion on how to define soluble? 
Soluble in body fluids or an equivalent of it? If so, 

what equivalent? Have other parameters to be in

cluded in the definition, e.g. the speed with which the 
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material dissolves, which in itself may be a function of 

particle shape and size? 

N. B. SCHULTZ: 

The solubility studies are described in detail in 

ref. 5 of our paper: L. M. STECKEL and C. M. \NEsT, 
Characterization of Y-12 uranium process material 

correlated with in vivo experience. Y-1544 (1966). 

W. N. SAXBY (U.K.): 

In the U.K. we have had experiences similar to 

those reported by Mr. Schultz. The cases he quotes 

are the result of incidents resulting in largish single 
exposures. The case he attributes to the study by my 

co-workers and myself (Saxby et al., IAEA Sym

posium, Heidelberg 1964, IAEA, Vienna 1964) was 
also probably from a single incident. Routine moni

toring of enriched uranium workers is carried out, for 
reasons of practicability by urinalysis-it is con

venient to have a quickly useable factor to convert 

daily urinary output of uranium to uranium in the 
chest-not as an absolute measure but as a guide to 

further investigation. In my earlier paper (see above) 

a factor of 500 was suggested. Recent work with 
chronically exposed workers and the data quoted by 

Schultz to-day suggest that this figure should be 

reconsidered, and replaced by a factor of 1000. Mr. 
Wijker who preceded me asked for further informa

tion on the difficulty of deciding on the solubility of 
the uranium. This subject is discussed at some length 

by the ICRP Task Group on Lung Dynamics and 

their report is in the February 1966 Health Physics 

(ICRP Task Group on Lung Dynamics, Health 

Physics, Feb. 1966, Pergamon Press, Oxford, 1966). 

The use of the terms "soluble" and "insoluble" is 

perhaps unfortunate, as the phenomena observed are 

not solely dependent on chemical solubility as it is 
normally defined-chemical form and solubility, 

valence states, physical form and dimensions, previous 
heat treatment, and metabolic processes, and bio

logical factors in the body all affect the material's sub

sequent movements. It would be more readily under
standable to talk, not of a material being "soluble" or. 
"insoluble", but of it being "readily -transferable" 

within the body, "mildly transferable" or "easily 
transferable". 

N. B. ScHULTZ: 

Thank you for your comments, with which we 
concur. 

j. CHALABREYS3E (France): 

Sur la base de son experience personnelle et dans 

le cas particulier de !'uranium, je voudrais demander 
a l'orateur si d'une part il est d'accord avec les con

clusions du Groupe de Travail de l'ICRP concernant 

le schema pulmonaire de retention et d'epuration des 

particules inhalees et si d'autre part il peut preciser 
les differentes fractions s'epurant par voie sanguine, 

done s'excretant dans les urines, puis par voie diges
tive, done s'eliminant dans les feces, et enfin par voie 

lymphatique, done susceptibles de rester fixees 
definitivement dans les ganglions. 

N. B. ScHllLTZ: 

The recent Task Group report appears to mcor
porate the latest research and carefully weighed 

opinions of our scientific community. 



DESCRIPTION ET ANALYSE DE L'ACCIDENT DE 

CRITICITE SURVENU AU REACTEUR VENUS 

A MOL EN DATE DU 30 DECEMBRE 1965 

G. PENELLE 

C.E.N., Mol, Belgique 

Resu:me-Le trente decembre 1965, un agent technique attache au reacteur Venus du CEN 
a MOL a ete fortement irradie lors d'une manipulation de barres neutrophages effectuee sur 

le noyau de ce reacteur. 

Le reacteur Venus ( Vulcain Experimental NUclear Study) constitue le IT\odele nucleaire 
du reacteur Vulcain; il sert a determiner les principales caracteristiques physiques de ce 

reacteur. 
Une description breve des installations du reacteur Venus, necessaire a la bonne com

prehension des circonstances de !'accident, est presentee dans la communication. 

L'accident s'est produit lorsque !'agent a voulu extraire une barre neutrophage du noyau 
du reacteur; il a applique d'une far,:on erronee un ordre d'operation qui, lui-meme, n'etait pas 

conforme aux consignes regissant !'exploitation du reacteur. 

La communication expose l'encha1nement des circonstances et la sequence des manoeuvres 
qui ont conduit a !'accident. L'analyse de cette sequence est faite du point de vue du bilan 

reactif. 
L'arret du reacteur a resulte de la retombee de la barre manipulee par !'agent; le depasse

ment de niveaux de rayonnement predetermines a, en outre, provoque la vidange automatique 

de la cuve du reacteur. 
La sequence des evenements qui ont suivi l'emballement nucleaire est decrite. Apres 

!'accident, un examen de l'etat du reacteur a ete effectue; les conclusions en sont fournies. 
De nombreuses etudes ont egaleme:ri.t porte sur les doses rec;ues par !'agent accidente et sur 

les aspects physiques de !'accident. Les etudes de dosimetric sont traitees dans une autre 

communication (Parmentier et Boulenger). 
En ce qui conceme les aspects physiques, la presente communication resume les resultats 

des etudes portant sur la cinetique, l'energie degagee pendant l'emballement, la nature des 
rayonnements emis. 

Enfin, les conclusions principales sont tirees de cet accident. 

L'INSTALLATION critique Venus (Vulcain Experi
mental NUclear Study) a ete mise en service a 
Mol dans le courant de l'annee 1964; sa reali
sation visait a determiner les caracteristiques 
du noyau a spectre variable qui, dans le cadre 

prevu etait pres de s'achever lorsqu'un accident 
de criticite survint le 30 decembre 1965. 

Afin de faciliter la comprehension des circon
stances qui ont amene et accompagne !'accident, 
il est utile de decrire d'abord succinctement 

du projet Vulcain, devait etre utilise dans le !'installation. 
reacteur BR 3/VN, a Mol, et, eventuellement, 
dans le reacteur Vulcain Mark I. DESCRIPTION DE L'INSTALLATION 

Conformement a cette specification, !'instal- D'une maniere schematique, elle comprend 
lation a ete utilisee de maniere intensive au une casemate blindee dans laquelle se trouve le 
cours des annees 1964 et 1965 et plus de mille rea,cteur; un local contient la casemate, la 
approches critiques avaient ete effectuees en fin salle de controle du reacteur, un bureau et un 
d'annee 1965. Le programme experimental laboratoire (fig. 1). 
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1224 G. PENELLE 

FIG. 1. Vue explosee du reacteur. 

La casemate a des parois en beton lourd; 
elle est fermee par une porte coulissante egale
ment faite en beton lourd. Elle comporte un 
niveau de travail auquel on accede de l'ex
terieur par des escaliers conduisant pres de la 
porte de beton. Ce niveau de travail presente 
une superficie de 4 m X 5,5 m et, en sa partie 
centrale, il est decoupe de maniere a donner 
acces a la partie superieure de la cuve du reac
teur, dressee verticalement sous le niveau de 
travail. Cette cuve d'acier inoxydable est cy
lindrique; son diametre est de 1,6 m et elle est 
haute de 1, 73 m. Elle contient le noyau du 
reacteur, c'est-a-dire des assemblages com
bustibles, des assemblages moderateurs, des 
assemblages reflecteurs, des barres de securite 
et de regulation, le tout immerge dans un 
melange d'eau lourde et d'eau Iegere. Le com
bustible se presente sous forme de tubes d'acier 
inoxydable remplis de pastilles de dioxyde 
d'uranium enrichi a 7%; trente-sept de ces 
crayons forment un assemblage combustible, 

dont l'enveloppe exterieure est un boitier hexa
gonal d'acier inoxydable, perce de trous. Une 
particularite, qui aura son importance dans les 
doses delivrees lors de !'accident, reside dans 
la presence d'un bouchon d'acier inoxydable au 
sommet de chaque crayon combustible et de six 
grilles d'acier inoxydable dans les assemblages 
combustibles qui ont pour but de centrer les. 
trente-sept crayons combustibles. Le noyau 
contient 73 assemblages combustibles. 

Les assemblages moderateurs contiennent les 
barres de securite et de regulation. Dixhuit 
assemblages moderateurs sont distribues au 
sein des assemblages combustibles. 

Les barres de controle comprennent huit 
barres de securite et deux barres de regulation. 
Les banes de securite (barres S) sont suspendues 
par cables a une superstructure metallique qui 
surplombe le reacteur a l'interieur de la case
mate; en cas de signal d'arret d'urgence, des 
embrayages electromagnetiques liberent auto
matiquement le systeme de suspension des barres 
de securite, ce qui provoque la chute de ces 
dernieres dans le noyaLJ. Par contre, les deux 
barres de regulation (barres R) sont roues par 
l'intermediaire d'un dispositif a vis sans fin qui 
ne permet pas de les !arguer. Le deplacement 
des barres de securite et des barres de regulation 
est commande a distance a partir de la salle de 
controle. Outre les barres de controle a com
maude motorisee, il existe des barres que l'on 
insere ou que l'on retire sur place a la main 
(barres M); ces barres sont au nombre de huit. 
Les diverses barres de controle constituent des 
unites independantes qui peuvent etre placees 
dans n'importe quel assemblage moderateur. 

Des circuits hydrauliques comprenant les 
reservoirs et pompes indispensables, ainsi qu'un 
demineraliseur sont situes dans la casemate 
sous le niveau de travail. Celui-ci est materia
lise par un poutrellage sur lequel sont posees 
des dalles de beton. 

DESCRIPTION DE L' ACCIDENT 

Le programme experimental qui etait en 
cours le 30 decembre 1965 avait pour but 
la determination de la valeur reactive des barres 
absorbantes par !'observation de la correlation 
entre le deplacement du niveau du moderateur et 
le deplacement de groupes de barres, le reacteur 
restant critique (fig. 2). Le niveau du madera-
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teur pouvait varier entre une valeur minimum 
correspondant a l'atteinte de l'etat critique 
toutes barres extraites, c'est-a-dire avec 24 em de 
combustible immerge, et le niveau nominal 
correspondant a 30 em d'eau au-dessus de 
I 'extremite superieure du combustible. Le 30 
decembre 1965, le moderateur contenait 70% 

d'eau l~gere et 30% d'eau lourde en volume; le 
travail en cours visait a rechercher une configu
ration de (18 - x) barres absorbantes complete

. ment inserees avec x barres partiellement ou 
completement extraites, qui devait permettre 
d'atteindre l'etat critique avec le moderateur 
au niveau nominal. 
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Le dernier essai effectue etai t caracterise par les 
conditions suivantes (fig. 3): 7 barres de securite 
et 7 barres manuelles comple:tement enfoncees; 
une barre de securi te ( S2), une barre de regulation 

· (R2), une barre manuelle (M, correspondant a 
!'emplacement IO) comple:tement extraites; 
une barre de regulation (R1) ala cote 553,1 mm. 
Dans ces conditions, l'etat critique avait ete 
observe a deux reprises, la derniere de ces deux 
observations ayant ete faite a 12 h 45 alors que 
la casemate etait inoccupee et fermee conforme
ment aux regles regissant !'exploitation du reac
teur. A 12 h 47, le chef d'equipe qui venait 
d'etre rejoint par l'ingenieur de conduite dans la 
salle de controle quitta !'installation pour aller 
dejeuner; il fut rem place par le pilote et l'in
genieur de conduite mit le reacteur a !'arret par 
largage de la barre s2 et insertion des deux 
barres R; toutefois, l'ingenieur de conduite 
interrompit presqu'immediatement cette inser
tion pour exposer au pilote, qui venait de repren
dre son service, quelle allait etre la sequence 
des operations. 

Cette sequence comportait une modification 
de la configuration des barres inserees pour 
en realiser une autre mieux adaptee a l'ob
jectif poursuivi; il s'agissait: 

I. de !arguer la barre S2, ce qui etait fait a 
ce moment 

2. et 3. d'inserer completement les barres R 1 

et R 2, ce qui avait ete entame puis inter
rompu 

4. d'inserer une barre manuelle dans la 
position IO 

5. de retirer une barre manuelle de la posi
tion G 330, 

6 ·et 7. de monter les barres S4 et S5 • 

Apres cet expose, l'ingenieur de conduite donna 
l'ordre au pilote de reprendre la manceuvre 
d'insertion des barres R 1 et R 2 qu'il avait lui
meme entamee, et entreprit de rediger dans le 
cahier d'ordres deux ordres ecrits relatifs aux 
points 4 et 5 de la sequence, c'est-a-dire a !'in
sertion d'une barre manuelle dans la position 
IO suivie du retrait d'une barre manuelle de 
la position G 330. L'ingenieur de conduite alla 
remettre ces instructions ecrites a !'agent charge 
des manipulations qui se trouvait dans un local 
voisin et revint a la salle de controle. L'agent 

charge des manipulations se dirigea alors vers 
la casemate, porteur des ordres qu'il venait de 
recevoir, en ouvrit !a porte, chaussa des souliers 
speciaux et penetra dans la casemate. Les con
statations faites sur place apres !'accident et 
les declarations des divers interesses permettent 
de reconstituer comme suit le comportement de 
!'agent dans !a casemate. Tout d'abonl, il ~e 
mit a l'ceuvre sans attendre l'autorisation de 
la salle de controle qui est reliee a la case
mate par parlophone; or, a ce moment, si 
!'introduction de la barre R 1 etait complete, 
il n'en allait pas de meme pour labarre R 2 dont 
l'enfoncement n'etait que tres partiel. Ensuite, 
il entreprit !'execution des ordres dans un ordre 
inverse de l'ordre defini, c'est-a-dire qu'il com
men<;:a a retirer la barre manuelle localisee en 
G 330 avant d'inserer une barre manuelle en 
IO. Le reacteur etait done sous-critique de la 
valeur des barres S2 et R 1, lorsque !'agent entre
prit de retirer la barre situee en G 330, alors 
qu'il aurait du l'etre de la valeur des barres s2, 
R 1, R 2 et M en IO. La barre manuelle situee 
en G 330 fut soulevee par !'agent sur une dis
tance telle que la liberation de reactivite 
associee a ce deplacement devint superieure a 
l'antireactivite totale des barres S2 et R 1 • Le 
reacteur divergea brutalement et !'agent qui 
etait fortement penche sur le noyau pour exe
cuter sa manceuvre vit une luminosite soudaine 
dans le reacteur. Illacha alors labarre manuelle 
qui retomba dans le noyau et il sortit tres rapide
ment de la casemate tandis que les alarmes 
sonores et visuelles signalaient a l'ingenieur 
de conduite et au pilote presents dans la salle 
de controle qu'un evenement anormal venait 
de se produire. II etait environ 12 h 52. L'in
genieur de conduite ordonna !'evacuation de 
ses deux subordonnes, s'assura de !'arret du 
reacteur, actionna les alarmes audibles dans les 
locaux voisins, referma la porte de la casemate 
puis evacua les lieux. Tandis que l'accidente 
etait pris en charge par le departement "Medi
cal" du C.E.N. un agent du departement "Me
sure et Controle des Radiations" constatait 
que les taux de dose de rayonnement dans la 
salle de controle du reacteur et dans les locaux 
voisins etaient de l'ordre-du niveau de tolerance. 

La porte de la casemate fut alors cadenassee 
pour en interdire l'acces avant que l'autorisation 
officielle en soit donnee. Cette autorisation 
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FIG. 3. Reperage des emplacements du noyau. 

Radius Dimension Nombre Radius Dimension I Nombre 

A 0 I N 458,02 12 
B 86,56 6 0 481,94 12 
c 149,93 6 p 519,36 6 
D 173,12 6 Q 526,53 12 
E 229,01 12 R 540,57 12 
F 259,68 6 s 567.61 12 
G 299,86 6 T 599,72 6 
H 312,09 12 u 605,92 18 
I 346,24 6 v 624,18 12 

J 377,31 12 w 653,51 12 
K 396,67 12 X 676,05 12 
L 432,80 6 y 687,05 10 
M 449,79 6 z 692,48 6 
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intervint le 31 decembre 1965 en debut d'apres
midi; apres que !'absence de contamination 
dans !'atmosphere de la casemate eut ete veri
flee, il fut procede a l'ouverture de laporte de la 
casemate en presence des autorites du C.E.N. 
et de !'Inspection technique du Travail. Le 
niveau de rayonnement autorisait !'approche 
du rcacteur et l'on put faire les constatatinns 
suivantes: les ordres ecrits remis par l'ingenieur 
de conduite a l'accidente se trouvaient a proxi
mite du reacteur; le tube moderateur IO ne 
contenait pas de barre manuelle et celle-ci se 
trouvait couchee sur une table d'entreposage 
situee dans la casemate; le tube moderateur 
G 330 contenait toujours la barre manuelle 
presente lors des observations de l'etat critique 
anterieur a !'accident; par contre, cette barre 
etait desaccouplee de sa piece d'accrochage. 
Toutes les autres barres etaient a l'enfoncement 

prevu, sauf la barre de regulation R 2 dont 
l'enfoncement etait tres partie!; aucune deforma
tion mecanique des elements constitutifs du 
reacteur n'etait apparente; la cuve du reacteur 
etait vide d'eau, ce qui s'explique par !'inter
vention du dispositif de vidange automatique 
lors de l'emballement nucleaire. 

Ce sont ces premieres constatations qui ont 
permis de comprendre les causes de !'accident 
et d'entreprendre des investigations plus ap

profondies. 

ANALYSE DES CIRCONSTANCES DE 

L'ACCIDENT 

II apparait tout d'abord que si les ordres 
avaient ete rediges dans une sequence logique, 
ils n'avaient pourtant pas tenu compte d'une 
regle generale, edictee dans le rapport de secu
rite du reacteur, suivant laquelle le decharge
ment d'une barre de controle ne pouvait se 
faire qu'avec la cuve du reacteur vide d'eau. 
Cette vidange se justifiait en outre du fait de la 
condition imposee pour les manipulations sur 
reacteur a l'arret avec la cuve remplie d'eau, et 
qui etait d'avoir trois barres de securite relevees 
pendant ce type d'operation; cette condition 
ne pouvait etre remplie avec la configuration 
realisee au moment de !'accident. La coinci
dence de cette erreur de conduite et de l'erreur 
de manipulation commise par l'agent accidente 
qui a retire une barre manuelle avant d-'en 

introduire une autre, executant ainsi les ordres 

rec;us dans un ordre inverse, fut la cause de 
I' accident. 

Une analyse de resultats obtenus experimen
talement quelques jours apres !'accident perinet 
d'atteindre cette conclusion. Tout d'abord, il 
est evident que si la cuve avait ete videe du 
melange d'eau lourde et d'eau Iegere qu'elle 
c:ontenait avant d'entreprendre la modification 
projetee de la configuration des barres de con
trole, aucun accident n'aurait pu resulter d'une 
erreur de manipulation affectant un noyau de 
reacteur place dans l'air. La reconstitution 
experimentale a en outre montre que si la 
sequence des manipulations ordonnees avait 
ete executee dans l'ordre prevu, aucune atteinte 
d'etat critique ne serait survenue, meme en 
tenant compte de ce que labarre R 2 n'etait pas 
inseree au moment ou I' execution de la sequence 
fut entreprise (fig. 4). II est apparu experi
mentalement que la sequence des manreuvres 
conc;ues par l'ingenieur de conduite aurait eu 
les consequences suivantes du point de vue du 
bilan reactif: partant de l'etat critique avec 
14 barres completement inserees et la barre 
R 1 partiellement inseree, le reacteur serait 
parvenu a k eff = 0,986 apres }'execution des. 
operations 1, 2 et 3, c'est-a-dire a pres !'insertion 
complete des barres S2, R 1 et R 2 ; !'introduction 
d'une barre manuelle M en 10 aurait encore 
reduit k eff a 0,980; enfin, le retrait de la barre 
M localisee en G 330 aurait releve k eff a 
la valeur de 0,990; si la barre R 2 etait restee 
completement extraite au moment du debut 
des manipulations sur le noyau, comme ce fut 
approximativement le cas, la valeur de k eff a 
cet instant eut ete de 0,993 au lieu de 0,986; 
!'introduction d'une barre M en IO l'eut fait 
descendre a 0,986 puis le retrait d'une barre M 
de G 330 l'eut ramene a 0,996. Le defaut d'in
troduction de R 2 n'eut done pas provoque 
d'accident si la sequence des manipulations 
avait ete executee dans l'ordre correct. 

L'insertion complete de R 2 n'eut pas davan
tage empeche l'atteinte de l'etat critique provo
quee par !'execution des manipulations telle 
qu'elle a ete effectuee en realite. Comme indi-· 
que precedemment, le defaut d'insertion avait 
amene le k eff du reacteur a la valeur de 0,993 
au moment du debut des manipulations de 
barres manuelles; le retrait de la barre M locali
see en G 330 a alors provoque le passage a 
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K EFF 
1.030 

1.025 

1.020 

1.015 

1.010 

(i) _CONCUE PAR L'INGENIEUR DE CONDUITE 

CD _AVEC DEFAUT DE SYNCHRONISATION. 
SANS ERREUR DE MANIPULATION. 

G) _SANS DEFAUT DE SYNCHRONISATION. 
AVEC ERREUR DE MANIPULATION. 

(j) _AVEC DEFAUT DE SYNCHRONISATION 
ET ERREUR DE MANIPULATION 
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,. - ---1.0071-, ,-;-1.0071~ 
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0.970 

Fro. 4. Suite des etats reactifs_ 

l'etat critique; pousse a sa limite il eut amene k 
eff a la valeur 1,019; si R 2 avait ete correcte
ment introduite, l'extraction complete de la 
barre M placee en G 330 eut fait passer k eff de 
0,986 a 1,0 13, c'est-a-dire de toute fa<;:on dans 
un etat prompt critique. 

A ce jour, on ne sait pas de fa<;:on certaine 
quelles ont ete les circonstances precises dans 
lesquelles l'emballement nucleaire est survenu 
et s'est etouffe; en particulier, on ignore a queUe 
vitesse la barre a ete extraite, a quel niveau elle 
a ete arretee dans son mouvement ascendant, 
pendant combien de temps ce mouvement a 
ete interrompu, selon quelle loi la chute de la 
barre s'est faite. De fa<;:on correspondante, on 
ignore la loi d'injection de reactivite lors de 
!'extraction de la barre manuelle et la loi d'in
sertion d'antireactivite resultant: de la chute de 
cette meme barre, de I' insertion progressive de la 
barre R 2, rle l'effet de temperature, de la vi
dange automatique de la cuve. Des etudes sur 
calculateur analogique devraient permettre de 
preciser ces parametres en utilisant comme 
grandeurs de reference les activations du com
bustible et des materiaux ainsi que les doses 
re<;:ues par l'accidente. Ces etudes ont toutefois 
ete considerees comme ayant une importance 
secondaire par rapport aux etudes visant a 

calculer les doses re<;:ues par l'accidente aux 
differents endroits du corps; les resultats de ces 
evaluations devaient en effet conditionner Ie 
traitement medical applique. Ces etudes de 
dosimetric ayant ete effectuees de maniere 
intensive n'ont pas permis d'entreprendre simul
tanement les etudes dynamiques de !'accident; 
cette lacune doit etre comblee dans les mois qui 
viennent. 

ETAT DU MATERIEL APRES L'ACCIDENT 

Apres !'accident, !'installation a fait l'objet 
d'un examen rapide en vue de determiner ses 
possibilites d'utilisation future. Il est tout 
d'abord apparu qu'aucune contamination n'e
tait detectable dans !'atmosphere de la casemate, 
sur les surfaces de celle-ci, dans le moderateur, 
sur les crayons combustibles; certaines defor
mations ont pu etre mises en evidence sur des 
crayons preleves dans la region la plus irradiee 
du noyau. La dose gamma maximum au con
tact des assemblages ne depassait pas 9Rfh, 5 
jours apres !'accident. Rien dans ces observa
tions n'a fait apparaitre que le combustible 
serait devenu impropre a une utilisation dans 
des experiences critiques, aussi a-t-il ete reutilise 
dans la suite du programme. 

Les mecanismes des barres de controle, les 
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circuits de commande, les chaines de securite 
et les chaines de mesure de Controle Sante se 
trouvaient tous en etat de marche. Au point de 
vue materiel, on peut done dire que l'emballe
ment nucleaire n'a provoque aucun degat ap
preciable, ce qui s'explique d'ailleurs par la 
quantite relativement faible d'energie degagee 
par !'accident; les estimations actuelles fixent a 
cette quantite d'energie un ordre de grandeur de 
15 Mws. De plus, la resistance mecanique des 
gaines d'acier inoxydable des crayons com
bustibles a fortement limite les consequences 
des sollicitations mecaniques et thermiques que 
ces crayons ont subies. 

Ce maintien en etat de fonctionnement de 
!'installation malgre !'accident s'est revele tres 
important car il a permis d'entreprendre sans 
delai des irradiations de mannequins garnis 
de dosimetres dans le but de preciser les doses 
qu'avait rec;ues l'accidente aux diverses parties 
du corps; ces donnees constituerent un element 
tres important dans les appreciations des mede
cins traitants; la communication de Parmentier 

et Boulenger d'une part, la communication des 
Drs Jammet et Faes d'autre part, le montrent a 
suffisance. 

CONCLUSION 

En conclusion, cet accident de criticite a 
resulte de la coincidence d'une erreur de con
duite et d'une crrcur de manipulation et s'est 
accompagne d'un defaut de synchronisation 
dans !'execution des operations. Ce defaut n'a 
pas eu d'incidence sur le deroulement de !'ac
cident qui a mis une nouvelle fois en evidence 
!'importance du facteur humain en matiere de 
securite car il s'est produit a la suite de defail
lances purement humaines. 
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PROBLEMES DE DOSIMETRIE LORS DE L'ACCIDENT 
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Resume-Les mesures de dosimetrie externe qui ont pu etre faites dans les heures qui ont 
suivi !'accident survenu a une personne a Mol, le 30 decembre 1965, sont decrites ainsi que 

leur resultat. 

Les circonstances de cet accident sont analysees dans le papier de G. Penelle au meme 
Congres. 

Vu les doses importantes, 550 R de rayonnement gamma au film-dosimetre porte a hauteur 
de poitrine par l'irradie, celui-ci a ete confie le jour meme au Dr. Jammet a Paris. 

Ala demande du Dr Jammet et avec !'aide de l'equipe de dosimetrie de son departement au 

CEA diverses irradiations de mannequins RANDO et REMAB, munis de dosimetres externes 
et internes, ont ete faites tant pour guider les soins a donner a l'irradie que pour permettre 

la comparaison des effets biologiques. 
Les methodes de dosimetrie gamma et neutrons utilisees sont indiquees ainsi que leur 

resultat. 

L'irradiation presentait deux particularites: 

( 1) inhomogeneite, vu la proximite de la source, ce qui imposait la connaissance des doses 

aux differentes regions du corps; 
(2) instantaneite, ce qui rendait possible une reconstitution relativement precise avec 

fan tomes. 

I. IDSTORIQUE 

M. G. Penelle vient de nous decrire !'accident 
survenu a Molle 30 decembre 1965. Nous al
lons vous montrer les problemes de dosimetrie 
qui se sont poses et nos essais pour les resoudre. 
Il nous a semble plus vivant de vous presenter 
les evenements dos~metriques tels qu'ils se sont 
succedes dans le temps. C'est pourquoi, nous 
vous indiquerons en premier, les aspects "con
trole des radiations" qui ont eu lieu immediate
ment apres I' accident.'-: 

Un operateur (F. J.) se trouvant dans la case
mate et devant executer des operations ma
nuelles de barres de controle a observe une 
divergence (lumiere de l'effet de Cerenkov) et 
est sorti precipitamment de la casemate. 

Les detecteurs de flux de neutrons ont de
clenche: 

-les alarmes, 
-le largage des barres de securite-ce lar-

gage n'a pu avoir lieu les barres etant 
deja en position basse, 

Vers 13 h le "controle radiations" est appele. 
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-la vidange du moderateur. 
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Cette vidange est malheureusement lente vis
a-vis de la descente des barres de securite. 

Deux personnes se trouvaient au pupitre de 
contr6le a l'exterieur de la casemate. 

Apres vidange du moderateur, nous nous 
sommes assures que plus aucune divergence 
n'est possible. La casemate est fermee. -

Parallelement aux mt>sun~s a faire sur les 

trois personnes et leurs dosimetres, la non-con
tamination de !'installation et de son environ
nement est verifiee (mesure de frottis et des 

poussieres de l'air prelevees sur filtres). 
Ulterieurement un echantillon du moderateur 

sera con tr6le par spectrometrie gamma; des 
mesures de frottis sont faites a l'interieur de 
la casemate y compris sur le gainage des ele
ments de combustible. Aucune contamination 
n'a pu etre detectee. Les trois personnes sont 
conduites immediatement au batiment "Medi
cal Contr6le des Radiations". Chacune portait 
un film-dosimetre (voir annexe No. 1) muni 
de detecteurs par activation et un stylo-dosi
metre pour faibles doses gamma ou X (0 a 
200 mR). Le film-dosimetre (pastille d'in
dium) de l'operateur (F. J.) indique une forte 
activation, son stylo-dosimetre est decharge, 
son corps et ses vetements presentent une acti
vation facilement decelable avec les detecteurs 
de contamination beta, gamma. Apres une 
douche et un changement de vetement pour 
diininuer !'influence d'une contamination even

tuelle, la personne est mesuree au "body coun
ter" et on observe une activite de 8,5 /LCi en 
24Na. Aucune contamination par produits de 

fission n'est mesurable. La personne est mise au 

repos dans un lit. 
Les stylos-dosimetres des deux autres personnes 

indiquent des irradiations gamma de 60 et 32 
mR; leur mesure au "body counter" n'indique 
aucune activation mesurable en 24Na, ni aucune 
contamination. Vers 15 h les films-dosimetres 
sont developpes et mesures; malheureusement 
dans la precipitation du moment, le bain de 
developpement ne contenait pas d'etalons de 

doses elevees. 
En se referant aux etalons de doses elevees de 

la semaine precedente, la dose gamma est au 

maximum de 700 R. 
Une serie de films sont irradies avec une 

source de 6°Co pendant la nuit du 30 au 31 
decembre; leur developpement indique une 

bonne identite de noircissement avec celui 
obtenu la veille dans le domaine des faibles 
doses et permet de deduire une dose de 550 R 
gamma, d'apres le nouvel etalonnage. 

La difference de noircissement sous cadmium 
et sous etain est trop faible pour estimer une 
dose de neutrons thermiques. 

Les detecteurs par activation permettent 
suivant J. A. Dennis, !'evaluation des doses 
neutrons suivantes: 

-la pastille de soufre activee en phosphore 
32 par la reaction 32S (n, p) 32P donne 
600 des.jmin. g de soufre, soit 55 rads de 
neutrons de fission, 

-la pastille d'or, sous cadmium, activee en 
198Au par la reaction 197Au (n, y) 198Au donne 
1,47 des.jmin.g soit 1 rad de neutrons 
intermediaires, 

-1es pastilles d'or, externes (moins l'activite 
d'or sous cadmium) donnent 5,1 10 6 des./ 
min.g, soit 0,6 rad de neutrons thermiques. 

La mesure du 32P dans 1es cheveux de !'inte
resse donne pour deux echantillons, 320 a 380 
des.jmin.g soufre, soit 29,4 et 35 rads de neu
trons de fission, en supposant une teneur en 

soufre de 5% du poids des cheveux. 
L'importance de !'irradiation et les vomisse

ments du sujet nous amenent a consulter le Dr 
J ammet le jour meme a 16 h. Le Dr J ammet 
indique immediatement au medecin du C.E.N. 
de MOL les premieres mesures a prendre. 
L'irradie est transporte a Zaventem dans la 
soiree, de la par avion militaire, au Bourget 
ou il est pris en charge par le Dr Jammet. Done, 
a cette date, les premieres mesures de dosime
trie permettent de deduire que la dose gamma 
re<;:ue a hauteur de poitrine (endroit du film
dosimetre) est importante et comprise entre 
500 et 700 R (avec comme valeur la plus pro
bable 550 R), que la dose due aux neutrons de 
fission est environ 10 fois plus faible que la dose 
gamma et que les doses dues aux neutrons 
epithermiques et thermiques sont negligeables. 

Entre le 31 decembre et le 5 janvier, plusieurs 
faits ont ete etudies, d'une part a MOL, d'autre 
part a PARIS. 

L'interrogatoire de l'accidente permet deja 
d'avoir une idee des conditions d'irradiation, 
ce qui nous a conduits a faire une serie de 
photographies (fig. 1) aupres du reacteur, avec 
un operateur executant la meme manreuvre. 
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Fw. 1. Photographie d'une personne pendant 
Ia reconstitution: position qui se rapproche le 

plus de celle de l'accidente. 

FIG. 2. Schema de profil et pcsitionnement de 
l'irradie. 

20 

Frc. 3. Doses neutrons de fission en rad. d'apres 

la mesure des phaneres. 

Ces photographies montrees a l'accidente 
nous ont permis de determiner sa position la 
plus probable (fig. 2). 

Les mesures d'activation du soufre dans les 
phaneres faites au laboratoire d'analyses et de 
mesures radiobiologiques du D.P.S. mettent 
en evidence une importante heterogeneite de 
!'irradiation comme vous le montre la figure 
No.3. 

De plus, la mesure d'activation du sodium-24 
refaite dans ce laboratoire confirme la mesure 
initiale faite a MOL. 

Le 5 janvier, une reunion groupant l'equipe 
medicale et les specialistes en dosimetric du 
D.P.S. et du C.E.N. MOL permet de faire un 
bilan clinique et dosimetrique, d'ou ressort la 
necessite de pratiquer le plus rapidement pos
sible une reconstitution de !'accident en utilisant 
un mannequin. 

Sur quels parametres connus, peut se baser 
cette reconstitution? 

-D'abord, !'irradiation est due en majeure 
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partie a des rayonnements gamma dont la 
repartition energetique s'etale jusque 8 
MeV. Ces gamma sont dus aux reactions 
n, y, particulierement importantes par suite 
de l'utilisation de gainage et de mate
riaux de support en acier inoxydable et 
inconel. La composante neutronique, con
stituee essentiellement de nentrons rapides, 

represente 10% de la dose gamma. 
-De plus, cette irradiation a lieu en un 

temps tres bref. Les graphiques des en
registreurs des detecteurs de flux ne per
mettent pas de preciser ce temps par suite 
des constantes d'integration des circuits 
de mesure. Il est done logique de supposer 
l'operateur pratiquement immobile pen
dant la courte duree de !'irradiation. 

-Enfin, la position de l'accidente, relative
men! bien reconstituee, implique une repar
tition tres heterogene de l'energie absorbee 

dans l'organisme. 
Le 7 janvier, soit une semaine apres !'accident, 
les premiers essais de mise en place et !'irradia
tion d'un mannequin muni de dosimetres 
gamma et neutrons ont lieu. Le but principal 
de ces essais est de retrouver les rapports entre 
les activites en differents points du corps, telles 
qu'elles sont etablies par la mesure des phaneres 

de l'accidente. 
Le 8 janvier, une fois la position reconstituee, 

un premier mannequin, muni de dosimetres 
externes pour gamma et pour neutrons, et de 
dosimetres internes gamma, est irradie. Les pre
miers resultats sont fournis le I 0 janvier a 
l'equipe medicale. La precision des mesures 
en gamma peut etre estimee a 20%. Elles 
soulignent trois points importants du point de 

vue medical: 
-la colonne vertebrale dans Ia partie cervi

cale et dorsale haute a re<;:u des doses 
superieures a 200 rads mais inferieures a 
270 rads gamma, done a 300 rads au 

total, 
-Ie bassin a subi une forte irradiation, en

viron 4 fois superieure a celle de la zone 

precedente, 
-Ie pied gauche a subi une irradiation tres 

elevee de 4000 a 5000 rads. 
Une ponction de moelle osseuse au niveau de la 
septieme vertebre cervicale confirme la dose 
relativement faible re<;:ue a ce niveau. 

Le 8 fevrier, plus d'un mois a pres !'accident,· 
devant !'evolution des lesions radiologiques au 
niveau du pied gauche, une irradiation d'un 
fantome de pied est faite pour mesurer les doses 
internes, surtout au niveau du squelette. 

Enfin, en mars 1966, une deuxieme (rhesure 
gamma), puis une troisieme (mesure neutrons) 
reconstitution avec mannequin, ont lieu pour 
mesurer avec plus de precision la repartition 
des doses absorbees en utilisant 300 points de 
mesure dans le mannequin pour la dosimetrie 
gamma et 3 fois 70 points pour Ia dosimetrie 
neutrons. Il est bien evident que ces differentes 
experiences mettant en jeu des moyens impor
tants n'ont pu etre realisees que par une colla
boration etroite de differents groupes de tra
vail: 

-le Departement "Mesure et Controle des 
Radiations" et le Service d'Etudes des 
Reacteurs de MOL qui ont assure l'or
ganisation pratique des reconstitutions 
ainsi que la dosimetrie neutrons et gamma 
externe par films et par dosimetres "Manu

facture Belge de Lampes et de Materiel 
Electronique'', 

-Le Groupe Dosimetrie Biologique du 
Departement de la Protection Sanitaire 
qui a a%ure la dosimetrie gamma interne, 

-le Service Technique d'Etudes de Protec
tion qui a participe a la dosimetrie gamma 
externe par films, et interne par fluorure de 

lithium. 
Nous n'exposerons pas en detail les resultats 
des differentes irradiations et ne parlerons que 
des resultats obtenus apres confrontation des 
experiences successives. 

II. PREPARATION DE LA RECONSTITUTION 

II. l. Choix du mannequin 

En realite, nous n'avons qu'un type de man
nequin a notre disposition le "RANDO" fabrique 
par ALDERSON aux Etats-Unis. Ce manne
quin est constitue de matiere equivalente aux 
tissus mous vis a vis des rayonnements electro
magnetiques. Il comporte un squelette reel et 
des poumons en matiere equivalente (fig. 4). La 
composition en differents elements est resumee 
dans le tableau suivant (fig. 6) ou l~s valeurs 
sont exprimees en pourcentage par rapport au 

poids. 
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Fro. 4. Radiographies du mannequin "Rando" avec positionnement des detecteurs internes. 

Nombre TZ 
Masse d'electrons par g. (Effet 

volumique (Effet Compton) photoelectrique) 

1 3,34.10 23 7,42 
1 3,32.10 23 7,50 
0,995 3,30.10 23 7,43 

FIG. 5. Comparaison de la matiere Rando au muscles humain eta l'eau 
(Equivalence pour les rayonnements electromagnetiques). 

'/Tz 
(Creation 
de paires) 

6,6 
6,54 
5,96 

1235 
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Elements Rando Muscle 

---,---
Hydrogene 9,687% 10,2% 
Carbone 65,406% 12,3% 
Oxygene 20,146% 77,29% 

Azote 2,240% 3,5% 
Chlore 2,270% 
Antimoine 0,069j; 
Calcium 0,007% 
Potassium 0,3% 
Soufre 0,5% 
Phosphore 0,2% 
Magnesium 0,02% 

Sodium 0,08% 

Fw. 6. Composition comparee "Rando"- Muscle 
( % par rapport au poids) 

II. 2. Choix des dosimetres 

II. 2.1. Dosimetrie gamma. Deux types ~e 
dosimetres gamma ont ete utilises: 

-des dosimetres photographiques, du type 
des badges utilises en protection, modele 
PSI du CEA <2 > et du CEN/Mol, dont 
l'etalonnage est identique, 

-les dosimetres thermoluminescents d'une 

part, des stylos "M.B.L.E." au ftuorure 
de calcium en externe et surtout des pou
dres de ftuorure de lithium du type 7 (fig. 
7) qui permettent seules un nombre impor-

tant de points de mesure en, dosimetrie in

terne. 
Nous vous decrirons surtout la methode utilisant 
le fiuorure de lithium qui presente les avanta~es 
suivants: 

-faible encombrement, 
-independance en fonction de l'energie des 

rayonnements electromagnetiques (fig. 8 
tiree des ref. 3 et 4). 11 est, en effet, inde
pendant entre 100 keV et 30 MeV mais 
surestime la dose ,de 20% pour les rayonne
ments d'energie inferieure a 100 keV. 

-le ftuorure de lithium de type 7 est prati-
quement insensible aux neutrons rapides. 

Par contre, nous ne pouvons l'utiliser, du moins 
en ce qui concerne la qualite en notre possession 
qu'entre l rad et 500 rads. II semble, en effet, 
exister plusieurs plages de linearite pour une 
gamme de doses etendue. Enfin, nous ne ferons 
que donner ici les conditions de lecture utili
sees au laboratoire sans les discuter. L'infor
mation obtenue par irradiation du ftuorure de 
lithium est lue au moins 48 heures apres !'ir
radiation au moyen d'un appareil Conrad 
modifie au laboratoire tant au niveau alimen
tation haute tension qu'au niveau de la chaine 
de lecture. En cours d'etalonnage, la poudre 
est lue par echantillon de 30mg et le lecteur 
regle pour avoir 1 rad par "digit"; dans ces 
conditions, en particulier, utilisation toujours 
de la meme plaquette, l'ecart quadratique 

moyen est de 5%. Precisons que l'etalonnage 
est fait par comparaison avec une chambre 

Fw. 7. Vue des differents dosimetres. 
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\·TEFLON 

l·FILM•ECRAN Sn DE 1mm + l'b DE O.t:.mm 

4-FILM SANS ECRAN 

5-CaF 2 

6· VERRE. AU METAPHOSPHA1E 

... ___ ........ 

DOSE ABSOPBEE DANS DIVERS MATERIAUX RELATIFS AUX TISSUS MOUS. 

FIG. 8. Courbe de reponse gamma en fonction de l'energie pour differents dosimetres. 

d'ionisation a paroi equivalent air placee en 
condition d'equilibre electronique dans un 
faisceau d'une source de 6°Co collimatee. Les 
lectures sont traduites en energie absorbee en 
tenant compte du rapport des coefficients d'ab
sorption energetiques compares de l'air et du 
F Li pour un rayonnement y de 1,25 MeV. 

Les lectures pour les manipulations sont faites 
dans les .memes conditions. Les containers 
utilises pour la reconstitution, de petits cylindres 
de polyethylene, contiennent 120 mg de cris- · 

taux, permettant ainsi quatre lectures par 
dosimetre. Dans ces conditions, la precision 

n'est plus que 10% (utilisation de plaquettes 

differentes). 

II. 2.2. Dosimetric neutrons:- Neutrons inter

midiaires. Des detecteurs d'or places dans un 
boitier de cadmium ont ete utilises. Vu le peu 
de place disponible ( trous de 5mm de diametre 
dans le mannequin) une epaisseur d'or de 1 mm 
a ete enployee afin d'augmenter la masse du 
detecteur, le diametre etant limite a 3 mm. 

D'autre part, pour avoir une indication de 
l'anisotropie du flux ainsi que pour diminuer 
!'influence de celle-ci, la pastille d'or a ete 
entouree de deux autres pastilles identiques. 
Seule la pastille centrale a ete systematique

ment mesuree. 
Lors de la mesure, il existe un effet d'auto

absorption important dans le detecteur d'or 
entrainant un comptage plus efficace des bords 

de la pastille affectes par l'anisotropie du flux. 
Afin de -diminuer cet effet lors du comptage, 
le detecteur est insere dans une pastille de 
metal non irradie de z voisin de celui de l'or. 

Nous avons utilise une pastille de Pb de 1 mm 
d'epaisseur et de 12 mm de diametre. 

Les mesures out ete effectuees dans 4 cristaux 
Nal a puits de l!" X 2" connectes a un selec
teur 400 canaux. La duree de mesure etait de 
20 minutes par echantillon. La surface du pic 
etait obtenue par integration 'numerique. 

-Neutrons thermiques. Des detecteurs d'or de 
4,5 mm X 20 X 0,1 mm ont ete places dans 
des trous voisins de ceux occupes par les detec
teurs sous cadmium. 

-Calibration des detecteurs d' or sous cadmium. No us 
nous sommes referes aux detecteurs d'or minces 
de dimensions generalement utilisees soit des 
pastilles de 8 mm de diametre et de 0,127 mm 
d'epaisseur. D'apres Baumann C5 > on sait que: 

(RCd- I)o 
'-:-:::-::--..,;-- = 0,227 pour x = 0,127 mm 
(RCd- I)x 

Des detecteurs epais blindes par Au et Cd 
ont ete irradies en meme temps que des detec
teurs minces dans un convoyeur de BR 1 et 
dans une pile etalon. On a obtenu: 

(Nfm) epais.f(N/m) mince = a = 0,267 

Nfm etant le taux de comptage sous le pic par 
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gramme d'or. On pourra done passer du re
sultat Nfm mesure au resultat equivalent avec 
detecteurs minces en le multipliant par Ifa. 

-Calcul du flux de neutrons d' energies inter

mediaires. On a: 

' I N il1A 
0epi · t = - (-) 1 mm · -

a m NA 

I (RCd- l)x 

IR (RCd- I)o 

T 

R 0,693 

ou 0epi · t = flux integre par intervalle loga
rithmique d'energie (si t<:{ T) .. 

M A = masse atomique, 

N A = nombre d'Avogadro, 

R = rendement du dispositif de comptage, 

T = demi-vie du radio-element forme, 

IR = integrale de resonnance = 1556 barns, 

RCd = rapport cadmium, 

X = epaisseur de detecteur (0,127 mm). 

1 
On suppose que le spectre est de forme jj; 

et que les limites d' energie sont 0,12 e v et 
1 MeV. 

d'ou 

dE 
E = 15,9. 

Le flux epithermique total sera egal a 15,9 fois 
le flux obtenu ci-dessus. 

On a pris d'autre part la valeur indiquee par 
]. A. Dennis: 1 rad "surface absorbed dose" 

= 2,81 109 n/cm 2
• 

-Calcul du flux thermique. On a: 

1 T 
R . 0,693 . 

_1 • ( 1 - _1 ) 
ath RCd F 

ou F = facteur de depression de flux = 0,9, 

ath = 98,8 barns 

Pour determiner RCd on se basera sur le resultat 
d'un detecteur or 1 mm sous Cd de position 
voisine. On a: 

ou 

(Njm) 0 , 1 mm = (N/m) 1 mm • 1/a' 

a' = a (RCd - 1)0 ,1 mm = O 267 
(RCd - l)o.m mm ' 

= 0,242 

d'ou RCd = 0,242 (N/m) 0 , 1 mm 

(Nfm) 1 mm 

0,227 

0,250 

On a pris d'autre part la valeur indiquee par 
J. A. Dennis: 1 rad "surface absorbed dose" 
1,59 1010 n/cm 2

• 

-Neutrons de fission. Les detecteurs de neu
trons de fission sont des cylindres de soufre de 
5 mm de diametre et de 25 mm de long. Leur 
activite en 32P a ete mesuree aux compteurs GJ\II 
apres separation chimique. <6 > La dose en rads, 
due aux neutrons de fission est calculee en 
supposant, suivant J. A. Dennis, que 1 rad 
correspond a 10,9 des.fmin. et g de soufre. Ces 
differents detecteurs sont montres sur la fig. 7. 

Fw. 9. Vue du mannequin et de son positiorme
ment a Venus. 
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II. 3. Reconstitution de la position 
Elle a repose essentiellement sur trois don

nees: 
-l'interrogatoire de l'accidente: il a eu lieu 

en deux temps, d'abord un simple interroga
toire qui a permis de faire des essais de position 
par des agents de tailles voisines avec prises 
de photographies, puis 1'agent a precise sa 
position en choisissant les cliches qui lui sem
blaient les plus proches de ses souvenirs et en 
1es corrigeant; 

-la hauteur de 1a barre de contr6le au 
moment de la criticite prompte qui a pu etre 
evaluee; 1'accidente 1a tenait de sa main gauche 
dont la position est ainsi determinee; 

-enfin, les mesures de l'activite des phaneres 

prelevees en differents points du corps qui nous 
ont donne des rapports entre !'irradiation de 
differents points du corps: tete, pubis, membres, 
en particulier. Les figures 9, 10 et 11 vous 
montrent le mannequin et son positionnement 
a Venus lors des differentes reconstitutions. 

Frc. 10. Vue du mannequin et de son 

positionnement a Venus. 

I.R.P, VOL. U-P* 

Fw. 11. Vue du mannequin et de son 
positionnement a Venus . 

. 707,2 -----------------------------------------

522 ------------------------------

455 -----------------------

t
! 
3 

~ 
g 

DOSES THEORIQUES EN RAD 

Fw. 12. Courbe d'eta1onnage du fluorure de 
lithium. 
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II. 4.-Choix de fa dose et valeur de celle-ci lors 

des reconstitutions. Les criteres de choix ont ete 
les suivants: 

-la dose devait etre suffisante pour assurer 

un taux de comptage raisonnable du 32P des 
batonnets de soufre; · 

-la dose gamma aux differents points du 
mann~qnin devait etre comprise dans la plage 
de linearite du fl.uorure de lithium (entre l R 

et 500 R; fig. 12). 
-la dose ne devait pas etre trop importante 

pour eviter une activite genante du combustible 
du reacteur lors de ses manipulations ulterieures. 

La reconstitution ne pouvait done se faire 
que par des irradiations a flux raisonnable, dans 
le cceur du reacteur: 109 neutronsfcm 2 sec. 
au maximum; toutefois cette approximation 
n'etait pas mauvaise, la contribution des doses 
gamma des produits de fission etant estimee a 
14% des doses de gamma prompts de fission et de 
capture pour une irradiation de deux heures. Le 
temps d'irradiation choisi est de 2 heures (dose 
de l'ordre de 500 R au pied gauche). 

Le facteur entre !'irradiation lors de !'accident 
et celle obtenue lors de la reconstitution a ete 
determine par plusieurs calculs: d'une part le 
rapport des doses gamma enregistrees par les 
films-dosimetres de l'accidente et du mannequin, 
soit 7,35, d'autre part, le rapport d'activite en 
lanthane-140 entre un barreau de combustible 
preleve apres !'accident et un nouveau barreau 
utilise lors des reconstitutions. Ce rapport est 

de 7,2 ± 0,2. 
La concordance de ces deux valeurs nous 

semble justifier la validite des mesures faites. 

III. EXPOSE DES RESULTATS 

Il est pratiquement impossible de donner les 
resultats de tous les points de mesure. Voici, 
d'abord, les resultats des mesures externes 
(fig. 13): 

Nous allons montrer quelques exemples de 
mesures au niveau de quelques coupes (figs. 14, 

. 15, 16, 17, 18); puis nous tenterons de resumer 

12F 

186 
0.3T 10F 

2,2ET 

232( 
0,3T 11F 

~.3ET'\ 

26F 276 1BET 
254 0,2TIDF .\ • 

~~t2~ 
71~ 

425 &SF 

0,4TI5F ~ 2ET 
95 

Fw. 13. Doses externes exprimees en rads 
( y-pas d'indication-T -neutrons thermiques 
ET neutrons epithermiques-F neutrons de 
fission). Sur ce cliche, 1e degre d'heterogeneite 
est deja mis en evidence-1a dose gamma, de 
m~me que 1a dose neutrons est de 2,37 fois 
plus grande au pubis qu'au front sans parler de 
1a surexposition importante du membre infe
rieur gauche ou les doses yet neutrons atteignent 

respectivement 3.900 et 420 rads. 

les donnees pour l'organisme entier (figs. 19 
et 20). 

Comme vous le montrent ces 5 exemples, il 
nous a paru difficile de chiffrer, de maniere 
simple, !'irradiation subie par l'accidente. Il 
est possible de resumer nos resultats de deux 
manieres: 

-d'une part, en traf$ant les isodoses dans 
deux plans interessants: le plan sagittal median 
et le plan frontal median, 

-d'autre part, en estimant les doses aux 
differents organes . 
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FIG. 15. Cette tranche se situe au 
niveau de la premiere vertebre dor
sale et de !'acromion. Elle permet 
de voir que !a dose absorbee dans le 
corps vertebral, riche en moelle, est 
de 275 rads, atteignant 400 environ 
a Ia face anterieure du thorax. Deja 
apparait sur cette coupe, la dimi
nution de l'energie absorbee, d'une 
partd'avant en arriere,d'autre part 

de droite a gauche. 

FIG. 14. Cette figure nous montre 
un exemple des doses mesurees 
dans 3 tranches situees respective
ment au niveau du trou occipital 
et au niveau du maxillaire in
ferieur. Elle montre des doses 
absorbees variant entre 252 et 345 
rads au niveau des premieres 
vertebres cervicales pour des doses 
atteignant 400 et plus au niveau du 
maxillaire inferieur. Soulignons 
tout de suite que la position de la 
tete est la plus sujette a caution, le 
degre de flexion etant impossible a 

preciser. 
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FIG. 17. Cette coupe passe par 
la derniere vertebre lombaire et 

les cretes iliaques. Cette region 
du bassin a ete irradiee deja 

de maniere importante, avec un 
gradient de dose plus marque 

d'avant en arriere, atteignant un 
facteur 2 (de500a IOOOrads), tandis 

que la dissymetrie laterale dis

parait, ce qui se con<;:oit parfaite
ment, si l'on se rapelle ]a position 
du fan tome. Enfin, ici, le rapport 

dose neutrons rapides/dose gamma, 

qui etait de 1/10 ala surface, n'est 
plus que de 1/25, traduisant tres 
certainement la thermalisation 

neutronique. 

FIG. 16. lei, la coupe passant par la 

10 erne vertebre dorsale, interesse la 

region diaphragmatique. Les doses 

absorbees varient ici entre 620 et 
515 dans la region anterieure, et 

300 au niveau du corps vertebraL 
C'est sur cette tranche que ]'on 

peut admettre qu'il existe une 
thermalisation des ·neutrons ra

pides; le rapport entre rapides et 

thermiques est plus faible que pour 

Ies mesures faites en externes. 



FIG. 19. Isodoses dans le plan sagittal median. 

Elles mettent en evidence: (I) que les vertebres 

cervicales et les 8 premieres dorsales sont dans 
une zone irradiee a mains de 300 rads; (2) que 

!'abdomen a re9u de 500 a 800 rads; (3) que Je 
rachis lombaire et le sacrum ont re9u plus de 

500 rads. 

FIG. 18. Ce dernier exemple de 

tranche du fant6me montre !'ir

radiation importante subie par 

le bassin: pratiquement, plus de 
600 rads dans toute Ia ceinture 

pelvienne, qui represente une 

, quantite importante, de moelle 
osseuse, et des doses absorbees 

superieures a 1.000 rads dans Ia 
region anterieure. 
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FIG. 20. Isodoses dans le plan frontal median. 
L'interet de ces isodoses reside surtout dans 
!'irradiation de l'abdomen qui est tres impor
tante. Elles montrent, de plus, la dissymetrie 
liee a Ia position du thorax (flexion et rotation 

interne de l'epaule droite). 

Zone medullaire interessee 

Partie posterieure du crane 
Humerus 
Vertebres cervicales de C 3 

a C7 et dorsales D 1 a D 7• 

Partie anterieure du crane. Omoplate et 
clavicule gauches. Regions posterieures 
des cotes. Vertebres cervicales C 1 et C 2 

et dorsales de D8 a D10• 

Omoplate et clavicule droites. 
Vertebres dorsales D11 et D12 

Maxillaire inferieur et sternum. Region 
anterieure des 6 premieres <;otes. 
Vertebres lombaires L1 et L 2 • 

Region anterieure des 6 dernieres cotes. 
Vertebres lombaires L 3 a L 5•• Sacrum 
et ceinture pelvienne. 

FIG. 21. Doses absorbees au niveau de differents territoires medullaires 
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Dose totale 
Organe Dose Gamma Dose Neutrons arrondie au 

nombre superieur 
(en rad) (en rad) (en rad) 

Cerveau 180 a 270 18 a 27 200 a 3oo 
Cceur 360 a 4oo 36 a 40 400 a 450 
Rate 360 36 400 
Foie 360 a 450 36 a 45 400 a 500 
Tractus digestif: 

Grele soo a 730 so a 73 550 a 800 
Colon ascendant caecum 640 64 700 

angle droit 450 45 500 
Colon transverse 400 a 450 40 a 45 450 a soo 
Sigmo1de s5o a 820 ss a 82 600 a 900 
Rectum 680 a 770 68 a 77 750 a 8so 

Reins 360 a 4so 36 a 45 400 a 500 
Vessie 730 a 930 73 a 93 8oo a 1000 
Glandes endocrimes: 

Hypophyse 300 30 330 
Thyro1de 270 27 300 
Surrenales 320 a 360 32 a 36 350 a 400 

Gonades 1000 100 > 1100 

Fw. 22. Doses absorbees au niveau de differents organes. 

Ces doses absorbees au niveau des differents 
organes peuvent etre calculees de maniere rel
ativement precise pour les territoires medullaires 
(fig. 21), mais beaucoup plus approximative pour 
les autresorganes dont la localisation anatomique 
n'est pas reproduite sur le fan tome (fig. 22). 

Enfin, voici les resultats obtenus lors de 
!'irradiation d'une reproduction du pied gauche. 
Le mannequin a ete fabrique en MixD avec 
squelette traite incorpore. Les mesures ont ete 
faites en externe et en interne par du fluorure 
de lithium pour la dosimetric gamma et par des 
detecteurs au soufre pour la dosimetric des neu
trons. rapides. Cette reproduction a ete posee a 
l'endroit exact oil se trouvait le pied gauche de 
l'accidente et a ete irradiee a la meme dose que 
lors des precedentes reconstitutions. Nous avons 
pense interessant de vous donner les doses 
mesurees au niveau du pied en les superposant 
aux lesions observees (figs. 23, 24 et 25). 

Nous avons egalement reporte les doses absor
bees gamma sur les radiographies osseuses du 

pied (fig. 26). 

IV. CONCLUSIONS 

Pour conclure cet expose, il faut tout d'abord 
rappeler que cette etude dosimetrique a ete 
menee pour resoudre les problemes poses par 
!'evolution clinique de la maladie. L'utilisation 
des dosimetres au fluorure de lithium, queUes 
que soient les critiques que l'on puisse leur faire, 
se justifiait par la possibilite d'obtenir rapide
ment un grand nombre de mesures ponctuelles, 
par leur qualite d'equivalence aux tissus mous 
et leur independance en fonction de l'energie. 
Les resultats ont montre la grande heteroge
neite de la repartition de l'energie absorbee et 
la certitude qu'il existait des territoires medul
laires encore fonctionnels. Cette donnee a ete 
la base de l'action therapeutique car dans ce 
cas, la dose moyenne absorbee n'avait qu'une 
signification biologique limitee. 

De plus, quelques remarques peuvent etre 
faites: 

-avec !'apparition des nouveaux materiaux 
de gainage, la composante y de la dose devient 
predqminante, en cas d'accident. Peut-etre 



FIG. 24. Cette photographie montre Ia face 

superieure du pied ou les doses tres impor

tantes sont egalement au niveau de Ia zone 
dont les lesions sont les plus importantes, 

c'est-a-dire les orteils, alors que les doses de 
2000 a 2700 rads y auxquelles il faut toujours 

rajouter 10% des doses en neutrons rapides, 

se trouvent au niveau des zones ou apparais
sent des bourgeons de reepithelialisation, Ia 

photographie du pied ayant ete faite 2 mois 

environ apres !'accident. 

FIG. 23. Doses externes sur Ia plante du 

pied Cette photographie montre Ia plante 
du pied ou les doses atteignent 4700 rads y 

et 700 en neutrons rapides au niveau des. 

orteils, zone Ia plus atteinte. 



PROBLEMES DE DOSIMETRIE LORS DE L' ACCIDENT 

Fro. 25. Cette photographie montre le bord 
interne du pif'rl ou se retrouvent les memes 

phenomenes. 
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FIG. 26. Doses gamma internes du pied sur radiographie. Voici les doses mesurees dans le fantome du 
pied aux differents etages osseux; elles varient de 3.800 et 4.000 rads, au niveau des orteils et 2.000 au 

niveau de la cheville. 
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serait-il utile alors de doubler le badge classique 
par d'autres detecteurs y; 

-du point de vue clinique et therapeutique, 
il est important de pouvoir estimer le degre 
d'heterogeneite de !'irradiation: il serait done 
interessant d'equiper les ceintures de securite 
en dosimetres y; 

-enfin, si l'on veut proceder a une reconsti
tution immediate apres !'accident, il faut dis
poser des fan tomes, de !'instrumentation de dosi
metrie necessaire et d'une equipe rodee a 
leur emploi. 
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ANNEXE No.1 

(m) FILM-DOS/METRE C.E.N. 

Le film-dosimetre C.E.N. est muni de deux 
films Gevaert D 2 et D 10 permettant la mesure 
des doses de quelques mR a 1 millier de R. Ces 
films sont places dans un bo1tier de matiere 
plastique. Ce boitier contient 4 jeux d'ecrans: 

1-ecrans y-X: plomb 220 mgfcm 2
, etain 

110 mg/cm 2
, aluminium 27 mgjcm 2 

2-ecrans n thermiques: plomb 220 mgfc-in 2 , 

cadmium 1100 mg/cm 2
, aluminium 27 

'IIi 
mgfcm 2

• 

3-ecrans X mous et {3: plastique 300 mg/cm 2 

4-ecrans f3: plastique 100 mg/cm 2
• 

L'identification des films est assuree par mar- . 

quage aux rayons X de 10 keV au moyen de 
chiffres de plomb incorpores au boitier, la 
partie utile du dosimetre etant protegee. 

La seule particularite de ce dosimetre est 
de contenir des languettes de films non envelop
pes dans du papier etanche a la lumiere, cette 
etancheite etant assuree par le boitier de poly
propylene charge. L'absence d'enveloppe de 
papier permet une manipulation plus rapide en 
chambre noire. 

La mesure des doses neutrons dues aux acci
dents de criticite est faite grace a trois detec
teurs par activation semblables a ceux utilises 
a l' A.E.R.E. 

-une pastille de soufre de 1 g 
-un jeu de 3 pastilles d'or de 4 mm de 

diametre et de 0,1 mm d'epaisseur; la pastille 
centrale est inseree entre 2 ecrans de cadmium 
de 0, 7 mm d'epaisseur. 

-une pastille d'indium pour la detection 
rapide des irradies. 
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Resume-Il s'agit d'un accident radiologique survenu recemment aupres d'un reacteur 

nucleaire et dont les aspects relatifs ala surete eta la dosimetrie font l'objet d'une communica
tion de Boulenger et Parmentier. 

L'irradiation subie se caracterise par sa soudainete, son importance et son heterogeneite. 

II en est resulte un syndrome general d'irradiation totale et un syndrome local de surex
position d'un membre inferieur. 

Le syndrome general a comporte une phase initiale de choc important avec vomissements, 

polynucleose et degradation metabolique; une phase de latence de trois semaines au cours de 
laquelle la gravite de l'atteinte a pu etre mise en evidence par l'effondrement des fonctions 

hematopoietiques; une phase de crise de quatre semaines caracterisee par un etat febrile 

hectique, une aplasie medullaire totale, des manifestations toxemiques graves; une phase de 
recuperation spectaculaire des fonctions hematopoietique; une phase de convalescence 

prolongee. Les examens hematologiques concernant les erythrocytes, les reticulocytes, les 

neutrocytes, les lymphocytes, les thrombocytes, la trombo-elastographie et les medullogrammes, 
ainsi que les examens cytogenetiques concernant les chromosomes ont permis d'effecteur une 

evaluation clinique de la dose globale resultante. 
Le syndrome local de surexposit1on d'un membre inferieur a evolue, apres une phase de 

latence de l 0 jours, comme une radio-lesion extr~mement grave avec les manifestations cutanees 

conjonctives, vasculaires, nerveuses et osseuses auxquelles on pouvait s'attendre. 
Le traitement a consiste, pour le syndrome general, en isolement total controle bacterio

logiquement, en prevention antihemorragique, en administration d'antibiotiques adequats, 
en un soutien dietetique, en transfusions erythrocytaires. Le traitement du syndrome local se 

poursuit encore avec isolement bacteriologique, pommades vivifiantes et padutine. 

INTRODUCTION 

Le 30 Decembre 1965, au Centre d'Etudes 
Nucleaires de Mol en Belgique, un accident sur
venait au pres de !'assemblage critique "Venus". 

Dans 1a communication de M. Penelle, les 
circonstances de cet evenement ont ete exposees. 
Cet accident a eu pour consequence une irra
diation humaine globa1e par un flash de rayons 
yet de neutrons. · 

Immediaternent apres 1'accident, des qu'ont 
ete connus les premiers resu1tats dosimetriques, 
la victime etait adressee au Service de Radio
patho1ogie de 1a Fondation Curie a Paris ou 
elle parvenait 1e jour meme. Durant les 120 

jours de son hospitalisation a 1'Hopital Curie, 
ont ete effectues les etudes dosimetriques, 1es 
investigations cliniques et biologiques et 1es 
actes therapeutiques necessaires. Le Service 
de Radiopathologie a ete conseille, dans cette 
tache, par un College de Consultants: les 
travaux effectues ont necessite 1a collaboration 
d'equipes specialisees appartenant aux Labora
toires de la Fondation Curie, au Centre d'Etudes 
Nucleaires de Fontenay-aux-Roses et au Centre 
d'Etudes Nucleaires de Mol. 

Les donnees relatives aux etudes dosime
triques ont ete exposees dans 1a communication 
deN. Parmentier, R. Boulenger et G. Portal. 
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Dans la presente communication, sont deve

loppees !'observation clinique, !'evolution bio
logique et la conduite therapeutique. Pour 
des raisons de commodite de presentation, elles 
portent d'abord sur le syndrome d'irradiation 
globale aigue. Par ailleurs, il n'etait pas pos
sible d'exposer la totalite des faits observes 
et des actes effectues. Surles milliers d'examens 
pratiques, un choix a ete fait portant essentielle
ment sur certains aspects des investigations he
matologiques, biochimiques et cytogenetiques. 
De meme, ont ete specialement retenus les essais 
d'interpretation en dosimetrie medullaire qui 
ont conditionne la conduite therapeutique. 

Ala sortie de la Fondation Curie, la guerison 
du syndrome d'irradiation globale aigue etait 
acquise, mais il restait a poursuivre le traitement 
du syndrome de surexposition locale du membre 
inferieur gauche. Le malade a ete alors trans
fere dans le Service de Chirurgie du Prof. 
Morelle aux cliniques universitaires de Louvain. 
Pour des raisons de presentation, sont done 
groupees, en fin d'expose, !'evolution clinique 
et la conduite therapeutique relatives aux 
radiolesions du membre inferieur gauche. 

40 

39 

38 

37 
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I. OBSERVATIONS CLINIQUES 

1. Evolution clinique 

L' evolution clinique a ete dominee: 

-au cours des 7 premieres semaines, par le 
syndrome Mmatologique et son retentissement sur 
l'etat general. 

-ensuite, par le syndrome d'irradiation du 
pied et de la Jambe gauches. 

1.1. Le syndrome general presente quatre phases 
distinctes parfaitement objectivees par la courbe 
de temperature (Fig. 1): 

-une phase de choc initial, 
-une phase de latence clinique, 
-une phase critique, 
-une phase de remission des signes generaux, 

au cours de laquelle le probleme local passe 
au premier plan. 

1.1. 1. Phase de choc initial. Des la 2eme heure, 
le sujet a presente des nausees et des vomisse
ments: les nausees ont persiste quelques heures. 
A ce Stade, le sujet etait pale, anxieux, adyna
mique, avec une temperature a 39°C, un pouls 
a 90 et une tension arterielle a 11-7. Cette phase 
a dure 24 heures. 

1
35 40 45 

"lli I "EX: 

Fw. 1. Courbe thermique (cf. §I-II). 
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l.l. 2. Phase de latence clinique. Elle s'est main
tenue durant 3 semaines. Des le 2eme jour: 

-amelioration de l'etat general et de l'as
thenie, 

-regression des signes neuro-vegetatifs et 
digestifs. 

-retour de la temperature a la normale. 
1.1. 3. Phase critique. Elle debute le 21 erne 

jour: la fievre s'allume. L'hyperthermie va 
com porter 2 periodes: 

-!'apparition de l'hyperthermie coi:ncide 
avec la phase critique hematologique; 

-mais l'hyperthermie va durer bien au
dela de la restauration hematologique, qui in
tervient a la 5eme semaine, alors que la fievre 
se maintient jusqu' a la 7 erne semaine. 

Les sympt6mes generaux eclatent brusque
ment le 21t':me jour dans l'apres-midi, par une 
montee thermique a 40°C avec asthenie, pros
tration, obnubilation-des cephalees frontales 
violentes. Le pouls est a 100-la TA a 12-8. 
Des lors la courbe thermique presente durant 
24 jours de grandes oscillations entre 37° et 
40°C. 

1.1. 4. Phase de remission thermique. Elle debute 
au 45eme jour et, durant la 7eme semaine, la 
temperature decroche, sans atteindre toutefois 
1a normale: un etat sub-febrile entre 37,5°C et 
38,5°C se maintient encore au cours des semaines 
suivantes. Le tableau clinique est alors domine 
par les lesions locales, du pied et de la jambe 
gauches. 

1.2. Les manifestations cutanees presentent plu
sieurs caracteristiques: la peau a ete irradiee 
dans sa totalite, mais inegalement; aussi la 
chronologie d'apparition et l'intensite des lesions, 
refletent l'heterogenei'te des doses reyues par la 
peau. 

1.2. 1. L'erytheme debute au ?erne jour au 
niveau du pied et de la jambe puis s'intensifie. 
Le llemejour, il apparait au niveau du scrotum 
ou il s'accentue et s'accompagne le 13eme jour 
d'une ulceration, qui regressera le 18eme jour. 

1.2. 2. L'epilation debute le 13eme jour par la 
jambe et le pubis. Elle s'etend, au cours de la 
3eme semaine, a !'abdomen et au thorax, puis 
au crane ou elle interesse les regions fronto
temporo-parietales, avec une nette predomi
nance du cote gauche. 

Enfin, a la face, 1' epilation touche la levre 
superieure, le menton et les joues. La region 

occipitale de la tete est respectee. Le maximum 
d'epilation est atteint ala 4eme semaine. 

1. 2. 3. La reprise d' activite du systeme pileux se 
manifeste a partir de la 5eme semaine, au 
niveau de la face, avec un decalage d'une se
maine entre la joue gauche et la joue droite. 

Les cheveux recommencent egalement a 
pousser. L'epilation est restee persistante au 
nivean rlu pied et de la jam be, jusqu'au genou. 
Les caracteristiques de cette reprise sont les 
suivantes: 

-la repousse des poils et des cheveux est 
plus rapide qu'avant l'accident; 

-ils repoussent plus durs et plus pigmentes; 
-la surface de pilosite est augmentee, en 

particulier au niveau des joues, ou elle remonte 
tres haut sur les pommettes. 

2. Evolution Mmatologique 

2 .1. Remarques d' ordre general: 
2.1. 1. Les courbes d'evolution hematologique 

chez cet accidente presentent un interet tout 
particulier, en ce sens qu'elles n'ont ete influen
cees par aucun apport exterieur transfusionnel 
durant les 30 premiersjours. Elles representent 
done une evolution hematologique "a l'etat pur" 
apres irradiation totale. 

2.1. 2. Nous avons etabli ces courbes en 
coordionnees semi-logarithmiques, qui rendent 
compte immediatement des pentes evolutives. 

2.1. 3. Toutes les courbes de cellules sanguines 
expriment, non des pourcentages, mais des 
nombres absolus par millimetre cube de sang. 

2.2. Taux absolu des lymphocytes (Fig. 2). Ce 
taux est surtout interessant au cours des 2 ou 3 
premiers jours: le taux minimal a ete atteint a 
la 48eme heure; il a ete de 130 lymphocytes par 
mm 3

• La comparaison avec les courbes d'autres 
accidentes (Fig. 3) montre que la pente est 
plus forte que chez les irradies de Vinca, sauf 
chez l'un d'eux. Elle est toutefois moins forte 
que celles des trois cas mortels de Los Alamos, 
qui avaient reyu des doses considerables. 

2.3. Taux absolu des granulocytes neutrophiles 
(Fig. 4): 

2.3. l. Cette courbe met en evidence: 
-un pic initial a 12.500 a la 6eme heure, 

pour 16.500 granulocytes totaux; 
-une premiere chute rapide vers 800 au 

8eme jour (norme: 4000-6000) suivie d'une 
remontee abortive a 1750; 
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FIG. 2. Evolution des lymphocytes en nombre absolu par mm 3 ( echelle semi-log). 
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Fw. 3. Comparaison entre les chutes initiales des lymphocytes observees, aux cours des trois 
premiers jours, sur plusieurs accidents. 
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jour s 

6 10 12 14 16 18 

FIG. 4. Evolution des granulocytes neutrophiles en nombre absolu par mm 3• Le pic initial est a 
12.500. (On a figure, a 16.500 le pic des granulocytes totaux). Noter la chute rapide interrompue 
par une reprise abortive du 8eme au 18eme jour, l'effondrement a 14 par mm 3 au 22eme 

jour, la reprise rapide au 24eme jour. 
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-ensuite se situe la periode la plus critique 
de !'evolution, depuis le 15eme jour jusqu'au 
25emejour. Le taux des granulocytes s'effondre, 
pour atteindre au 2leme jour, le chiffre catas
trophique de 14 par mm 3

• Enfin, la restauration 
debute au 22eme jour et retablit des taux voisins 
de la normale des le 30-32eme jour. 

2.3. 2. Comparaisons: 
-le pic initial a 16.500 se situe au-dessous 

des pies observes a Los Alamos (28.000 et 20.000) 
et au-dessus de tous les autres pies accidentels 
observes, notamment 'a Vinca (10.000-12.000); 

-la pente de chute peut etre comparee 
seulement avec celles de Vinca, les accidentes 
de Los Alamos etant decedes des les premiers 
jours. Elle se situe au-dessous de tous ces acci
dentes y compris le cas letal (Fig. 5). 

2.4. L' ewlution de la lignee rouge (Fig. 6) ne met 
pas en evidence de variations considerables, 
dans ce pool cellulaire d'enorme inertie. Encore 
faut-il prendre en consideration les tres nom
breux prelevements qui, sur !'ensemble du 
sejour du malade, se chiffrent a pres de l litre 
de sang. 

2.4. 1. La courbe des riticulo~ytes est plus parlante 
(Fig. 6); elle presente le meme type evolutif 
que celle des granulocytes, avec la remontee 
rapide au 25eme jour. 

2.5. Nous avons effectue au 7eme jour une 
epreuve d'incorporation du fer-59 dans les erythrorytes, 
en injectant 1 micro-Curie de radio-fer. Nor
malement, la moelle osseuse restitue environ 
80% de l'activite injectee, en 6 a 7 jours, dans 
les globules rouges nouvellement produits. La 
courbe de l'accidente nous a montre une res
titution d'environ 17% de la quantite injectee, 
au 12eme jour apres !'injection, c'est-a-dire au 
moment ou debutait la periode de restauration 
medullaire (Fig. 7). 

On a etabli egalernent la courbe du Fer-59 
fica!, en taut que detecteur possible de micro
hernorragies intestinales: nous pouvions detecter 
par l'activite du Fer, une hemorragie de 50 
centimetres cubes environ. II n'en a rien ete: 
aucun pic n'a ete decele sur la courbe du Fer 
fecal. 

2.6. La courbe des thromborytes (Fig. 8.) suit une 
descente progressive, sans ·reprise, et qui atteint 
le minimum de 15.000 par mm3 au 21-22eme 
jour (au lieu des 200.000 normaux). 

2.7. Nous avons etudie la coagulation sanguine, 

par la methode globale de thrombo-elastographie 
(Figs. 9 et 10). Les constantes longitudinales 
(r, k, r+k), se sont allongees au cours de la 
periode critique. Les constantes transversales 
(Am, Ern) out suivi assez fidelernent !'evolution 
de la courbe des thrornbocytes. A noter que Am 
commence a se relever 1 ou 2 jours avant la 
courbe des plaquettes et qu'elle marque un 
"rebound" post-critique. Ces deux phenomenes 
peuvent s'expliquer par !'apparition d'une 
generation plaquettaire extremernent jeune, au 
moment de la reprise de l'hematopo'iese. Leur 
hyperactivite fonctionnelle a marque son em
preinte sur la courbe du thrombo-elastograrnrne. 

2.8. L' evolution de la myelimie est un point a 
l'etude duquel nous nous sommes attaches par
ticulierernent. Nous avons note, en effet, la 
presence d'un pourcentage important de cel
lules de la moelle, dans le sang peripherique. 
Nous en avons tire les chiffres absolus par 
mm3

• Ils sont ici exprimes (Fig. 11) dans un 
code personnel, semi-logarithmique, dans lequel 
on a superpose les differentes cellules de la 
lignee myiloide. On trouve de bas en haut: les 
cellules les plus jeunes (pro-myelocytes) et 
successivement, les mains jeunes (myelocytes, 
puis rnetamyelocytes). 

On constate que l'enveloppe de cet histo
grarnrne reproduit fidelement l'allure evolutive 
que l'on a vue sur les granulocytes neutrophiles. 
On y retrouve: la rernontee abortive initiale-la 
chute a zero du 20 au 23eme jour puis l'inonda
tion du sang peripherique par des cellules jeunes 
de la moelle, puisque par exemple au 27eme 
jour, la moitie des cellules granuleuses presentes 
dans le sang sont des myelocytes de la moelle. 

2.9. Toujours sur les etalements de saug-et 
plus particulierement sur les concentration 
leucocytaires preparees pour le comptage des 
lymphocytes binuclees-nous avons rencontre de 
nombreuses figures de mitoses. Tous les stades de 
la mitose ont ete observes (prophase-meta
phase-anaphase-telophase). Certaines eaient 
anormales, avec de petits fragments de chroma
tine isoles. 

2.1 0. No us avons etabli presque chaque jour, 
sur 10.000 lymphocytes normaux, le taux des 
lymphorytes binuclees. Ce taux s'est eleve franche
ment, a partir du 15eme jour. Il atteint un 
plateau a 40 p. 10.000 qui s'est maintenu durant 
20 jours autour de cette valeur, pour diminuer 
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FIG. 5. Comparaison entre les "pentes de chute" des granulocytes neutrophiles. On a tenu 
compte d'un ml':me chiffre de depart au jour zero. On a figure le taux minimal, au jour ou il 
a ete atteint. La chute observee a MOL se situe au-dessous de tous les accidents connus 

ayant survecu jusqu'au 20eme jour. 
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FIG. 6. Evolution de la lignee rouger en nombre absolu par mm3• On a figure Ia courbe des 
erythrocytes (pointille): sa decroissance est progressive et de pente faible; il faut y faire inter

venir les nombreux preU:ve-ments necessites par les examens biologiques. La courbe des 
reticulocytes (trait plein) est parlante. On y trouve: la chute initiale tres brusque, la reprise 

abortive, la restauration a partir de 25eme jour. 
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FIG. 7. Epreuve d'incorporation du 59Fe apres injection intraveineuse de 1 p. Ci de 5
9Fe, faite 

au jour J + 7. L'activite erythrocytaire, exprimee en pCi/m1 d'erythrocytes, monte seu1ement 
a 17% de l'activite injectee, en 10 jours. 
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FIG. 8. Evolution des thrombocytes, en chiffre absolu par mm 3
• Taux minimal atteint: 

14.000(mm 3 entre J +20 et J +25. 
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FIG. 9. Evolution des constantes thrombo-dynamographiques: constantes longitudinales: r, k, r + k. 

ensuite, mais en restant toujours au-dessus des 
taux normaux de 1 a 4 p. 10.000 (Fig. 12). 
La courbe en pointille montre l'evolution des 
lymphocytes banaux, ceci a une toute autre 
echelle. Ces lymphocytes binuclees ont donne 
de tres belles images. Beaucoup d'entre eux 
etaient porteurs de fragments nucleaires ( caryo
meres). 

Nous avons egalement observe une plasmo
cytose reactionnelle importante, avec souvent 
des plasmocytes binuclees ou tri-nuclees. 

2 .11. L' index mitotique de la moelle osseuse a ete 
etabli sur des ponctions en serie. L'index de la 
lignee rouge presente son pic au 20eme jour. 
L'index de la lignee granuleuse montre un pic 
un peu plus tardif, au 30eme jour (Fig. 13). 

2.12. Analyses chromosomiques. Nous avons pro
cede chez cet irradie, a des analyses chromo
somiques, par etude de caryotypes montes, 
provenant de cultures de sang preleve le 4eme 
jour a pres !'irradiation. Le but etait d'obtenir, si 

possible, un pourcentage des lesions chromosomi
ques observables. Mais rappelons qu'au 4eme 
jour de !'evolution, il y avait dans le sang seule
ment 130 lymphocytes par mm 3 • Le nombre de 
metaphases exploitables a done ete seulement 
de 24. 

Sur ces caryogrammes, on a observe tous 
les types de lesions: deletions, translocations, 
anneaux, dicentriques. (Figs. 14--16). Cer
taines de ces cellules etaient porteuses a la 
fois de 2 anomalies: le pourcentage global des 
lesions a done ete relativement eleve. Le tab-. 
leau en est donne (Tableau 1). 

Il faut en retenir les chiffres, exprimes en 
"nombre de coups", obtenus: 

-pour les dicentriques: 125; 
-pour les cassures (sans les translocations): 

253. 

Ces chiffres pouvaient, en effet, etre compares 
avec les chiffres obtenus par Kelly et Brown au 
cours de leurs experiences faites sur du sang 
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FIG. 10. Evolution des constantes thrombo-dynamographiques: constante transversale 
Am, (trait plein) comparee avec la courbe des thrombocytes (pointille) 

irradie in vitro. Etablissant une courbe dose
effet d'apres leurs donnees experimentales, nous 
y avons reporte les valeurs que nous obtenions 

pour l'irradie: 
-sur la courbe des dicentriques, notre point se 

situe a la dose de 500 R (Fig. 17); 
-sur la courbe des cassures (sans les translo

cations) notre point se situe a 470 R (Fig. 18). 
Il faut noter que cette derniere courbe, 

etablie d'apres Kelly et Brown, c'est-a-dire 
par l'examen direct au microscope sans monter 
les caryotypes, com porte une sous-estimation cer
taine des doses. On peut done dire que, sur 
la base de !'estimation de l'analyse chromoso
mique, on pouvait situer approximativement 
le niveau de dose, aux environs de 500 rads. 
Cette notion sera retrouvee a propos de 1a dosi
metrie medullaire. 

3. Evolution biochimique 

Differents parametres biochimiques ont ete 
etudies au niveau du sang et des urines. 

3.1. Variations sanguines. Mise a part la gly
cemie, les variations sanguines ont ete de faible 
amplitude. 

3.1. 1. Le taux d'ure'e sanguine est reste dans 
les limites normales. 

3.1. 2. Les electrolytes plasmatiques (sodium, 
potassium, chlore) ont ete suivis quotidienne
ment. On a observe seu1ement une legere dimi
nution du sodium dans les premiers jours (120 
mEqflitre). 

3.1. 3. La courbe (Fig. 19) traduisant 1es 
variations de la glycimie presente p1usieurs oscil
lations: 

-hyperglycemie a 1,54 gf1, 1e premier jour; 
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neutrophiles. 
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Tableau 1. Tableau des resultats de l' anafyse chromosomique, faite sur culture de sang de 
72 heures, preleue au tour j + 4. Pourcentage etablis sur 24 cellules. 

Noter: ( 1 °) le nnmhre des dicentriques ( 125); (2°) le nombre des cassures (sans translocations) 
(253); (3°) le nombre des cassures (translocations comprises) (277) 

Caryotypes 

xamines E 
N 
N 

ormaux 
ormaux, avec cassure 
d' isochroma tide 
ormaux, avec hypoplo!die N 

A 
A 

vee hyperplo!die 
vee aberrations, type 
chromosome 

Aberrations 

Deletions 
F ragments 
Cassures de chromosomes 

icentriques D 

A nneaux 

T ranslocations 

nomalies de chromatide A 
H ypoploidie dans cellu1es 

anormales 

Observes 

24 
1 

1 
1 
0 

21 

Observees 

6 
8 

15,5 
15 

I 

2 

0 

9 

Pourcentage 

4 

4 
4 
0 

84 

Exprimees Exprimees 
en p. 100 en nb. de 
cellu1es coups p. 100 

cellu1es 

25 25 
33 33 
62,5 62,5 
62,5 125 

4 8 
-

253 
12 24 

-
277 

0 

37,5 

I 
Points correspondants sur 1es courbes etab1ies in vitro par Kelly et Brown; 

-sur 1a courbe des dicentriques: Dose estimee = 520 R; 
-sur 1a courbe des cassures (sans translocations): Dose estimee = 470 R. 
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Fws. 17-18. Reportes sur des courbes de relation dose-effet apres irradiation in vitro, 1es chiffres 

precedents donnent 1es doses estimees de 520 R ( courbe des dicentriques) (fig. 17), 4 70 R ( courbe 
des cassures, trans1ocations exclues) (fig. 18). 

Nbr. de Cossures 

pour 100 cell. 

0 
0 0 3 0 0 

+ 

Courbe d'opres result.de BENDER 

et de KELLY 

+ Nbr.decassures pour 100 cellules 

transloca·tions non comprises 

(lechn.de BENDER) 

0 N b r. de c a s sure s po u r 1 00 c e II, 

translocations comprises 

587 
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FIG. 19. Evolution de Ia glycemie. 

-SUlV!e d'hypoglycemie a 0,50, 1e troisieme 

jour; 
-et retour a 1a norma1e a 1a fin de la premiere 

semame. 

3.1. 4. Les proteines totales plasmatiques ont 
diminue: 

-de 82 g/1 le premier jour; 
-a 63 g/11e l2emejour. 
L' analyse electrophoritique des fractions proteiques 

(Fig. 20) montre que cette diminution porte 
surtout sur les A1bumines. On notera le pic 
du 30eme jour, du aux transfusions. 

3.2. Variations de l' excretion urinaire: 
3.2. 1. Les electrolytes urinaires ont ete SUlV!S 

pendant trois mois. L'excretion du potassium 
presente trois pies (Fig. 21): le premier jour, 
ainsi que les 15eme et 2lemejours. L'excretion 
du sodium (Fig. 22) est nettement diminuee d'a
bord pendant les quatre premiers jours-puis 
du 18eme au 30eme jour. La variation du chlore 
est analogue a celle du sodium. 

3.2. 2. Les 17-citostiroides totaux ont ete doses 
pendant 45 jours (Fig. 23). L'excretion a ete 
superieure a la normale le premier jour (I 6,6 
mg/24 h). Puis on observe une diminution 
franche a 2,4 le 5eme jour et un taux. qui 
reste bas par la suite. 

3.2. 3. L'urie urinaire n'a pas subi de variations 
sensibles. L'excretion d' acide urique est nette-

~ 
Globuline 

Transfusions 

FIG. 20. Evolution des proteines seriques: electrophorese sur acetate de cellulose. 
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FIG. 23. Excretion urinaire des 17 cetostero1des. 

ment augmentee au 2H:me jour, au moment 
de la phase critique. 

3.2. 4. Creatine-creatinine ont ete SUlVIeS pen
dant 45 jours; !'excretion de creatine a ete aug
mentee, avec deux pies: l 'un du 5eme au 
8eme jour, l'autre vers le l2-13eme jour. La 
methode de dosage utilisee (methode de 
Jaffe apres hydrolyse acide) n'a pas permis de 
saisir les fluctuations faibles de la creatinine: 
seules les valeurs de pointe ont ete decelees 
(Fig. 24). 

3.2. 5. Les acides amines urinaires ont ete evalues 
quantitativement par analyse chromatogra
phique sur colonne echangeuse d'ions et reac
tion a la ninhydrine, selon la methode de 
Moore et Stein. Vingt-deux composes amines 
ont ete evalues quantitativement, mais la Proline 
et l' hydroxyproline, en quanti tes trop faihles, 
n'ont pu etre evaluees. 

Les acides amines totaux urinaires augmentent 
nettement (Fig. 25) vers un maximum de 2, 7 
g/24 h, le 4eme jour. I1 en est de meme de 
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FIG. 24. Excretion urinaire de la creatinine et de la creatine, exprimee sous forme de rapport 
creatine/creatinine. 
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FIG. 25. Excretion urinaire des acides amines totaux. 
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FIG. 26. Excretion urinaire du glycocolle. 

l'e:xcretion du glycocolle (Fig. 26) qui represente 
environ, en masse, le tiers des amino-acides 
excretes le 4eme jour (850 mg/24 h.). 

De meme pour la taurine: maximum a 380 
mg/24 h., le 5eme jour: (Fig. 27) 

-l'acide glutamique: maximum 77 mg/24 h, le 
2emejour; 

-l'acide aspartique: maximum 187 mg/24 h, le 
7emejour; 

-la cystine: maximum 115 mgf24 h, le premier 
jour; 

-la lysine; 
-le tryptophane; 

-1' acide (3-amino-isoburyrique (Fig. 28): maxi-
mum 41 mg/24 h, le 4emejour. . 
A !'inverse on observe une chute nette de l'ex
cretion urinaire de la serine, a partir du 2eme 
jour (Fig. 29): 

premier jour: 81,5 mg/24 h 
2emejour: 11 mg/24 h 
3emejour: 6,2 mg/24 h 
4emejour: 4,3mgf24h. 

La courbe d'excretion de la threonine est simi
laire. 

3.2. 6. Quant a !'alanine, l'acide cysteique, la 
tyrosine, la phenulalanine, et I' arginine, les vari· 
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FIG. 2 7. Excretion urinaire de la taurine. 

ations de leurs taux d'excretions restent dans 
les limites normales. 

4. Etude de la moelle osseuse-C,ytologie et dosi

metrie 

4.l. Nous avons fait chez cet irradie un grand 
nombre d'examens de la moelle osseuse, par des 
ponctions executees en des points divers. Voici 
comment les choses se sont presentees. 

4.1. 1. Le premier jour, on ne disposait que d'une 
notion dosimetrique assez globale: irradiation 
aux environs de 550 rads, dose estimee d'apres le 
film badge, porte par le sujet ala poche poitrine. 
La premiere ponction a done ete une ponction 
stemale, au jour J +I et elle a montre une moelle 
tres pauvre. 

4.1. 2. Les Jours suivants, on sut que I' irradia
tion etait inhomogene, que le sujet etait place 
tres obliquement, a cheval sur la margelle en 
beton du reacteur. On a fait des ponctions 
symetriques, aux extremites d'un diametre 
du bassin: l'une a l'epine iliaque anterieure 
gauche (situee au-dessus du reacteur), l'autre a 
l'epine iliaque posterieure droite, qui etait 
censee avoir etre protegee. 

L'examen de ces deux moelles, au jour J +4, 
a montre une cellularite aussi pauvre que pre
cedemment. Ensuite, on a pense que le membre 
inferieur droit, qui etait replie sur la margelle 
de beton, avait peut-etre ete protege. Et l'on 
a fait une ponction du tibia, a son epiphyse 
superieure et une ponction de calcaneum. L'une 
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Fw. 28. Excretion urinaire de l'acide ,8-aminoisobutyrique (BAIBA). 

comme l'autre ont montre une moelle deserte, 

au jour J+7. 
4.1. 3. C'est alors que les notions de dosi

metrie se sont affinees, grace a la reconstitution 
d'accident, faite sur le fantome en materiau syn
thetique tissu-equivalent. L'enorme inhomo
geneite des doses est apparue clairement sur 
les resultats numeriques de la dosimetrie in
terne. 

Nous avons done utilise tous les resultats 
numeriques de cette dosimetrie et commence par 
etablir les ZONES ISODOSES correspondant 
a chacune des tranches du fantome. Puis nous 

avons fait construire une copie en plexiglas de 
chacune de ces tranches, et nous y avons figure 
les zones isodoses, dans un code de hachures 
colorees: (noir = au-dessous de 1000 rads; 
hachures rouges = 800-1000, etc.). 

En reassemblant ces tranches, porteuses de 
notre code, dans la meme geometrie que le 
fantome, nous obtenions un "Bonhomme de 
verre", (Fig. 30) qui donnait une representation 
dosimetrique spatiale tri-dimensionnelle. 

4.1. 4. En effet, le probleme de !'estimation du 
dommage, qui nous etait pose par les medecins 
traitants-et tout le probleme therapeutique 
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FIG. 29. Excretion urinaire de Ia serine. 

qui en decoulait-etait de savoir quelles etaient 
les doses et comment elles etaient reparties: 

probleme physique. 
Mais aussi: oil il pouvait subsister un peu de 

moelle ayant re~u moins que la DL-50-qui 
serait done susceptible de restaurer, par duplica
tions successives, la population normale de 

cellules-souches. 
Et ceci etant etabli, combien il restait, non pas 

de moelle, mais de cellules-souches survivantes et 
viables: probleme biologique. 

Nous avons done tente, par nos moyens dis
ponibles, de donner une reponse a ces deux 
problemes biologiques: ou et com bien? 

4.2. Recherche de la presence de moelle active: 
4.2. 1. Le bonhomme de verre nous montrait 

que toute la partie anterieure du bassin ( celle 
qui comporte les zones noires et rouges) etait 
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FIG. 30. "Bonhomme de verre". Technique de representation spatiale des isodoses. 
(Dr. Le Go) 

certainement atteinte de fa~on considerable 
et qu'il n'y avait pas a esperer trouver de moelle 
intacte a ce niveau, ni au niveau de la region 
lombaire; que les regions superieures du tronc 
etaient dans des zones moins sombres, notam
ment le dos superieur, et que la region pos
terieure de la tete, ainsi que le cervix, etaient 
en zone claire: inferieure a 300 rads. 

4.2. 2. C'est pourquoi l'etude ulterieure de la 
moelle osseuse au 15eme jour, a ete faite par 
trois ponctions: au niveau de sternum-au ni
veau de l'epine iliaque posterieure droite-et 

la troiseme au niveau de l'apophyse epinei.lse de 
la sixieme vertebre cervicale. La ponction sternale 
etait deserte. La ponction illiaque etait deserte·. 
La ponction de la vertebre C6

, montrait une 
moelle riche, au 15eme jour. Cette rnoelle 
presentait en particulier un rapport erythro
myeloi'de egal a 1,9. Et les cellules-souches y 
etaient presentes: 

cellules reticulaires 
hemo-histioblastes 
hemo-cytoblastes 

soit 6% de cellules-souches. 

2% 
2,2% 
1,8% 
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Fro. 31. Mode d'etablissement de la dose medullaire theorique (DMT) et de la dose 
medullaire equivalente (DME). 

Nous savwns done oil il restait des cellules 
souches viables. Il fallait estimer combien-et 
en deduire les chances que l'irradie avait peut
etre, de survie par ses propres moyens Mmatolo

giques. 
4.3. Estimation du taux de cellules-souches viables: 
4.3. 1. Nous ne pouvons nous etendre ici sur 

les calculs entrepris, qui font l'objet d'un travail 
en cours de redaction. Disons seulement que 
nous avons repris notre fantome isodose. Sur 
chacune des coupes, nous avons estime le 
pourcentage de moelle present dans chaque zone 
isodose figuree sur la coupe. Puis nous avons 
pondere chacun de ces pourcentages locaux, par 
le chiffre de la dose correspondante (Fig. 31). 
La sommation de ces resultats elementaires 
donne une dose moyenne integree a l'ensemble 
de la moelle, qui est une estimation purement 
physique de l'energie transmise a la moelle 
et que nous avons appelee la dose midullaire 
thiorique. Nous l'avons trouvee egale a 550 rads. 

Puis nous avons transpose le probH:me sur 
le plan biologique. Nous avons calcule pour 
chaque dose, le pourcentage de cellules-souches 
viables, en nous referant aux courbes de Lajtha. 

Et nous avons pondere par cette valeur, chacun 
des pourcentages de moelle locale, trouves pre
cedemment (Fig. 32). La sommation de ces 
resultats partiels nous a donne un taux de cel
lules-souches survivantes egal a 3 p. 1000. Ce 
taux de survie est realise, en irradiation homo
gene, par une dose de 400 rads environ. C'est cette 
dose que nous appelons dose midullaire equivalente. 

Que representent ces deux notions? 
4.3. 2. La dose midullaire thiorique est une 

valeur physique qui represente le transfert 
d'energie a la moelle. La valeur de 550 rads 
permet done d'imaginer queUe aurait ete !'evo
lution de l'irradie, si le transfert d'energie avait 
ete homogene. D'ou le terme de dose medul
laire theorique (Fig. 33). 

4.3. 3. La dose medullaire equivalente prend en 
consideration le depeuplement local de la moelle 
en fonction de la dose. C'est done, par definition, 

la dose qui, si elle est res:ue de fa<;on homogene, 
laisse le meme pourcentage de cellules-souches 
survivantes. En consequence, cette valeur a 
done toutes les chances d'etre representative 
de !'evolution hematologique dans le cas etudie 
(Fig. 34). 
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tion totale des blastes survivants est de 3 pour 1000. 

4.4. Estimation des chances de survie spontanee: 
4.4. 1. Si l'on traduit en termes de chances de 

survie les deux doses calculees precedemment: 
DMT et DME, on constate que (Fig. 35): 

-pour 550 rads, les chances de survie sont 
inferieures a 10%; 

-pour 400 rads, elles sont de l'ordre de 45%. 
On peut done dire que la difference entre les 
deux chiffres de la DMT et de la DME exprime 
la difference evolutive entre une irradiation 
homogene et une irradiation tres inhomogene, 
pour une meme energie transmise. Cette diffe
rence apporte, dans le cas particulier, un gain 
de 35% dans les chances de survie. 

4.4. 2. Ce "glissement" a une importance 
pronostique considerable. Il fait passer l'irradie 
de la categorie "survie virtuellement impos-

sible", dans la categorie "survie eventuellement 
possible". 

4.5. Il faut maintenant tirer la philosophic de 
cette constatation. Le gain de 35% dans les 
chances de survie, n'a pas cependant ete pour 
l'irradie, un gain net. Il faut le considerer com
me un "pret a long terme", sur le plan vital. 
Mais il s'est assorti d'un AGIO extremement 
lourd: les lesions locales de surdosage au niveau 
du membre inferieur, qui ont finalement neces
site !'amputation de ce membre. 

En definitive, nous n'apportions done, par 
cette tentative de dosimetric medullaire, etayee 
cependant par la constatation d'une moelle 
active au niveau des vertebres cervicales, que 
la notion de l'existence de "chances de survie 
spontanee possible". 
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Mais "survie possible" n'est pas "survie pro
bable", encore moins "certaine". Restait done 
le probH:me des decisions therapeutiques qui 
fut loin d'etre le moindre. 

II. CONDUITE THERAPEUTIQUE 

Principes generaux 

Ainsi que cela a ete expose dans !'observation 
clinique, I' evolution generale du syndrome d'ir
radiation globale aigue est caracterisee par 
quatre phases successives (Fig. l): 

-choc, 
-latence, 
-crise, 
-remission. 

La conduite therapeutique est fonction des mani
festations apparaissant au cours de chacune 
de ces phases evolutives mais egalement des 
troubles inapparents qui necessitent une mise 
en conditionnement. 

A. ces quatre phases correspondent schemati-

quement: 
-un traitement anti-choc, 
-un traitement prophylactique, 
-un traitement heroi:que, 
-un traitement reconstitutif. 

2. Traitement au cours de la phase de choc 

Au cours des 24 premieres hcurcs, le choc 
initial s'est manifeste essentiellement par une 
phase febrile avec desequilibre neuro-vegetatif a 
symptomatologic digestive. 

Le traitement a consiste en repos absolu, diete 
legere et administration de medications neuro
sedatives de type largactil. Il faut tenir compte 
des proprietes myelotoxiques des medications 
chimiques. 

Lorsque l'on fait l'inventaire des substances 
mediramenteuses, en particulier de nature 
synthetique presentant un caractere myelotoxi
que plus ou mains accentue, on constate qu'il 
existe finalement fort peu de medicaments utili
sables. C'est ainsi que parmi les antalgiques, les 
antipyretiques, les antibiotiques etc. . . . la 
plupart s'averent contre-indiques. 

3. Traitement au cours de la phase de latence 

Le choc initial passe, s'est installee pour trois 
semaines une phase de latence clinique. Elle 
a ete caracterisee par !'absence quasi complete 
de symptomatologic apparente et par une evo
lution implacable et silencieuse des radiolesions 
cutanees, hematologiques et viscerales. 

A. l'inverse de ce que l'on pourrait penser, 
cette periode a ete capitale pour les indications 
therapeutiques, le traitement prophylactique et 
la preparation des traitements curatifs. 

3.1. Indications therapeutiques. La phase de 
latence, qui nous est heureusement accordee 
au cours du syndrome d'irradiation globale 
aigue, doit etre imperieusement mise a profit 
pour poser les indications therapeutiques sur 
des bases dosimetriques et biologiques auss1 
completes que possible. 

C'est pendant ces 20 jours qu'ont ete effec
tuees les etudes dosimetriques sur le patient 
lui-meme et sur fan tome, au cours de la recons
titution de !'accident. Elles ont permis d'aboutir 
en temps voulu a deux constatations essenti
elles: l'heterogeneite de !'irradiation et !'im
portance des doses absorbees au niveau des 
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differents organes. En outre, la methode d'es
timation de la dose medullaire theorique nous 
apermis de tabler sur une irradiation de l'ordre 
de 500 rads. Simultanement, les investigations 
hematologiques et biochimiques sont venues 
confirmer, jour apres jour, le bien-fonde des 
estimations dosimetriques, en particulier la 
pente de la chute des lymphocytes. L'effon
drement du nombre absolu des granulocytes 
et des thrombocytes a signifie que l'on se trou
vait dans le domaine de la letalite. En outre, 
les ponctions medullaires pratiquees au sternum, 
aux ailes iliaques, au tibia, au calcaneum et aux 
vertebres cervicales ont apporte la double 
preuve d'une irradiation massive de l'organisme 
et d'une irradiation moindre de l'extremite 

cepha]ique. 
Devant un tel bilan dosimetrique et biolo

gique, il apparaissait evident que le pronostic 
etait extremement grave. D'une part, !'irradia
tion resultante depassait les 500 rads, d'autre 
part, l'heterogeneite de distribution contre
indiquait a priori des traitements heroiques 
tels que la transplantation medullaire. De ce 
fait, tout devait etre mis en ceuvre pour la 
prophylaxie de !'infection, de la denutrition et de 
l'hemorragie. En outre, des ce moment, toute 
previsiou devait etre faite pour mettre a dis
position immediate, des traitements hematolo
giques par transplantation ou par transfusion. 

3.2. Prophylaxie de l'irifection. Devant l'ef
fondrement previsible des defenses epitheliales, 
immunologiques et hematologiques de l'indi
vidu, tout devaitetre mis en ceuvre pour le sous
traire au risque d'infection exogene et pour 
limiter les risques d'infection endogene. 

3.2. 1. Prevention bacteriologique. La preven
tion bacteriologique a ete assuree simultane
ment par l'isolement absolu du malade et par 
des desinfections appropriees. 

L'isolement du milieu exterieur a ete pousse 
a son maximum, sous triple enceinte; !'installa

tion comprenait: 
-un antichambre maintenue sterile par anti

septiques et rayons ultra-violets, 
-une chambre sterile a air comprime et 

filtre. 
A l'interieur de cette chambre, un caisson en 
matiere plastique, construit par la Section de 
Protection contre les Radiations de Fontenay
aux-Roses, et soumis a une Iegere surpression est 

muni d'un filtre, de gants de manipulation, 
d'un sas pour la nourriture et d'un sas pour 
l'acces du personnel medical. Tous les objets, 
medicaments et nourriture, penetrant dans 
l'antichambre etaient prealablement sterilises. 
Les visites etaient rigoureusement interdites, le 
personnel infirmier et medical penetrant et 
sejournant le moins possible: de toute far;:on, 
il subissait une desinfection prealable, revetait 
deux cagoules successives et penetrait dans deux 
sas constitues par l'antichambre et le sas du cais
son. En outre, la literie etait sterile et les parois 
internes du caisson nettoyees chaque jour par 
antiseptiques. 

Par ailleurs, le patient subissait, chaque jour, 
pendant au moins une heure, un nettoyage 
minutieux, par solution antiseptique, de la tota
lite de sa peau. Une attention toute particuliere 
etait apportee au nettoyage de la bouche, du 
nez, des yeux, des oreilles, du meat urinaire et 
de l'anus. De plus, des badigeonnages des 
cavites aero-digestives superieures etaient ef
fectues chaque jour. 

Un probleme difficile a resoudre a ete celui 
de la limitation de !'infection endogene. Dans 
ce but, a ete prescrite }'administration syste
matique de mycostatine et de paromomycine en 
vue de juguler au moins partiellement la flore 
intestinale. 

Sur le plan general, le traitement prophylac
tique a ete complete par !'administration de 
gammaglobuline. 

3.2. 2. Surveillance bacteriologique. En vue 
de tester l'efficacite de la prevention bacteriolo
gique et de depister des infections debutantes, 
une surveillance bacteriologique extremement 
stricte a ete appliquee representant finalement 
plusieurs milliers d'examens. Tous lesjours, !'at
mosphere de l'antichambre, de la chambre 
sterile et du caisson d'isolement a ete controlee 
au moyen de prelevements sur boi:tes de Petri 
ainsi que l'etat des surfaces au moyen de frottis. 

Ces controles quotidiens n'ont pas permis de 
deceler de pollution bacterienne appreciable. 

Tous les jours, egalement, ont ete controles 
bacteriologiquement des prelevements cutanes 
et muqueux et ont ete effectuees des urocultures 
et des coprocultures. Cette derniere a permis 
d'etablir d'une fac;on precise la flore intestinale 
subsistante et d'effectuer les antibiogrammes 

correspondants. 
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ll convient de signaler que ces contr6les 
bacteriologiques systematiques ont ete com
pletes au moment de la phase critique par 
hemocultures et meme par examens bacterio

logiques du liquide cephalorachidien. En 
outre, le personnel infirmier et medical a ete 
soumis a des examens bacteriologiques oro

pharynges. 
3.3. Prophylaxie de la denutrition. Le syndrome 

d'irradiation globale aigue s'accompagne d'une 
denutrition importante. Il est necessaire, des 
la phase de latence, de mettre en reuvre un 
regime permettant de maintenir les equilibres 
thermiques et nutritifs et meme de constituer 

des reserves en vue de la phase critique. En 
outre, une surveillance metabolique doit etre 

exercee. 
3.3. l. Dietetique (tableau 2). Dans le cas 

Tableau 2. Prophylaxie de la denutrition: dietetique 

Apport Calorique 

Apport Hydrique 

Apport Glucidique 
Apport Protidique 
Apport Lipidique 

Apport Mineral 

Apport Vitaminique 

2000 a 3000 Cal/j 

2 1/j 

250 a 350 g/j 
roo a 150 g/j 
60 a 100 g/j 

Fonction des 
concentrations sanguines 

A, B1 , B4 , B6, C, D, P, 
PP, K. 

present, l'apport calorique a ete de 2000 a 
3000 calories par jour. L'apport hydrique etait 
de deux litres par jour. L'equilibre organique 
a ete etabli sur les bases d'un apport glucidique 
et protidique preponderant et d'un apport 
lipidique restreint. L'equilibre mineral a ete 
maintenu en fonction des resultats biochimiques. 

Une recharge vitamique complete a ete 
constituee on administrant les vitamines A, 
Bl, B4, B6, C, D, P, PP et K. 

3.3. 2. Surveillance metabolique. Une surveil
lance metabolique systematique a ete instituee. 
Elle comportait tout d'abord des test reguliers de 
digestibilite. 

Ainsi que cela a ete expose dans !'observation 
clinique, l'etude des constantes biochimiques, 
sanguines et urinaires a ete regulierement effec
tuee en particulier en ce qui concerne le meta
bolisme protidique et mineral. 

3.4. Prophylaxie del' himorragie. La prophylaxie 
de l'hemorragie reclame la mise en oeuvre 
d'abord d'une surveillance stricte, ensuite d'une 
prevention appropriee. 

3.4. 1. Surveillance de l' hemorragie. La sur
veillance des signes hemorragiques a ete mise 
en place des la periode de latence et poursuivie 
pendant toute la periode critique. Elle com
portait les examens cliniques habituels: 

-depistage de petechies cutanees ou mu-
queuses, 

-signe du lacet, 
-etc .... 
Au niveau du tube digestif, l'examen sys

tematique des selles par gammaspectrometrie 
permettait, apres injection de Fer 59 de detecter 
des hemorragies de l'ordre de 50 cm 3

• 

L'examen cytologique urinaire a ete realise 
quotidiennement. Enfin, ont ete effectues sur 
ei plan hematologique, des examens thrombo
el astographiques quotidiens, l'etude des divers 
facteurs de la coagulation et !'estimation de 
l'activite fonctionnelle des thrombocytes. 

3.4. 2. Prevention de l'himorragie. La prevention 
de l'hemorragie a com porte: 

-une alimentation fluide des que necessaire, 
-un surcharge en vitamines antihemor-

ragiques, 
-!'administration prophylactique d'acide 

E-aminocaproi:que. 

3.5. Prophylaxie de l'aplasie midullaire. La 
prophylaxie de l'aplasie medullaire a ete basee 
sur la surveillance hematologique et les pre
visions therapeutiques. 

3.5. 1. Surveillance himatologique. La surveil
lance hematologique a ete organisee de fa~on 
a fournir des informations completes, frequentes 
et contr6lees. 

Ainsi que cela a ete expose dans !'observation 
clinique, !'evolution hematologique a ete suivie 
en ce qui concerne les differentes lignees cel
lulaires sanguines, les differents territoires medul
laires et par !'incorporation de Fer 59. La fre
quence des examens a ete au moins quotidienne 
et a certaines periodes multi-quotidiennes. Les 
examens ont ete effectues simultanement dans 
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deux laboratoires differents et parfois dans trois 
afin d'exercer un controle strict. De toute 
fac;:on, une planification tres minutieuse des 
prelevements sanguins et l'utilisation de micro
methodes ont permis d'effectuer des milliers 
d'examens hematologiques et biochimiques avec 
une soustraction totale de 1 litre de sang en 

en deux mois. 
3.5. 2. Previsions thirapeutiques. Compte tenu 

du bilan dosimetrique et biologique, la phase 
de latence a ete mise a profit pour la prevision 
des traitements hematologiques eventuels qu'il 
conviendrait d'instituer a la phase critique. Le 
premier souci a ete d'effectuer le groupage 
sanguin du patient d'une fac;:on extremement 
detaillee et dans deux laboratoires differents. 
Le phenotype a ete etabli concernant les sys
temes A.B.O., MNS, P, RH, Kell, Lewis, Duffy, 
Kidd et Lutheran (Tableau 3). Toutes les 
demarches ont ete effectuees aupres des orga
nismes competents pour faire effectuer dans les 
heures qui suivraient la demande, des differentes 
transfusions sanguines eventuelles. Pour le sang 
total, les donneurs aussi voisins que possible 
avaient ete selectionnes. En ce qui concerne 
!'obtention de concentres d'erythrocytes, de 
thrombocytes et de granulocytes, la possibilite 
de !'obtention presentait un degre croissant de 
difficultes. En effet, sont necessaires: 

-pour les erythrocytes 4 donneurs, 
-pour les thrombocytes 12 donneurs, 

-pour les granulocytes 60 donneurs. 
Ceci explique que certaines de ces transfusions 
particulieres ne pouvaient etre envisagees que 
sur des indications therapeutiques imperieuses. 
Enfin, tout avait ete prevu pour des greffes 
eventuelles de moelle osseuse. Etant donne que 
le patient appartenait a une famille nombreuse 
de 6 enfants, le groupage sanguin de ses ascen
dants et collateraux a ete dTectue (tableau 3). 
Il a permis de mettre en evidence la possibilite 
d'utiliser, comme donneurs extremement voi
sins, le pere et les deux freres. Quelques don
neurs supplementaires n'appartenant pas a la 
famille avaient ete selectionnes. 

3.6. Conditionnement psychique. La phase de 
latence, sans etre caracterisee par l' euphorie, 
peut etre consideree comme n'entrainant aucune 
inquietude chez le patient. 

Par contre, des les premieres manifestations 
de la phase critique, on est en droit de s'attendre 
a un effondrement psychologique, compte tenu 
du caractere de l'affection. Aussi, le cond1-
tionnement psychique du malade a-t-il ete 
prepare des la phase de 1atence. On a tenu 
essentiellement a assurer sa distraction au moyen 
des emissions radiophoniques et de la television. 
La lecture a ete proscrite du fait de l'impossi
bilite d'obtenir une sterilite convenable du 
document. En outre, le patient a pu converser a 
distance avec sa famille, ce qui a ete, pour lui, 
un soutien moral considerable. 

Tableau 3. Groupage sanguin de lafamille 

Date de 
naissance 

.ystemes s 
A 
M 

. B.O. 
NS 

p 

H R 
K 
L 

ell 
ewis 

Duffy 
idd K 

L utheran 

Pere Mere 

24.4.09 16.6.11 

A. 0 
M/Ss NfSs 
P, P. 
CCD.ee CcD.ee 
K- K-

Le(a-b+) Le(a-b+) 
Fy(a+) Fy(a+) 
Jk(a-) Jk(a+) 
Lu(a-) Lu(a-) 

Sceur Sceur Sreur Frere Frere 
no! n°2 n°3 n°l n°2 Malade 

4.11.30 7.9. ? 7.10.35 3.3.42 30.4.47 

0 0 0 A. A • A. 
MN/Ss MNfSs MNjSs MN/Ss MN/Ss MN/Ss 
P. P. P. P. P. P. 
CCD.ee CcD.ee CcD.ee CdD.ee CcD.ee CCD.ee 
K- K- K- K- K- K-Kpa 

Le(a-b+) Le(a-b+) Le(a-b+) Le(a-b+) Le(a-b+) Le(a-b+) 
Fy(a-) Fy (a-) Fy(a+) Fy(a-) Fy (a+) Fy(a+) 
Jk(a-) Jk(a-) Jk (a-) Jk(a+) Jk(a+) Jk(a+) 
Lu(a-) Lu(a-) · Lu(a-) Lu(a-) Lu(a-) Lu(a-) 

-
Prof. P. Moureau. 
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Les medications myelotoxiques n'ont, cepen
dant, ete utilisees qu'a la demande, a la phase 

critique. 
3. 7. Tetesurveillance continue. La phase de 

latence a egalement ete mise a profit pour mettre 
en place une telesurveillance continue. Celle-ci 
consistait dans la possibilite de conversations 
par interphone et de surveillance visndle par 
television. Par ailleurs, pouvaient etre enregis
tres a distance: 

-la temperature ambiante, la respiration, la 

temperature du malade, le pauls et la 
tension arterielle, l' electrocardiogramme et 
1' electroencephalogramme. 

Les examens radiographiques pouvaient etre 
effectues dans l'antichambre au travers de la 
chambre et du caisson steriles. Enfin, la totalite 
des informations etait repercutees a distance 
sous la surveillance jour et nuit du person
nel infirmier. Le dispositif avait un systeme 
d'alarme preregle sur des seuils concernant 
respectivement la temperature, le pouls et la 

respiration. 

4. Traitement au cours de la phase de crise 

4.1. Principe d' action thirapeutique. Au moment 
ou la telesurveillance continue a donne l'alarme 
pour la premiere manifestation critique, les 
traitements prophylactiques envisages jusqu'ici 
devaient faire place au traitement heroi:que. 
Ceci devait permettre de compenser dans 
les meilleurs delais les differents troubles se 
manifestant. Mais, de toute fa<_;:on, des questions 
extremement angoissantes d'indications thera
peutiques devaient se poser pendant les semaines 

de la phase de crise. 
Le premier principe de notre action thera

peutique a ete d'envisager le minimum d'inter
ventions. 

"Primum non nocere" dit le vieil adage 
medical mais, en outre, cette prudence therapeu
tique devait egalement permettre a posteriori 
d'interpreter bien plus facilement !'evolution 
des phenomenes. Notre deuxieme principe 
d'action therapeutique a consiste a adapter d'une 
fa<_;:on aussi etroite que possible le traitement 
aux manifestations. Il s'est done agi, dans 
tous les cas, de traitements focalises sur des 

objectifs extremement precis. 
4.2. Traitement du syndrome jibrile. Le syn

drome febrile s'est manifeste brutalement au 

2lemejour eta persiste sous forme d'une hyper
thermic permanente entre 38 et 40°C pendant 
4 semaines (Fig. 1). Il convient de rappeler que 
les deux premieres semaines du syndrome fe
brile ont coincide avec la crise hematologique 
alors que les deux dernieres ont suivi la restau
ration hematologique. 

Cette manifestation pose evidemment de 
nombreux problemes pathogeniques concernant 
l'hyperthermie qui peut etre d'origine infec
tieuse, toxique, metabolique, etc. . . . De fait, 
la distribution des doses re<_;:ues au niveau de 
la moelle et au niveau des visceres peut con
duire a !'hypothese que le syndrome febrile 
a ete en relation avec trois types de phenomenes: 

-manifestations cataboliques generales, 
-syndrome hematologique, 
-syndrome visceral. 

En effet, les doses absorbees au niveau de la 
cavite abdominale sont de l'ordre de 600 a 
800 rads et les portions terminales de l'intestin 
ont subi des irradiations depassant 1000 rads. 
Bien que les hemocultures soient restees nega
tives et qu'aucune hemorragie intestinale n'ait 
ete decelee, il est vraisemblable que des pas
sages toxiques et bacteriens se soient produits 
sans aboutir a un etat septicemique. Ce sont 
ces considerations qui nous ont guides dans 
les indications therapeutiques pour le syndrome 
febrile. 

Les moyens de traitement utilises ont con
siste, tout d'abord, dans la refrigeration par 
abaissement de la temperature ambiante et 
par couverture de glace sur le patient. Nous 
n'avons utilise ni les antipyretiques, ni !'hiber
nation, les medications possibles presentant un 
caractere trop myelotoxiques. Les antalgiques 
et les tranquilisants ont ete utilises sous forme 
de valium et de palfium. I1 n'y a pas eu 
d'administration de corticoi:de. Le gros pro
bleme a ete celui de !'utilisation des antibiotiques. 
Des les manifestations febriles initiales extreme
ment violentes avec etat comateux et malgre 
la reponse negative de trois hemocultures, en 
6 heures, le traitement antibiotique a ete 
institue. 

Le choix des antibiotiques a ete determine par 
les antibiogrammes utilises sur la flore intestinale 
stabilisee (Tableau 4). Le spectre etait couvert 
par l'emploi de colimycine et de virgimycine. 
Ces deux antibiotiques ont ete administres a 
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Tableau 4. Traitement du syndrome infectieux 

Candida 

Enterocoque 

Staphylocoque 

Citrobacter 

E. Coli 

Mycostatine + 

Virgimycine + 

Virgimycine + 
Pristinamycine + 
Erythromycine + 
Terramycine + 
Spiramycine+ 

Colimycine + 
S treptomycine + 
Gentamycine + 
Acide nalidixique (Negram) + 
Tetracycline+ 
Chloramphenicol+ 
Kanamycine-

Colimycine+ 
Streptomycine

Gentamycine+ 
Acide nalidixique (Negram) + 
Tetracycline
Chloramphenicol
Kanamycine-

Dr. Y. Chabbert. 
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doses massives et ce, pendant 4 semaines jusqu'a 
la fin du syndrome febrile. 

4.3. Traitement du syndrome Mmatologique. 

4.3. 1. Bases cliniques et dosimetriques. Le syn
drome hematologique a, de fait, debute des le 
jour de !'irradiation. Ses manifestations out 
atteint un caractere eminemment critique a 
la fin de la troisieme semainc et au debut de 
la quatrieme ( cf. § 2). En ce qui concerne les 
granulocytes (Fig. 4): 

A ces constatations cliniques, venaient s'ajouter 
les resultats dosimetriques. Ceux-ci se carac
terisaient par une irradiation medullaire thea
rique de 550 rads et par une distribution hetero
gene, avec un minimum de 2 a 300 rads au 
niveau de la tete, un maximum de plus de 4000 
rads au niveau du pied gauche, et une irradia
tion ponderee preponderante au niveau du bas
sin de 600 a 700 rads (cf. § 4.3). 

-leur nombre absolu est reste inferieur a 
la normale du 3eme au 3leme jour, 

-environ 1000 du 20eme au 25eme jour, avec 
un minimum de 14 mm 3 au 2lemejour. 

Lesthrombocytessonttombes (Fig.8): 
-au-dessous de 100.000 du 6eme au 33eme 

jour, 
-au-dessous de 50.000 rlu 13eme au 3leme 

jour, 
le minimum etant de 14.000 le 23eme jour. 

4.3. 2. Transplantation medullaire. Sur les 
bases dosimetriques et cliniques precedentes, 
le probleme essentiel qui se posait etait celui 
d'une transplantation medullaire. 

La dose medullaire theorique de 550 rads 
correspondait a une indication de greffe medul
laire. Par contre, l'heterogeneite de distribu
tion et le sous-dosage relatif a moins de 300 rads 
de la moelle osseuse cervicale et cephalique 
contre-indiquaient, pour des raisons de conflit 
immunologique eventuel, la greffe medullaire. 
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Ce meme sous-dosage laissait un leger espoir de 
restauration spontanee a partir des cellules 
souches survivant dans ces territoires. Aussi la 
decision a-t-elle ete prise de prevoir une trans
plantation medullaire mais de ne l'effectuer que 
comme ultime ressource en cas de non restau
ration spontanee au cours de la 5eme semaine. 

1.3. 3. Transfusion sanguine. Les inclir.ations 
de transfusion sanguine etaient conditionnees 
par la necessite de conserver intactes les chances 
de succes d'une transplantation medullaire. 

De ce fait, devait etre evitee, dans toute la 
mesure du possible, toute perturbation hema
tologique exterieure. Ceci a conduit a ecarter 
les transfusions de sang total et a leur substituer, 
soit des injections de plasma, soit des transfu
sions de concentres cellulaires. Les indications 
de transfusion de concentres erythrocytaires 
etaient fondees sur !'apparition de signes d'a
noxie cardiaque ou cerebrale. 

Les indications de transfusion thrombocytaire 
reposaient sur !'apparition de signes manifestes 

d'hemorragie. 
Les indications de transfusion de concentres 

granulocytaires etaient liees a l'apparition d'un 
etat septicemique impossible a juguler par les 

antibiotiques. 
Seules, les transfusions de concentres ery

throcytaires ont du etre effectuees a !'appari
tion de signes manifestes d'anoxie cardiaque au 
cours de la 5eme semaine. 

5. Traitement au cours de la phase de remission 

La phase de remission a commence la 3eme 
semaine, a la fin du syndrome febrile. De fait, 
il ne s'est pas agi cliniquement d'un retour 
complet a la normale mais un etat sub-febrile 
aux environs de 38°C a persiste. Il etait, selon 
toute vraisemblance, lie a I' evolution des radio
lesions du pied et de la jambe gauches dont 
!'observation clinique et le traitement sont pre
sentes ulterieurement (Section III). 

Sur le plan general, la conduite therapeu
tique, au cours de la phase de remission a eu 
pour premier objectif de ramener le patient a 
des conditions normales d'existence. Elle a eu 
pour second objectif de le maintenir, toutefois, 
dans des conditions particulieres du fait de 
l'evolution du syndrome d'irradiation locale du 

membre inferieur gauche. 
C'est ainsi que le sejour sous triple enceinte a 

ete maintenu pour assurer une asepsie complete 
des plaies cutanees. 

Le retour a l'ambiance bacteriologique nor
male ne s' est effectue que par paliers: 

-sortie du caisson avec maintien en chambre 
sterile, 

-sortie de la chambre sterile et, 
-retour en Belgique. 

Dans le domaine de la dietetique, le regime 
alimentaire maintenu sterile pendant les phases 
de latence et de crise a cesse de l'etre a la fin 

du 2eme mois; en meme temps, un regime de 
suralimentation etait instaure. 

Le conditionnement psychique a ete spon
tanement ameliore du fait de la prise de con
science par le patient de sa restauration generale. 
Toutefois, l'evolution douloureuse des radio
lesions cutanees du membre inferieur gauche a 
necessite la continuation du programme de 
distraction. 

En outre, l'autorisation des visites familiales 
a ete d'un appoint notable. 

III. RADIOLESIONS DU MEMBRE INFERIEUR 

GAUCHE ETUDE CLINIQUE 

ET THERAPEUTIQUE 

Lors de !'accident du 30 decembre 1965, la 
victime a subi une irradiation dont les exposes 
precedents ont precise les circonstances et la 
dosimetric. 

Rappelons brievement que les reconstitu
tions de l'accident ont revere que la dose rec;ue 
part d'un maximum de 5.000 rads au niveau 
de l'avant pied et des orteils pour passer a 
3.000 au niveau du torse, a 2.000 au niveau des 
chevilles, a 1.200 au niveau du pubis et decroltre 
enfin en allant de bas en haut, d'avant en 
arrien~ et de gauche a droite pour atteindre 
150 rads dans la region occipitale. 

Il fallait s'attendre en consequence a ce 
que le syndrome irradiatif general se complique 
a plus ou moins breve echeance d'une radione
crose tres severe au niveau du pied gauche. 

Le patient a signale qu'au moment de l'acci
dent il a eprouve tres nettement une sensation 
de chaleur au niveau du pied et de la jambe 
gauches. Ce phenomene ne serait pas explicable 
uniquement par la temperature du reacteur, et 
en ce cas, il revet un interet particulier en ce 
sens qu'il represente une sensation subjective 
directe du rayonnement. 
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I. Evolution Clinique 

L'evolution totale du syndrome local a pris 
dans la phase aigue que nous decrivons ici 
environ trente semaines. 

L'erytheme discret qui s'est montre vers la fin 
de la premiere semaine au niveau du pied et 
de la jambe s'accentue au cours de la seconde 
semaine en meme temps qu'apparaisseul !'epi
lation de la jambe et une premiere phlyctene 
au bord interne de la voute plantaire. 

Pendant la troisieme semaine alors que les 
phlyctenes s'etendent depuis les orteils jus
qu'aux malU:oles on voit survenir l'cedeme 
et les douleurs. 

Au cours des semaines 4 et 5, les phlyctenes 
vont confluer, s'ouvrir en laissant echapper une 
serosite claire et finalement se detacher pour 
laisser le derme a nu sur toute la face inferieure 
du pied jusqu'au talon. 

La 6eme semaine est marquee par !'extension 
des phlyctenes a la face superieure du pied dans 
son tiers anterieur; la chute des angles 2 et 5 
alors qu'une reepidermisation s'amorce au ni
veau des chevilles et de la voute plantaire. 

Les quatre semaines suivantes voient s'arreter 
progressivement la reepithelisation pendant que 
les parties denudees se couvrent d'une substance 
de consistance relativement resistante, de I a 2 
mm d'epaisseur et d'aspect blanc laiteux qui 
se renouvelle aussitot qu'on l'enleve. L'examen 
histologique de cette substance montre des tissus 
ayant subi une necrose coagulante sans struc
ture apparente, limitee en bordure par un 
exsudat forme de polynucleaires. 

Vers la 11 erne semaine, le tableau se presente 
comme suit: le pied est oedema tie, recouvert 
sur la face inferieure et son tiers supero-an
terieur de la substance decrite plus haut qui 
englobe egalement les orteils. L' cedeme de la 
jambe a regresse ainsi que l'erytheme. A partir 
de ce moment, !'evolution torpide se poursuivra 
a un rythme ralenti pendant que les douleurs 
vont en progressant. 

La secretion muqueuse recouvrant le pied, 
l'oedeme du pied, de la jambe et de la cuisse 
et surtout la douleur evoluent par poussees suc
cessives de dun~e variable et d'intensite crois

sante. 
Au cours de la 16eme semaine, le patient dont 

l'etat general est tres satisfaisant sera transfere 

dans le Service de Chirurgie du Professeur 
Morelle a l'Universite de Louvain. 

Pendant les semaines suivantes, l'cedeme et 
l'erytheme de la jambe et de la cuisse s'accen
tuent pendant que l'etat du pied se degrade 
progressivement presentant a cote d'hyper
keratoses et de telangiectasies, de veritables 
zones de necrose mettant a nu les articulations 
des orteils. Les douleurs sont diffi.ciles a sup
porter malgre les analgesiques. 

Une sympathectomie lombaire est effectuee 
au cours de !a 24eme semaine. A la suite de 
cette intervention, la douleur semble· changer 
d'aspect, devenant plus superficielle mais tout 
aussi aigue. Par contre, 1' cedeme regresse 
rapidement tant au niveau de la jam be que de 
la cuisse, au point que la jambe gauche est 
nettement plus mince que la droite. Les tissus 
deviennent flaccides et pales; quant aux lesions 
du pied, elles ne semblent pas etre influencees 
par ce traitement. 

Devant cette evolution torpide de la necrose 
et la douleur insupportable au point que l'etat 
general du malade recommence a decliner, il a 
fallu proceder a !'amputation au cours de la 
25eme semaine. 

L'etat general semble avoir res;u un coup de 
fouet favorable apres cette intervention. Au 
bout de deux semaines, les douleurs de projec
tion ont pratiquement disparu; l'appetit et le 
sommeil reviennent et le malade reprend du 
poids tres rapidement. 

La plaie suinte pendant quelques jours; un 
liquide d'apparence purulente mais sterile a 
l'examen eta la culture s'ecoule encore pendant 

2 a 3 semaines. La remise en traction et l'ad
ministration de proteines humaines au cours de 
la semaine 28 remettent les choses dans l'ordre. 
Les injections de padutine sont arretees et 
au cours de la trentieme semaine le malade 
rejoint son domicile apres avoir deja entame 
sa reeducation motrice. 

2. Examens comptementaires 

2.1. Examens radiographiques. Les radiographies 
ont ete faites a des intervalles reguliers. A la 
6eme semaine, elles montrent un tissu osseux 
sans alteration nette visible. A la 8eme semaine, 
on voit des decalcifications microgeodiques a 
l'extremite du pied gauche. 

Les images prises ulterieurement montrent 
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l'aspect paradoxa! d'une structure osseuse qui 
se deteriore progressivement a droite alors 

qu'elle semble bien conservee a gauche. 
M. Lacroix a interprete ces images comme 

celles d'un os sidere n'ayant plus aucune vitalite 
et en tout cas aucun metabolisme calcique. 

2.2. Examens thermiques. La thermographic 
effectn~cc au cours de la lere semaine n'a rien 
revere de particulier si ce n'est peut etre une 
legere hypothermic a gauche. 

La thermometric cutanee effectuee fin juin 
montre des valeurs egales a gauche et a droite 
sauf pour la zone du mollet et du coup de 
pied gauche ou la temperature est inferieure 
de 2 a 3 degres a celle de la region opposee. 

2.3. Examens electrologiques. L'examen electro
myographique effectue le 17 juin a montre a la 
contraction des traces typiquement myogenes. 
Au repos, on detecte une activite de type neu
rogene. Les traces myogenes ressemblent a ceux 
detectes dans les myodystrophies, notamment 
des potentiels finement denteles a pointes 
breves d'amplitude abaissee. Ceci correspond 
a une atteinte de la fibre musculaire meme, 
en opposition avec les affections neurogenes 
-o~1 des unites entieres sont eliminees. La detec
tion de potentiels fibrillaires de type neurogene 
dans plusieurs muscles plaide pour une dener
vation de plusieurs fibres musculaires. Legrand 
interet de cet examen a ete de reveler en face 
des lesions nettes de lajambe un etat fonctionnel 
relativement normal des muscles de la cuisse. 

2.4. Examens postoperatoires. Parmi les exa
mens postoperatoires, signalons que l'examen 
histologique se poursuit actuellement. Nous 
n'avons pas encore tous les renseignements 
dont nous souhaiterions disposer. Nous espe
rons pouvoir etablir la correlation entre la dose 
et les degats tissulaires. 

Une arteriographie pratiquee sur la piece a 
montre que les arteres principales etaient de
gagees. Enfin, une etude approfondie des lesions 
-osseuses est actuellement en cours dans le 
laboratoire du Prof. Lacroix a Louvain. 

3. Conduite tMrapeutique 

3.1. Informations de base. La conduite thera
peutique a ete dominee par les informations 
dosimetriques et l' evolution clinique. 

Lorsqu'on a ete informe apres reconstitution 
de !'accident, des doses absorbees au niveau 

du pied et de la jambe, comprises entre 2.000 
et 5.000 rads et leur repartition pratiquement 
homogene, il est apparu clairement que la 
probabilite de restauration spontanee au niveau 
du pied etait quasi nulle et au niveau de la 
jambe fortement compromise. 

L'evolution clinique est venue confirmer tout 
au long des semaines les previsions basees sur 
la dosimetric tant en ce qui conccrnc les lesions 
cutanees que les lesions profondes musculaires, 
vasculaires et osseuses. L'etude de la piece 
operatoire est venue apporter une ultime in
formation sur le bien-fonde des observations 
precedentes. 

3.2. Indications therapeutiques. Les indications 
therapeutiques ont ete posees compte tenu des 
informations de base precedentes et dans un 
esprit eminemment conservatif. 

Le premier objectif etait la prophylaxie contre 
!'infection et toute agression externe, afin de 
permettre une observation des lesions cutanees 
aussi pure que possible et d'eviter toute compli
cation, perturbation ou aggravation. 

Le deuxieme objectif etait d'epuiser toutes 
les possibilites du traitement medical, en par
ticulier par administration de produits nouveaux 
tels que la Padutine. 

Le troisieme objectif etait de ne recourir aux 
interventions chirurgicales qu'en cas de neces

site et en commen~ant par les moins mutilantes, 
c'est ainsi que s'est successivement posee la 
question de la sympathectomie lombaire, des 
greffes cutanees, de !'amputation au niveau du 
pied, de la jambe et au niveau de la cuisse. 

3.3. Traitements effectues. De fait, comme on 
s'y attendait, on a ete contraint d'aboutir 
finalement a !'amputation haute au niveau de 
la cuisse. 

Mais on n'a ete conduit a celle-ci qu'apres 
avoir epuise toutes les autres possibilites thera
peutiques. 

3.3. 1. Traitement prophylactique. Le traitement 
prophylactique a consiste essentiellement dans 
la prevention de !'infection. Celle-ci a ete 
assuree par la mise du patient dans un caisson 
sterile meme apres la restauration du syndrome 
de !'irradiation globale aigue. 

Elle a ete completee par une toilette bi-quo
tidienne des lesions cutanees a l'aide de serum 
physiologique de pulverisation a la Neomycine 
et d'application de gaze impregnee. 
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Un contr6le bacteriologique systematique et 
quotidien a permis d'eviter toute pollution mi

crobienne. 
3.3. 2. Traitement medical. Le traitement 

medical a constitue en des injections de Padu
tine. Celles-ci ont debute aussit6t apres que 

le danger d'hemorragie du au syndrome general 
ait semble ecarte et que la tension arterielle 
soit revenue a uue valeur presque normale. 
Les injections ont ete poursuivies meme au
dela de !'amputation a titre preventif de !'al
teration du moignon. Si la padutine a obtenu 
des succes remarquables dans certaines radio
necroses, il semble que ce soit dans des irradia
tions par rayonnements mous ou moyennement 
durs maintenant en profondeur le substratum 

relativement sain. 
Dans le cas present ou l'extremite inferieure 

du membre gauche a ete prise en masse par des 
rayonnements penetrants, son effet n'a pas eu 
la possibilite de se manifester. 

Le deuxieme aspect du traitement medical 
est celui du traitement de la douleur; malgre 
les antalgiques les plus puissants renouveles 
jusqu'a 5 fois au cours d'une meme nuit, il 
s'averait impossible de supprimer une douleur 
qui compromettait l'appetit, le sommeil et 
meme le repos, ayant pour corollaire une degra
dation progressive de l'etat general. 

3.3. 3. Traitement chirurgical. Le premier 
traitement chirurgical qui s'est impose a ete 
celui de la douleur par sympathectomie lom
baire. La sympathectomie a modifie l'aspect 
de la douleur. La douleur profonde paroxysti
que a fait place a une douleur plus superficielle, 
continue mais tout aussi aigue. Par contre, 
l'erytheme et l'ocdeme de la jambe et de la 
cuisse ont regresse en quelques jours montrant 
brusquement l'atrophie quasi totale des muscles 
de la jambe. Aussit6t apres est apparue une 
escarre necrotique au niveau du mallet, a !'en
droit sur lequel reposait la jambe posee en 
porte-a-faux en raison des lesions ,du talon. Pour 
lutter contre les douleurs, il restait eventuelle
ment a envisager la nevrotomi,e qui laisse mal
heureusement souvent des sequelles sensitives 
et meme matrices. Les greffes cutanees en 
vue de parfaire la resta~ration incomplete au 
niveau du pied ont ete envisagees a un certain 
moment; elles n'ont pas ete executees puisque 
le substratum ne perm~ttait surement pas leur 

conservation et, peut-etre, pas meme leur 

prise. 
La seule solution restait !'amputation. Vu 

la necessite de pouvoir intervenir a une hauteur 
ou le tissu de recouvrement permette d'envisa
ger une cicatrisation normale, il a fallu fixer le 
niveau de section a mi-cuisse. Les examens 
cliniques et l'electromyographie ont permis de 
r.onsiderer cette zone qui a cependant rec;u 1.500 
rads environs, comme relativement normale 
du point de vue fonctionnel et tegumentaire. 
Les examens histologiques dont nous disposons 
actuellement ont confirme le bien-fonde de 
cette hypothese. La cicatrisation relativement 
ralentie de la plaie peut etre due a l'oedeme 
encore present au moment de !'intervention. 
De plus, a ce moment, les proteines sanguines 
qui avaient cependant ete relevees par plusieurs 
injections de proteines humaines atteignaient 
encore un niveau assez bas. Nous avons vu 
que !'administration de proteines humaines et la 
remise en traction ont ete suivies d'une cicat
risation complete. Actuellement, le moignon 
est sain et l'etat general semble excellent au 
point que le patient a meme depasse son poids 
normal avant !'accident et qu'il se deplace avec 
facilite a l'aide de bequilles en attendant de 
recevoir sa prothese. 

Cette conduite therapeutique aboutissant a 
une amputation haute a ete finalement parfaite
ment acceptee par le patient qui a compris que 
l'on avait auparavant epuise toutes les autres 
possibilites de traitement. 

CONCLUSION 

L'observation clinique et le traitement de la 
personne ayant subi cette irradiation acciden
telle, offrent un grand interet a de nombreux 
points de vue. 

Dans le domaine de la dosimetrie, il a ete 
possible, par des etudes poussees et par recons
titutions successives de l'accident, d'acquerir 
des notions precises sur les doses absorbees. 
La premiere constatation est celle de !'impor
tance de !'irradiation globale de l'ordre de 500 
rads en moyenne et de la sur-exposition locale 
du pied gauche atteingnant 5.000 rads. Une 
deux:ieme constatation aussi importante est 
celle de l'heterogeneite de distribution spatiale 
des doses absorbees allant de 200 a 300 rads a 
la tete a plus de 1.000 rads au pubis. Il en est 
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resulte la necessite d'une interpretation dosi
metrique biologique, en particulier en ce qui 
concerne la repartition des doses medullaires; 
ceci a conduit a !'estimation d'une dose medul
laire theorique de 550 rads et d'une dose medul
laire equivalente de 400 rads. 

Dans le domaine des investigations cliniques 
et biologiques relatives au syndrome d'irradia
tion globale, plusieurs observations meritent 
mention. La phase de crise a ete caracterisee 
par un syndrome febrile dont la duree a large
ment depasse la restauration hematologique et 
dont !'explication peut etre trouvee soit dans 
un syndrome visceral soit dans un syndrome 
toxi-infectieux. Le syndrome hematologique 
proprement dit a evolue de fa«;on classique; il a 
pu etre etudie dans toute sa purete du fait de 
l'absence d'interferences therapeutiques inade
quates. Sa gravite est apparue comme la plus 
severe parmi les observations accidentelles hu
maines actuellement connues. Parmi les inves
tigations pratiquees, celles qui ont presente le 
plus d'interet pour l'etude clinique et la con
duite therapeutique ont ete: les diverses numera
tions globulaires sanguines, les ponctions medul
laires comparees en differents points du squelette 
et les transferts moelle-sang par myelemie. Les 
resultats des nombreux examens biochimiques 
ont montre !'interet que l'on peut attacher a 
!'elimination des acides amines. Enfin, l'etude 
des caryotypes provenant de cultures de cellules 
sanguines, a mis en evidence de tres nombreuses 
modifications chromosomiques; I' analyse quan
titative des dicentriques et des cassures a permis 
d'aboutir, dans les deux cas, a une evaluation 
de la dose globale moyenne de l'ordre de 
500 rads confirmant convenablement les autres 

donnees dosimetriques. 
Dans le domaine de la conduite therapeutique, 

ce cas d'irradiation accidentelle offrait un 
grand interet mais presentait de nombreuses 
difficultes. En ce qui concerne le syndrome 
d'irradiation globale aigue, !'importance des 
doses re«;ues le situait dans l'eventail des irra
diations letales avec chance de survie inferieure 
a 50%. L'heterogeneite de distribution des 
doses absorbees contre-indiquait, sauf comme 
ultime recours, toute transplantation medul

laire. 
Le traitement a repose, tout d'abord, sur une 

prophylaxie tres minutieuse de la denutrition, 
de !'infection et de l'hemorragie, mise en reuvre 
des la phase de latence. Pendant la phase de 
crise, le syndrome febrile a ete traite par admini
stration rationnelle d'antibiotiques. Les seules 
transfusions pratiquees ont ete celles de con
centres d'erythrocytes au 30eme jour devant 
les signes d'anoxie cardiaque. 

Le syndrome de surexpo~iliuu locale du 
membre inferieur gauche a presente plusieurs 
points d'interet. La prophylaxie de !'infection 
par isolement dans des conditions steriles rigou
reuses a permis d'etudier parfaitement !'evolu
tion des lesions cutanees. Le traitement medical 
a la padutine n'a pu aider a la restauration 
spontanee du fait de !'importance des doses 
re«;ues comprises entre ·3.000 et 5.000 rads et 
du caractere massif de !'irradiation par des 
rayonnements tres penetrants. Il a ete finale
ment necessaire de se resoudre a pratiquer 
une amputation haute a la cuisse en presence de 
l'evolution necrotique et des phenomenes doul
oureux. 

11 est un enseignement de caractere general 
et non le moindre que l'on peut tirer de ce cas 
d'irradiation accidentelle. C'est !'interet de 
pouvoir effectuer, aussi varies et complets que 
possible, toutes les etudes dosimetriques, toutes 
les investigations cliniques et biologiques et 
tous les actes therapeutiques; c'est egalement 
la necessite de disposer d'une equipe coherente 
et competente s'appuyant sur des laboratoires 
hautement specialises. C'est finalement la 
demonstration de l'efficacite du travail d'equipe 
et de la collaboration inter-disciplinaire. 
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DISCUSSION 

A. DuNJIC (Belgique): 

Quels ont ete, a part le vomissement, les autres 

troubles digestifs presentes par la victime? 

R. LE Go: 

II y a eu des nausees et vomissements au cours des 

premieres heures de l'arrivee du malade a Paris. Les 
vomissements se sont calmes au bout de quelques 

heures. Les nausees ont persiste 24 heures. Puis tous 
les troubles digestifs se sont amendes defiriitivement. 

En particulier, il n'y a pas eu a deplorer d'hemorragie 

digestive, malgre les doses importantes (600-700 rads) 
re<;ues par la partie inferieure de !'abdomen. 

M. GruBILEO (Euratom): 

Vorrei sapere see stata studiata l'evoluzione della 

spermatogenes1 ed eventualmente sono stati falli 
rilievi di alterazioni cromosomiche delle cellule 
germinali. 

H. jAMMET: 

Examens spermatogeneses? IIs ont ete faits et ont 

montre des la deuxieme semaine une disparition des 

spermatozoi:des. II n'a pas ete fait d'examens cyto
genetiques des spermatozoi:des. 
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THE DETECTION AND MEASUREMENT OF PLUTONIUM 

CONTAMINATION IN WOUNDS 

E. W. JONES and W. N. SAXBY 

UKAEA, AWRE, Aldennaston 

Abstract-Plutonium is extensively used in atomic research and industry and inevitably 
there occur wounds and injuries which contain plutonium. Because of its high toxicity it is 

important to identify, locate and measure any plutonium present. At levels which have 
medical significance, the quantities involved are minute, but there is sufficient emission of 

accompanying X- and gamma radiations to permit identification and assay by radiometric 

techniques. 
X-rays in the band 13 to 20 keV, gamma rays of about 60 keV and gamma rays of about 

384 keV can all be used for this work: the problems and the limitations associated with measure

ments in these three energy bands are discussed in the paper, including the usefulness of 
energy spectrometry to eliminate errors due to self absorption. 

There are various instruments available, and usable, for radiometri determinations of 
plutonium in wounds. Several of these are described with their limitations and detection 

capabilities. 
A case of a contaminated wound is quoted to illustrate some of the techniques and prob

lems in the assessment of plutonium content. Some subsequent work undertaken to improve 

identification and measurement is also described. 
A number of specific actions are suggested, which should be taken, following the occurrence 

of a wound to ensure that any plutonium present before and after medical treatment is correctly 
identified and measured. 

1. INTRODUCTION 

In working with plutonium and its com
pounds, one route by which radioactive material 
is accidentally introduced into the body is 
through minor wounds. These are usually small 
cuts, punctures and splinters in the hands, 
caused by objects sharp enough to penetrate 
through box gloves and through the skin. A few 
cases have been reported of more serious wounds 
resulting from accidents in plutonium work
places. At the A WRE, persons working with 
radioactive materials are instructed to report 
all minor injuries which occur in controlled 
areas. Over· a period of 18 months 225 injuries 
were reported. In 23 cases plutonium contami
nation was suspected and in 4 of these cases 
plutonium contamination was confirmed. 

The available evidence appears to show that 
a small fraction of the plutonium injected as 
metal in minor injuries finds its way into. the 
circulating body fluid within the first few days 

but most of the material remams at the site 
of the wound for a long time unless excised 
or sloughed off with scab. <1 l It is generally 
considered desirable to remove as much as 
possible of the plutonium from superficial 
wounds in order to reduce the risk of dispersion 
in the body and to prevent high dose to local 
tissue. The maximum permissible body burden 
of 239Pu when the bone is considered to be the 
critical organ is only 0 ·04 ttCi (0 ·64 ttg). A 
single piece of plutonium of this mass has a 
diameter of only about 40 fLm. 

There is thus a need to apply suitable 
radiation measuring techniques to: 

(a) confirm and assess the initial contamina-
tion, 

(b) locate the site of contamination ac

curately, 

(c) 

(d) 

demonstrate the success of surgical oper
ations, and 
study the fate of any plutonium remaining 
at the wound site after surgical treatment. 

1295 
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FIG. 1. The radioactivity of spherical particles. 

2. MONITORING PRINCIPLES 

Personal monitoring for plutonium contami
nation is usually carried out with a standard 
alpha particle detector but, owing to the short 
range of the alpha particles in tissue (about 40 
11-mj, this method will not detect plutonium 
which has penetrated the outer skin layer or 
which is covered over with blood. If an alpha 

probe alone is used to check minor wounds 
after they have been washed, there is a distinct 
risk that persons will resume work while still 

carrying significant contamination below the 
skin. It has therefore become accepted practice 
to measure the uranium L X-ray emission at 
about 17 keY, which follows alpha decay in a 
small percentage of the disintegrations. Table 
1 shows the principal energies and abundance 
of these emissions for disintegrations of plutonium 
isotopes and daughter products. The detectors 
employed are scintillation counters containing 
thin fiat sodium iodide (Tl) crystals covered by 
aluminium or beryllium foils. These are dis
cussed in more detail below. 

Interpretation of the measurements at 17 keY 
may be complicated by absorption of the X-rays 
in overlying tissue, by self-absorption in par
ticles of the contaminant, and by the presence 
of radio-nuclides other than 239Pu which· also 

emit both alpha-particles and X-rays. Tyler <2 l 

has examined the problem of self-absorption 
for 239Pu in the form of metal and certain com
pounds. He has shown that, because self
absorption of alpha particles is generally greater 
than self-absorption of 17 keY X-rays, moni
toring with an X-ray probe does not under
estimate the potential dose to tissue at the site 
of the wound but may lead to an underestimate 
of the amount of plutonium available for trans
fer to other parts of the body. 

In addition to the uranium X-rays there are 
other penetrating radiations which may be emit
ted in sufficient quantity to yield useful infor
mation; notably the 60 keV gamma-rays of 
241Am (daughter of 241Pu) and the 384 keV 
gamma-rays of 239Pu. The latter are of very low 
abundance (0·0012%) but in the case of a very 
severely contaminated wound, could be used 
to determine an upper limit for the 239Pu con
tent, rapidly and with the minimum uncertainty 
of interpretation. The practical usefulness of 
measurements at the different energies is further 
discussed below. 

3. THE TYPES OF MEASUREMENT REQUIRED 

3.1. Initial Monitoring 

Initial monitoring of suspected punctures and 
other very minor wounds is likely to be carried 
out, after washing, at the place of work or at the 
nearest health physics office, using a portable 



Table I. Principal X- and y-rays accompanying Disintegrations of Plutonium Isotopes. 

··------· ··------~ --------- --·· 

a particles No. of photons emitted per alpha particle emission 

Isotope Half-life per sec 

(days) per g of 
' 

Pti isotope 12-14 keV 17-18 keV 20-21 keV 52-65 keV 100 keV . 384 keV 

oaspu 3·3 X w• 6 X 1011 13·5 X 10-2 8·4 X J0-5 

2s•pu 8·9 X 106 2·25 X 109 1·3 X 10- 2 1·9 X J0-2 3·15 X J0- 3 7 X 10-5 5·2 X J0-5 1·2 X I0- 5 

2••Pu 2·4 X IO• 8·3 X w• ll X J0-2 
241Pu 4·8 X 10 9·6 X 1Q7 ·35 
287tJ* 6·75 3·55 X IQ-2 8·15 X J0-2 2·6 X IQ-2 ·385 

I 

·56 
2HAmt 1·7 X J05 5·9 X 109 14·8 X J0-2 19·7 X J0-2 4 X I0-2 ·38 ·315 

* The figures relate to the amount of 237U in equilibrium with I g of 241Pu and represent the number of photons per 241Pu alpha emission. 

t The figures relate to the amount of 241Am present in I g of 241Pu I year after separation. 
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or semi-portable instrument. It is important 
that contamination under the skin should not be 
missed at this stage so the monitoring must be 
performed carefully and slowly, since the count
rates for significant contamination are quite 
low and the X-ray probes have a sensitive area 
of only a few square centimetres. Certainty 
of detection is more important than precision 
of assessment at this stage and the lower li.1nit 
of detection for 239Pu ideally should be 0 · 005 
fLCi or less. It would assist in ensuring a really 
adequate check, if the whole hand could be 
monitored at once in an X-ray monitor for a 
fixed time interval in much the same way as 
with a normal a/{3 hand contamination monitor. 
No simple version of this appears to have been 
produced. A well-type phosphor large enough 
to monitor a whole finger has been tried, but 
so far, it has not been possible to make an 
inexpensive detector of this form sufficiently 
robust and sensitive for general use. Further
more it would not cope with the small propor
tion of wounds which occur to the palm of the 

hand. 

3.2. Accurate Location of Contamination 

When a contaminated wound has been con
firmed, it will be referred to the medical officer 
for treatment. A more precise measurement 
of the amount and location of the plutonium is 
now necessary. Accurate location by X-ray 
measurements is quite difficult because the 
count-rate per microcurie is very low and any 
degree of collimation of the detector reduces 
it still further. It has been found best to mount 
the detector in a stand about 5 mm above the 
wound at a point which gives the maximum 
count-rate and then slide straight-edged or 
iris-shaped absorbers over the skin, noting the 
points at which the count rate is sharply dimi

nished. 

3.3. Precise Determination 

In the case of very superficial wounds there 
is generally no problem about excising the 
foreign matter. In a more serious case the 
medical officer may have to balance the desira
bility of removing all the material, against the 
possible damage to the individual as a result 

of surgical operation. In such a case he will 
require a fairly accurate estimation "of the 
amount of plutonium involved. To achieve 
this, it is desirable to measure the spectrum of 
radiation emitted from the wound, and, if 
possible, obtain a sample of the relevant plu
tonium from which to prepare a reference 
source. The reference source should be a thinly 
deposited source suitable for alpha counting 
and alpha spectrometry in addition to gamma 
spectrometry. Corrections can then be made 
for the presence of isotopes other than 239Pu 
and for self-absorption. 

Any material which is excised from the wound 
is checked for activity using the X-ray detector. 
It may then be desirable to retain this material 
as an aid to further studies. 

Finally when the wound has been treated, 
an attempt should be made to determine an 
upper limit for the residual contamination. Here 
again a knowledge of the radiation spectrum 
can assist towards obtaining a more accurate 
estimate. 

4. INSTRUMENTS AVAILABLE FOR WOUND 

MONITORING 

Several instruments suitable for the detection 
of X-rays from plutonium have been des
cribed. <3

- 5 ) The following have been used at the 
AWRE. 

4.1. Portable Contamination Monitor Type 1320X 

This employs a 55 mm diam. scintillation probe 
fitted with a sodium iodide phosphor 36 mm 
diam. X l · 0 mm thick under a 0 · 05 mm alu
minium foil. The probe is coupled to a battery
powered portable ratemeter which, when used 
in the X-ray monitoring role, has an energy 
"window" extending from 11 keV to 23 keV 
approximately. The instrument is designed for 
general contamination survey duties in the field 
and has a background count-rate of about 20 
counts/min when unshielded. It is used in 
laboratories for initial checks on suspected skin 
punctures. Under these conditions, the lower 
limit of detection is about 0 · 01 J.LCi 239Pu. A 
similar probe gave a background of about l 
count/min m the A WRE low-background 
facility. <6 l 
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FIG. 2. Portable contamination monitor Type 
1320 X. 

4.2. Plutonium Wound Monitor Type PNI 1080* 
This instrument employs a 35 mm diam. probe 

fitted with a sodium iodide phosphor 10 mm 
diam. X I · 0 mm thick covered with a 0 · 05 mm 
aluminium foil. . The small, mains-powered 
ratemeter incorporates an electro-mechanical 
register for use at low pulse-rates. The circuit 
has an energy "window" extending from 13 ke V 
to 21 keV approximately. In normal laboratory 
environments the instrument has a background 
count-rate of about one count per minute and 
the lower limit of detection is about 0 · 005 ,uCi 
239Pu. It is used in our medical and health 
physics centres for measurement and accurate 
location of plutonium in wounds. 

4.3. Selective Gamma lvfonitor Type NIS 322 (Pu) 

In this instrument the scintillation detector, 
ratemeter and indicator are incorporated in a 
single pistol-grip unit which can be held com
fortably in one hand. In its normal form it 
employs a phosphor 25 mm thick X 37 mm 
diam. and is "gated" to accept the 384 ke V 
gamma-rays from 239Pu. The lower limit of 
detection, in a normal environment is about 

500 f.LCi (about 8 mg) at 5 em from the end of 
the detector. Its role in wound monitoring 

*Manufactured by Plessey Nucleonics Ltd., North
ampton, England. 

FIG. 3. Plutonium wound monitor Type PNI 1080. 
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would therefore be confined to a very serious 
accident where the amount of plutonium in
volved might imply considerable self-absorption 

of the low energy X-rays. 
Better detection of the 384 ke V radiation can 

be achieved with improved geometry. A 75 mm 
diam. crystal, having a central well and mounted 
in a 50 mm lead shielcl, ~nabled measurements 
to be made on a dum:my finger, down to 2 1-l-Ci 
2 39Pu in a normal laboratory. 

Because of the convenient shape and reliable 
operation of the Selective Gamma Monitor 
Type NIS 322, an experimental version of it 
has been constructed for measurements at low 
energy (Fig. 4). The dimensions of the scintil
lator and aluminium foil are the same as those 
of the Probe Type 1320X. The electronic cir
cuit incorporates an energy window which can 
be switched to either of the ranges: 

12 keV-22 keV (for uranium L X-rays) 
or 48 keV-72 keV (for 60 keV emission from 

z41Am). 

It is hoped that this instrument will replace 

the Monitor Type 1320X for plutonium X-ray 

surveys. 

4.4. Use of Multi-channel Analysers 

If one of the thin-crystal scintillation probes 
is connected to a multi-channel analyser, the 
energy spectrum from about 12 keV to about 
100 keV can be plotted for the radiation from 
the wound. The presence of 241Am is then 

revealed by the peak at 60 keV. It may take; 
about 20 min to obtain a useful spectrum so 
the subject must be positioned comfortably. It 
is useful to mount the scintillation probe in a 
simple lead castle into which the hand can be 
inserted conveniently or to carry out the mea
surement within a low background facility such 
as a whole-body counting room. 

5. THE EFFECT OF ISOTOPES OTHER 

THAN 239Pu 

If the plutonium has undergone considerable 
reactor irradiation it will contain, in addition 
to 239Pu, proportions of the alpha-emitters 238Pu 
and 240Pu and the beta emitter 241Pu (half-life 
13 years). After separation of pure plutonium 
from irradiated fuel, 237U and 241Am, the daugh
ters of 241Pu, will begin to grow. The short
lived 237U (6 · 75 days) reaches equilibrium 
within a few weeks. 241Am (458 years) will 
increase almost linearly with time for a few 
years after separation. 

The presence of isotopes other than 239Pu 
increases the alpha emission per gramme of 
material; however it increases even more the 
emission of low energy X-rays per gramme of 
material, so the significance of the X-ray mea
surements as an indicator of internal radiation 
hazard changes as high irradiation and long 
americium growth are attaip.ed. Table 2 shows 
that for plutonium which has undergone irra
diation of 3,000 MWd/t followed by one year's 

Fro. 4. Prototype of selective gamma monitor Type NIS 322 modified for X-ray monitoring. 



Tabh· 2. Emission.r from 1 g of Plulunium 1 Year after Separation. 

~ 500 MWd/t 3000 MWd/t 6000 MWd/t 

Isotope Typical I Typical l I Typical 
abundance afs *X-rays/s 

I 
60 keV abundance a/sec *X-rays{s, 60 keV abundance a/s *X-rays/s 60 keV 

! 
w/o y/s w/o yfs wjo y/s 

238pu i 0· 0052 3-12 X !07 4·2 X to• I 0-065 3.9 X 108 5-2 X 107 0-25 l-5 X 10' 2-1 x 108 

239pu 96 2-15 X 109 6.8 X 107 82-6 I-86 x 109 5-85 X 107 69 1-55 x 109 4-9 X 107 

240pu 3·8 3-15 X !0' 3-5 X 107 13-7 1-14 X 109 1-26 X 108 24-5 2·0 X 10' 2-25 X 108 

241pu 0-22 2-t X 105 3-3 3-15 X 106 5.6 5-3 X t01; 
237U 3-0 X J04 8-2 x to• 4-5 X 105 12-2 X 105 7-6 x 105 2·1 x 106 

241Am ].3 X JQ7 5.2 X 106 5·0 X 106 1-94 X !08 7-7 X !07 7.4 X 107 3-3 X 106 1-32 X 108 t-27 X !08 

Totals 2-5 X Io• ,].t X 108 5 X 106 .\3-58 x to• 3-14 X 108 7-5 X 107 5-38 X 109 6-16 X 108 t-3 X 108 

Total X-rays/a 4-4 X 10-2 8·75 X 10-2 II-~ X ]Q-2 

Total 60 keV/a I 2 X 10·3 2·1 X 10·2 2-43 X 10-2 

•t2-2t keV photons. 
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growth of 241Am, the X-ray measurements may 
overestimate the alpha hazard by a factor of 2 
if the instrument were calibrated with low 

irradiation plutonium. 
The effect of further increases in isotopic 

content can be determined from the information 
in Table I. 

6. THE EFFECT OF DEPTH OF PLUTONIUM 

IN THE WOUND 

If the plutonium is injected well below the 
surface of the skin, the measurements will be 
affected by absorption of the radiation in the 
overlying tissue and by the increased distance 
between source and detector. For minor hand 
wounds these effects are unlikely to be significant. 
The X-rays with an average energy of 17 keV 
have a half-value thickness in tissue of about 
7 mm while at 60 ke V the half-value thickness 
is about 35 mm. The geometrical effect is 

greatest when the detector is placed very close 
to the skin. Figure 9 shows the effect of separa
ting the source and detector by layers of ap
proximately tissue-like material. 

7. EFFECT OF SELF-ABSORPTION IN THE 

PARTICLES OF CONTAMINANT 

Tyler has shown <2 > that, if the activity in a 
wound is concentrated in a single spherical 
particle, self-absorption of the X-rays may be 
appreciable for total activities greater than 
about 10-4 fLCi 239Pu. When the total activity 

is about I fLCi 239Pu, self-absorption may lead 
to underestimation by an order of magnitude. 

Similar calculations have been performed for 
the 60 keV emissions of241Am and show (Fig. 5) 
that self-absorption does not become significant 
until the single particle size corresponds to 
about 60 fLID diameter (0 ·1 fLCi 239Pu). 
Hence, if the radiation spectrum from the wound 
can be plotted so as to include both the X-ray 
peak and a discernible 60 keV peak, the ratio 
of these peaks, for a given isotopic composition 
will indicate the amount of self-absorption. In 
practice the isotopic composition may not be 
known, but it may be possible to obtain a sample 
of the relevant material, from which to prepare 
a thin source of negligible self absorption. The 

. 17 keV peak 
ratio 

60 
keV peak for the wound spectrum can 

then be compared with the same ratio for the 

FIG. 5. Correction curves for self-absorption of 
60 ke V gamma radiation m spherical 

particles. 

thin source. Figure 6 shows how the ratio 
should theoretically be reduced with increasing 
particle size. 

8. DESCRIPTION OF A CASE OF A 

CONTAMINATED WOUND 

The following case history of a wound has 
been selected because it illustrates a number of 
the points made above. 

8.1. Initial Circumstances 

While manipulating plutonium metal with 
gloves the subject, "A", received a minor punc
ture wound close to the finger nail on the side 
of the middle finger, left hand. By error the 
hand was monitored only with an alpha 
probe. This gave a count rate of about 10 
countsjs, which was reduced to less than 
2 countsjs by washing. "A" then returned 
to work. 

49 days later, on the evidence of urine analysis 
results, attention was drawn to "A" again and 
the finger was monitored using X-ray monitors 
Type PNI 1080 and Type 1320X, both calibra
ted against a standard plutonium source set in 
"Perspex". These measurements· yielded an 

estimate of 1.6 fLCi of plutonium alpha activity. 



PLUTONIUM CONTAMINATION IN WOUNDS 1303 

\\. -·---- --------+---1------l 
tO 0 
90 

80 
70 

6 0 

50 

4 0 

30 

E 
:1. 

2 0 

"' :=> 

0 ... 
"' 
"" -' 
'-' 
;:: 10 
..: 

9 ... 
0. 

II 
-' ... 
~ 

7 

::; 6 
;: 
"' 
"" ::> 4 a: ... 

0 ·I o· 2 0·5 0·6 0·7 

17 keV PEAK 
REDUCTION IN THE RATIO 

6
0keV PEAK FROM THIN SOURCE 

TO SPHERICAL PARTICLE 

F 6 Th 
. 

1 
. . . . 17 ke V output 

IG. . eoretrca vanat10n m the rat10 with particle size. 
60 keV output 

The activity was then located as accurately 
as possible using the Monitor Type PNI 1080 
with a number of masking devices, and the area 
was excised until monitoring showed that the 
contamination had been almost entirely re

moved. 
As much as possible of the excised material, 

together with swabs, etc. was collected and 
a:nalysed for plutonium. This measurement 
showed that at least 1 · 7 !1-Ci of a activity had 
been removed from t'he wound. Monitoring 
the area of the wound then gave an estimated 

I.R.P. VOL. ll-R* 

apparent residual alpha activity of about 

0 ·005 !1-Ci. 

8.2. Second Measurement 

After a further period of 10 months the finger 
was examined again, this time with a gamma 
spectrometer comprising a probe Type 1320X 
coupled to a multichannel analyser. The spec
trum obtained is shown in Fig. 7. The ratio 

17 keV peak 

60 
ke V peak for this spectrum was very low 
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Frc. 7. Spectra from plutonium sources. 

in comparison with that for a standard 239Pu 
source which was used to set up the spectro
meter and it was at first suspected that the plu
tonium in the wound must contain a high per
centage of 241Am. A thin electro-deposited 
source was therefore prepared from some of the 
material originally excised from "A"s finger. 
This source was calibrated in an alpha spectro
meter giving an alpha activity of 0 · 023 ,uCi 
of which about 3% could be attributed to 
241Am. It was then used as a reference source 
for all future measurements on "A"s finger. 
The spectrum from the reference source is shown 
in Fig. 7. It has a much higher 17 keV peak. 
Comparison of the count-rates in the 17 keV 
X-ray region yielded an a activity in the finger 
of about 0 · 006 ,uCi, in good agreement with the 
original estimate. However a comparison at 

60 ke V indicated 0 · 022 fLCi a activity in the 

finger. Applying Tyler's correction data for 
self-absorption in a single spherical particle of 
plutonium metal to the value at 1 7 ke V, yields 
0 · 020 fLCi a activity in agreement with the 
60 keV value. The estimate of alpha activity 
remaining at the wound site was therefore 
amended to 0 · 02 fLCi approximately. This 
assessment made no allowance for the self ab
sorption of 60 ke V gamma rays nor for the 
possible effect of depth in the wound. 

8.3. Third Measurement 

The latest measurement on this subject was 
made 18 months after the original incident, 
using a similar probe coupled to a multi-channel 
analyser. Again the spectrum from the wound, 
after 20 min counting, showed 17 keV and 
60 keV peaks and was compared with the 
spectrum from the reference source. 
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FIG. 8. Urinary excretion data for subject "A". 

The total count at 1 7 ke V corresponded to an 
apparent alpha activity of 0 ·004 J.LCi while 
that at 60 ke V indicated 0 · 023 J.LCi. 

. 17 keV 
The ratiO --k- was measured for each spec-

60 eV 
trum by integrating the total counts under the 
peaks. The values obtained were: 

Electro-deposited reference source: 

l 7 ke V peak = 
6 

. 
8 

60 keV peak 

Wound contamination: 

17 keV peak 

60 keV peak= 
1

'
45

· 

This reduction in the ratio, if attributed solely 

to self-absorption in a particle of plutonium, 
corresponds to a particle radius of 30 fLm 

(Fig. 6). However, such a particle would have 
an alpha activity of 0 · 12 J.LCi and would have 
given much higher total count-rates. Some of 
the reduction may be due to depth in the 
wound. In order to estimate this effect, spectra 
were plotted for the reference source covered 
by successive layers of tissue-equivalent plastic 
material. With 3 mm of plastic overlaying the 

'17 keV peak 
source, the ratio 60 keV peak was 4.9. 

The reduction in ratio in going from the 
covered reference source to the actual wound 
now corresponds to a particle radius of 20 
fLm (0 · 035 J.LCi). The wound activity cal
culated from the total counts at l 7 ke V and 
corrected for self-absorption corresponds t~ a 

particle radius of 17·5 J.Lm (0·024 J.LCi). 
The wound activity calculated from the total 
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Fw. 9. Effect of depth in tissue on response of probes Type 1320X and PNI 1080 to 
radiation from thin source of plutonium. 

counts at 60 keV and corrected for self-absorp
tion corresponds to a particle radius of 18 · 5 
p.m (0·028 p.Ci). These are in fairly good 
agreement and it thus appears that the spectrum 
shapes and total counts are consistent with a 
plutonium particle of about 0 · 03 p.Ci alpha 
activity at a depth of about 3 mm below the 
surface. 

9. GENERAL OBSERVATIONS CONCERNING 

THE ABOVE CASE 

9.1. Monitoring with an alpha probe failed 
to detect the presence of plutonium in the finger. 
Simple monitoring with an X-ray probe after 
excision probably underestimated the residual 
activity by a factor of about 6. 

9.2. The activity at the site of the wound does 
not appear to have changed significantly over a 
period of more than 1 year. 

9.3. The results of urine analysis are shown in 
Fig. 8. They are consistent with the pattern 
suggested by Langham <8 l for a plutonium in
jection of about 0 · 04 p.Ci into the system at 
about the time of the incident. 

10. CONCLUSIONS 

1 O.l. In the monitoring of wounds for plu
tonium contamination, using X-ray probes, 
errors can arise from self-absorption, fr:om absorp
tion in overlying tissue and from the presence 
of isotopes other than 239Pu. These errors can 
be reduced if a thin reference source can be made 
from the same contaminating material and if 
both the wound and the reference source are 
examined using a low energy gamma spectro
meter. 

10.2. An actual case has illustrated the needs 
for reliable initial monitoring, for precise loca
tion and for accurate final assessment. 
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Abstract-Experiments have been conducted in euthyroid adults for th~ formulation of 

procedures designed to reduce thyroidal radioiodine burdens in the event of iodine absorption 

due to accidental exposure. 

The rate of reduction of thyroidal radioiodine concentration was measured by daily external 

scintillation counting twenty centimeters anterior to the neck in eight healthy adults who had 

received 10 1-'Ci of 1311 for clinical purposes, the difference between neck and thigh activity 

reflecting thyroidal burdens. After the retention slope had become constant, the subjects 

were given Kl 200 mg orally and/or thyroid stimulating hormone (TSH) 10 U intramuscularly. 

In a typical subject the 1311 effective half-life ( T 1 ~ 2 ) was 6.0 days during the control period, 

5.5 days during 48 hr when two doses of TSH were given at 24 hr intervals, 2.6 days during 

72 hr when Kl and TSH were given daily, and 6.1 days during 72 hr when KI was given 

alone fourteen days after the use of TSH had been discontinued and the retention slope had 

returned to control levels. In the other subjects the range for the T 1 ~ 2 during the control, 

TSH and TSH/KI periods was 6.0 to 7.3, 5.3 to 5.8, and 1.7 to 2.6 days respectively. 

The TSH/KI effect is of short duration as shown in one subject who received one dose of the 

combination. During each of the first three twenty-four hour periods the 1311 T 1 ~ 2 was 3.4, 
5.6 and 5. 7 days with a pre-treatment control of 6.3 days. 

The indications are that TSH co-administered with KI may be effective in substantially 

reducing the dose commitment of the human thyroid from an absorbed dose ofl 31I. Considera

tions about the safety of the regimen will be discussed. 

BECAUSE iodine concentrates in the thyroid, release of fresh fission products to the environ
the extensive use of 1311 for industrial, medical ment. <1 ) Thyroid nodules, hypothyroidism, and 

and research purposes as well as contamination short stature have been observed in populations 
of the environment with radioiodine released exposed to fallout and there may be a relation
in nuclear weapons testing has led many to be ship between irradiation of the thyroid and the 
concerned with the risk of human thyroid i~ury. development of cancer in that organ. <2 • 3 ) 

Thyroid radioiodine burdens may occur in Since the radioiodines are abundantly pro
various segments of the population. Among duced in fission and widely dispersed in the 
these are nuclear industry employees, medical atmosphere, their release has caused local and 
and other scientific personnel engaged in studies widespread contamination and may constitute 
requiring the use oflarge amounts of radioactive a major risk of the industrial use of nuclear 
iodine, patients, individuals exposed to fallout energy. <4 > The increasing interest in the com
from nuclear weapons or accidents involving mercial application of this source of power 

1309 
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requires the availability of methods designed to 
prevent thyroidal radioiodine accumulation and, 
in the event of absorption, to accelerate the excre
tion of this isotope. The prophylactic use of KI 
to block thyroidal iodine uptake has been 
suggested as a countermeasure for accidental 
exposure. <•-sl However, the drug does not 

facilitate discharge of the element already 
absorbed by the gland, and must be taken before 
exposure for maximal effect. <8 l Therefore, 
should exposure to massive amounts of radio
iodine occur, thyroidal burdens sufficient to 
cause irreversible damage may result. 

In order to reduce thyroidal irradiation once 
radioiodine has concentrated in the gland, 
removal of the nuclide can be accomplished by 
altering thyroid metabolism so as to accelerate 

TSH 

131 I 

• T4 
Kit.t@-c;<?~ ..,._ 

radioactive thyroxine secretion (see Fig. l). 
This can be done by administering TSH, which 
stimulates both uptake by and discharge from 
the thyroid. Since reutilization of degraded 
radioiodine is enhanced by this agent, only a 
very slight reduction in thyroidal isotope burden 
will result. When iodide uptake is blocked, pre
venting recycling, TSH injection causes a much 
greater decrease in thyroidal lslJ. (l0-!4) 

This study deals with acceleration of radio
iodine release from the thyroid by administer
ing potassium iodide and thyroid stimulating 
hormone. 

METHOD 

The rate of reduction of thyroidal radioiodine 
concentration was measured by daily external 

FIG. 1. Alteration of thyroid metabolism so as to reduce thyroidal iodine burdens. Stippling 
represents 131J in its various forms. (a) Normal thyroidal 1311 metabolism. Radioiodine is 
sequestered by the thyroid and the synthesized isotope labeled hormone (T4) is secreted; both 
of these steps are potentiated by TSH. The thyroid hormone is degraded and 1311 recycled or 
excreted. (b) Enhancement of thyroidal 131! (hormonal) discharge by TSH. Radioiodine 
uptake is also potentiated and thyroid burdens do not change greatly. (c) Enhancement of 
thyroidal 131l (hormonal) discharge by TSH while radioiodine uptake is inhibited by goitrogen 
(blockade of recycling). The thyroid burdens are reduced. (d) Enhancement of thyroidal 
1311 (hormonal) discharge by TSH while radioiodine uptake is inhibited by potassium iodide 

(blockade of recycling). The thyroid burdens are reduced. 
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Fro. 2. Thyroidal 131l retention in subject MH. The first part of the curve is the control period. 

TSH 10 U, IM were given daily on l0/4-10j6. On 10/6 13 '1 8 ,uCi PO was given as part of a 
TSH stimulation test performed to evaluate thyroidal responsiveness to exogenous TSH in a 

patient with the Basal Cell Nevus Syndrome. TSH 10 U IM daily together with KI 200 mg 

PO was administered on 10/7-10/9. "A" represents a period of retardation of the slope of the 
retention curve lasting about 1 day, 24 hours after discontinuation of KI/TSH. KI 200 mg 

PO was given daily on 10/25-10/28. The effective half-lives calculated by the method of least 
squares are indicated (for points on solid lines only). 
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scintillation counting 30 em anterior to the 
neck in l 0 adults who had received l 0 fkCi of 
1 31! for clinical purposes, and in whom standard 
clinical 3-day TSH stimulation tests had been 
ordered by their physicians to measure thyroid 
responsiveness to the tropin as part of their 
evaluation. All were euthyroid and 7 suffered 
from exogenous obesity and one each from 
papillary thyroid carcinoma, diabetes mellitus, 
and the basal-cell nevus syndrome. Radio
activity over the thigh was considered to be an 
index of neck extra-thyroidal iodide concen
trations and was deducted from gross neck 
activity. The difference was taken to represent 
thyroid activity. After the thyroid retention 

curve slope, calculated by the method of least 
squares, had become constant, the suqjects 
were given KI, 200 mg orally and/or Thyroid 
Stimulating Hormone (TSH, Thytropar, Ar
mour) 10 units intramuscularly, and the slope 
uf the retention curve was again determined. 

RESULTS 

Figure 2 shows the retention curve in a sub
ject in whom the 13Il effective half-life ( T 1 ~ 2 ) 

was 6.0 days during the control period, 5.5 days 
during the 48 hr when 3 doses of TSH were 
given at 24 hr intervals, 2.6 days during 72 hr 
when the KifTSH regimen was given daily, and 
6.1 days during 72 hr when the KI was given 

Table 1. Average (±S.D.) Thyroidal 131I Effective Half-life for Various Regimens 

Regimen 

Control 

TSH 10 U 

TSH 10 U + Kl 200 mg 

KI 200 mg 

6.9 ± 0.7 
5.3 ± 0.5 
2.5 ± 0.7 
6.5 ± 0.6 

No. of subjects 

8 
5 
8 
2 
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alone, 14 days after the use of KlfTSH had 
been discontinued. The PBI at this time no 
longer showed any evidence of inorganic iodide 

contamination (5.2 f.Lg %), and the retention 
curve slope had returned toward control levels. 
In the other subjects (Table 1), the effective 

half-life ( T 1 ~ 2 ) was 6.9 ± 0. 7 days, during the 
control period, 5.3 ± 0.5 days when TSH alone 

was given, 2.5 ± 0. 7 days when the KifTSH 
combination was used, and 6.5 ± 0.6 days 
when the KI was given. 

The duration of effect of one administration 

of the KI/TSH combination is about one day 
as is shown in Fig. 3. The T1~2 was 2. 7 days 

THYROIDAL 

1311 

ACTIVITY 

IN 
CPM 

X 10
3 

4 

3 

liE CONTROL • 7.9 DAYS I 

2 I I { TSH 10 U 

Kl200 mg 

liE Kl/ TSH 25 DAY:-" E II 

2 li I DAY p Kl/ TSH • 4.5 DAYS 

2/ 

J ~ T~ .Cmf-T~SH--;·~7~.9 -+OA~YS-;'~-·~ ~ 

2 

I 2 3 4 5 6 7 8 9 10 

DAYS 

FrG. 3. Thyroidal 1311 retention in subject JP. 

On5/14TSH lOU, IMandKI 200mgPOwere 
given. The effective half-lives calculated by the 

method ofleast squares are indicated for each of 
four periods: (1) control; (2) 24 hr after TSH 

administration; (3) 24-48 hr after TSH admini
stration; ( 4) 48-96 hr after TSH administration. 

on the first day after KlfTSH administration, 
slowed to 4.5 days for the next 24 hr, and to 7.9 
days for the subsequent 3 days. The pretreat
ment control was 7.9 days. 

In several subjects there was evidence of 
retardation of thyroidal isotope discharge after 
the initial acceleration, as demonstrated in Fig. 2 
(symbol A). This delay persisted no longer 
than 24 hr. Thyroidal discharge of 131! was 
slightly accelerated when TSH alone was ad
ministered, and was not altered significantly by 

KI therapy. 

No toxic reactions were observed in any of the 
subjects. 

In order to evaluate the dose reduction usinE 
KI/TSH treatment for a single exposure, 131

] 

concentration as a function oftime in the thyroic 
was assumed to follow single exponential func 
tions having half times of 6.9 and 2.5 days res· 
pectively for periods of non-treatment anc 
treat.meul; Lhe dose contribution between th• 
time of exposure and the maximum thyroic 
burden was negligible. The onset of thyroic 
radiation exposure was taken as the time o 
maximum burden. 

Based on the above model, percent dose reduc 
tion was calculated considering various delay 
in initiating therapy and various durations o 

therapy. The data are given in Table 2. * 

DISCUSSION 

The feasibility of enhancing thyroidal radio 
iodine release was investigated in subjects wh 
received TSH to accelerate discharge and K 
to block 131! recycling. Administration of 20 

* Calculations were made using the followin 
formula for the infinity dose with treatment relativ 

to the infinity dose without treatment as a function 1 

a delay interval and a treatment interval: 

+ (T (l - e -"-plrp) + e- "-tpl-rp] e -"-ti'~"o 
ro 

where 

"-to =delay in initiating treatment, 

"-tp = duration of treatment, 

To= 

E 
T 0 112 = effective mean life of 131! in thyroid 
ln 2 

with no treatment, 

E 

rp = < T112 = effective mean life of 1311 in thyro 
ln 2 

during treatment. 

The percent reduction in dose due to treatment is 

Table 2 contains results of these calculatio 

E E 

assuming 0 T 112 = 6.9 days and pT112 = 2.5 days. 
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Table 2. Percent Reduction in Thyroid Dose with KlfTSH Treatment 

D1 e ay m eng 0 L th ft rea men t (d ays 

treatment 

(days) 0 1 3 5 7 14 

0 0 15.4 36.0 47.8 54.6 62.8 
1 0 13.9 32.6 43.2 49.4 56.8 
2 
4 

0 
0 

12.6 
10.3 

29.5 
24.1 

3~.1 I 
32.0 . 

-44.1) 

36.5 

-:Jl.3 

42.0 

mg KI was added to a standard 10 unit stimu

lation test regimen in the first subject, resulted 
in a reduction of the effective half-life of thy
roidal131I from 6.2 to 1.9 days, and encouraged 
further study at the same dose levels. This pre
liminary report demonstrates that the effective 
half-life is changed negligibly by either TSH or 
KI alone, but is reduced more than 50% with 
the combined regimen. The acceleration of 
thyroidal radioiodine discharge in human sub
jects lasts 24 hr after a single administration 
of KlfTSH and repeated daily therapy is effec
tive for at least 3 days (see Fig. 2). There seems 
to be a plateau of radioiodine discharge starting 
24 hr after discontinuation of the regimen, last
ing less than a day, followed by a return to the 
original rate of retention. This plateau has 
also been reported in studies measuring the 
effect of TSH on the secretion rate and may be 
due to inhibition of endogenous TSH production 
by the pharmacologic quantities of the tropin 
administered. <13 l The irradiation dose to the 
thyroid would tend to be increased only slightly 
by this phenomenon. Our data demonstrate (see 
Table 2) that thyroidal irradiation is reduced 
by 15% when one dose of the drug combination 
is given promptly after radioiodine burdens 
have been established. Repeated daily KI/TSH 
administration is more effective in lowering the 
dose, daily therapy for 7 days resulting in a dose 
reduction of 55%. The regimen is less effective 
when one or more days have elapsed between 
concentration of radioiodine by the thyroid 
and administration of the drugs. 

Studies in animals have demonstrated the 

efficiency of using goitrogens such as perchlor
ate, thicyanate and the thiourea compounds 

in combination with TSH in accelerating 
thyroidal radioiodine release. <10-16 l The use 

of such a regimen in human subjects is un
desirable, primarily because of the risk of toxic 
reactions provoked by these goitrogens. <16 ) On 
the other hand, short term use· of KI as a 
blocking agent is innocuous, <17 l and this com
pound, too, may be used to prevent radioiodine 
uptake and therefore, recycling. This combina
tion, KI and TSH, has not been used previously 
for this purpose, the authors presume, because 
iodides retard the secretion rate rather than 
accelerate it and therefore might potentiate 

. thyroid radiation doses. (12, 14, 1s, 19J 

The inhibitory effect of excess iodide on 
thyroid hormonal secretion has been demon
strated in several clinical and animal studies. 
However, this antagonistic effect may be rela
tive, and probably depends on the conditions 
of the study. In one series of experiments, <19 l 

retardation of hormone 1311 release was demon

strated in rats receiving 0.1-5 mg of propyl
thiouracil (PTU) for blockade but not in those 
animals pretreated with 30 mg. The retarda
tion of release lasted for more than 40 hr, but 
was soon followed by resumption of normal 
discharge in spite of the administration of addi
tional KI. In the same study, Yamata et al. 

showed in rats not prepared with PTU blockade 
that while 50 or 200 mg of KI was ineffective 
in altering the secretion rate of 131J labelled 
hormone, 5 mg elicited a significant decrease in 
release rate in 3 of 8 animals. Large doses of KI 
were not effective in iodine-starved rats either. 
In analyzing this data, the authors reject the 
hypothesis that newly administered stable iodide 
is synthesized into thyroid hormone and thereby 



1314 MANFRED BLUM and MERRIL EISENBUD 

decreases the specific activity of the gland and 
the amount of radioiodine released per unit 
time, assuming constancy of hormone secretion. 
Had dilution played a major role, large KI 
doses would have been more effective than 
small ones in antagonizing 13ll release, par
ticularly in the iodine-starved animals. It is 
clear from these studies that iodide inhibits 
thyroidal radioiodine release in the rat only in 
selected conditions. 

The risk of untoward reactions to short-term 
iodide administration is small; but it is possibly 
somewhat larger with TSH use. TSH has been 
implicated in thyroid carcinogenesis and certain 
thyroidal tumors are probably dependent upon 
this substance. The relative roles of the tropin 
and radioiodine in carcinogenesis are unclear. 
One study suggests that the administration of 
even l fLCi of 131I to Long-Evans rats may result 
in tumor development. Studies with these rats 
may clarify the incidence of tumor development 
in animals receiving 131I alone as opposed to its 
occurrence in those treated with KI/TSH to 
reduce the glandular radioiodine burden. Al
though such data may not be completely appli
cable to the human circumstance, they could 
be valuable as an index of risks and should pre
cede further human studies with the KifTSH 
regimen. 

With respect to irradiation injury producing 
hypothyroidism, dose reduction certainly may 
be expected to reduce this risk. It is premature 
to consider using this combination of drugs even 
in individuals who have absorbed large amounts 

of radioiodine. However, risk is a relative thing; 
a condition of huge thyroidal burdens may be 
envisioned, and in such a circumstance the 
thyroidal irradiation dose may be of sufficient 
magnitude to permit acceptance of a theoretical 
risk due to the countermeasure if it is highly 
effective in reducing irradiation. Daily treat
ment with KI/TSH for 7 days, promptly after 
the development of thyroid radioiodine burdens, 
decreases the effective half-life to 2.5 days during 
the time of treatment, resulting in a reduction 
in the dose to the thyroid of 55%. In the case 
of contamination with an initial burden of I Ci 
of 13ll in an average person (thyroid = 20 g, 
T1~2 = 6.9 days, 24 hr thyroidal uptake 30%), 
the thyroidal dose without treatment would 
be about 5.2 X 106 rads, an amount sufficient 

to destroy the gland. After daily use of the 
countermeasure for 7 days, the dose would still 
be high enough for irreversible radiation injury 
(2.3 X 106 rad). With burdens in the 1-5 mCi 
range, the dose would be reduced to 2.3 X 10 3 

-1.1 X 104 radfrom5.2 X 10 3 -2.6 X lO~rad. 

Since hypothyroidism has been reported to 
occur after at least l-2 X 104 rad in most euthy
roid individuals, using this drug regimen for 
13ll burdens below l mCi is unnecessary and 
above 5 mCi unlikely to reduce the incidence 
of this disease. No information is available in 
people regarding alteration of tumor risk by 
lowering thyroidal radioiodine burdens in this 

range. Two concepts have been suggested: the 
first assumes that the risk of thyroid. damage 
and tumor development is a dose related pheno
menon; and the second that dangerous sequelae 
to thyroidal irradiation can only be avoided 
by completely destroying the gland after irra
diation so as to prevent hyperplasia and neo
plasia of tissue remnant. The latter approach is 
supported by the experimental finding of a 
higher incidence of tumor in rats given low doses 
of 131I (1-4 fLCi) than in those given larger ones 
(200-400 fLCi). 

Our study suggests that the administration 
of KI 200 mg and TSH 10 units daily may re
duce the thyroidal irradiation dose and the 
risk of hypothyroidism after radioiodine expo
sure in selected circumstances; Table 2 indicates 
the percent reduction in thyroidal irradiation 
to be expected under various conditions of 
treatment. No information is offered about 
alteration of tumor incidence related to either 
irradiation or the use of the regimen. 

This study has been limited to euthyroid 
patients who have required both radioiodine 
administration and standard clinical TSH stimu
lation tests for diagnostic purposes, but it is 
unlikely that the results are biased. 

SUMMARY 

Experiments were conducted to explore the 
feasibility of reducing thyroidal radioiodine 
burdens in order to decrease the radiation dose 
to the gland. These studies were done in euthy
roid adults who required testing of their 131I 
uptake and responsiveness to TSH. After com
pletion of the clinical evaluation, thyroidal 1311 
concentrating ability was arrested with KI, 
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hormone secretion was enhanced with TSH, 
and retention was observed. The rate of radio
iodine discharge was doubled from the day the 
regimen was used and the calculated infinity 
radiation dose is reduced by 15 to 55% when 
the countermeasure is used for 1 or 7 days. 
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THE DETECTION AND MEASUREMENT OF PLUTONIUM 

CONTAMINATION IN WOUNDS 

E. W. JONES and W. N. SAXBY 

UKAEA, AWRE, Aluennaston 

Abstract-Plutonium is extensively used in atomic research and industry and inevitably 

there occur wounds and injuries which contain plutonium. Because of its high toxicity it is 
important to identify, locate and measure any plutonium present. At levels which have 

medical significance, the quantities involved are minute, but there is sufficient emission of 

accompanying X- and gamma radiations to permit identification and assay by radiometric 

techniques. 
X-rays in the band 13 to 20 keV, gamma rays of about 60 keV and gamma rays of about 

384 keV can all be used for this work: the problems and the limitations associated with measure

ments in these three energy bands are discussed in the paper, including the usefulness of 

energy spectrometry to eliminate errors due to self absorption. 
There are various instruments available, and usable, for radiometri determinations of 

plutonium in wounds. Several of these are described with their limitations and detection 

capabilities. 
A case of a contaminated wound is quoted to illustrate some of the techniques and prob

lems in the assessment of plutonium content. Some subsequent work undertaken to improve 
identification and measurement is also described. 

A number of specific actions are suggested, which should be taken, following the occurrence 
of a wound to ensure that any plutonium present before and after medical treatment is correctly 

identified and measured. 

1. INTRODUCTION 

In working with plutonium and its com
pounds, one route by which radioactive material 
is accidentally introduced into the body is 
through minor wounds. These are usually small 
cuts, punctures and splinters in the hands, 
caused by objects sharp enough to penetrate 
through box gloves and through the skin. A few 
cases have been reported of more serious wounds 
resulting from accidents in plutonium work
places. At the A WRE, persons working with 
radioactive materials are instructed to report 
all minor injuries which occur in controlled 
areas. Over a period of 18 months 225 injuries 
were reported. In 23 cases pluton-ium contami

nation was suspected and in 4 of these cases 
plutonium contamination was confirmed. 

The available evidence appears to show that 
a small fraction of the plutonium injected as 
metal in minor injuries finds its way into_ the 
circulating body fluid within the first few days 

but most of the material remams at the site 
of the wound for a long time unless excised 
or sloughed off with scab. <1 ) It is generally 

considered desirable to remove as much as 
possible of the plutonium from superficial 
wounds in order to reduce the risk of dispersion 
in the body and to prevent high dose to local 
tissue. The maximum permissible body burden 
of 239Pu when the bone is considered to be the 

critical organ is only 0 · 04 f-'Ci (0 · 64 fkg). A 
single piece of plutonium of this mass has a 
diameter of only about 40 fkm. 

There is thus a need to apply suitable 
radiation measuring techniques to: 

(a) confirm and assess the initial contamina-
tion, 

(b) locate the site of contamination ac
curately, 

(c) 

(d) 

demonstrate the success of surgical oper

ations, and 
study the fate of any plutonium remaining 
at the wound site after surgical treatment. 

1295 
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FIG. 1. The radioactivity of spherical particles. 

2. MONITORING PRINCIPLES 

Personal monitoring for plutonium contami
nation is usually carried out with a standard 
alpha particle detector but, owing to the short 
range of the alpha particles in tissue (about 40 
p.m), this method will not detect plutonium 
which has penetrated the outer skin layer or 
which is covered over with blood. If an alpha 

probe alone is used to check minor wounds 
after they have been washed, there is a distinct 
risk that persons will resume work while still 
carrying significant contamination below the 
skin. It has therefore become accepted practice 
to measure the uranium L X-ray emission at 
about 17 keY, which follows alpha decay in a 
small percentage of the disintegrations. Table 
1 shows the principal energies and abundance 
of these emissions for disintegrations of plutonium 
isotopes and daughter products. The detectors 
employed are scintillation counters containing 
thin fiat sodium iodide (Tl) crystals covered by 
aluminium or beryllium foils. These are dis
cussed in more detail below. 

Interpretation of the measurements at 17 keV 
may be complicated by absorption of the X-rays 
in overlying tissue, by self-absorption in par
ticles of the contaminant, and by the presence 
of radio-nuclides other than 239Pu which· also 
emit both alpha-particles and X-rays. Tyler <2 > 

has examined the problem of self-absorption 
for 239Pu in the form of metal and certain com
pounds. He has shown that, because self
absorption of alpha particles is generally greater 
than self-absorption of 17 keY X-rays, moni
toring with an X-ray probe does not under
estimate the potential dose to tissue at the site 
of the wound but may lead to an underestimate 
of the amount of plutonium available for trans
fer to other parts of the body. 

In addition to the uranium X-rays there are 
other penetrating radiations which may be emit
ted in sufficient quantity to yield useful infor
mation; notably the 60 keV gamma-rays of 
241Am (daughter of 241Pu) and the 384 keV 
gamma-rays of 239Pu. The latter are of very low 
abundance (0·0012%) but in the case of a very 
severely contaminated wound, could be used 
to determine an upper limit for the 239Pu con
tent, rapidly and with the minimum uncertainty 
of interpretation. The practical usefulness of 
measurements at the different energies is further 

discussed below. 

3. THE TYPES OF MEASUREMENT REQUffiED 

3.1. Initial Monitoring 

Initial monitoring of suspected punctures and 
other very minor wounds is likely to be carried 
out, after washing, at the place of work or at the 
nearest health physics office, using a portable 



Table !. Princij1al X- and y-rays accompanying Disintegrations of Plutonium Isotopes. 

---~-- --------------~~-~------- --

a particles No. of photons emitted per alpha particle emission 

Isotope Half-life per sec 

(days) per g of I 

Pu isotope 12-14 keV 17-18 keV 20-21 keV 52-65 keV 100 keV 384 keV 

oaapu 3·3 x ro• 6 X 1011 13·5 X ro-• 8·4 X 10- 5 

••'Pu 8·9 x 10• 2·25 X 109 1·3 X 1Q-• !·9 X IO-• 3·15 X IO-• 7 X ]Q-• 5·2 X 10-• 1·2 X IQ- 5 

••opu 2-4 X 106 8·3 X 109 11 X 10-• 

••'Pu 4·8 X 10 9·6 X 107 ·3~· 
237lJ* 6·75 3·55 X 10-2 8·15 X 10-2 2·6 X 10-• ·385 

I 
·56 

••tAmt 1·7 X 105 5·9 X 109 14-8 X J0-2 19·7 X J0-2 4 X I0-2 ·38 ·315 

*The figures relate to the amount of 237U in equilibrium with 1 g of 241Pu and represent the number of photons per 241Pu alpha emission. 

t The figures relate to the amount of 241Am present in 1 g of 241Pu I year after separation. 
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or semi-portable instrument. It is important 
that contamination under the skin should not be 
missed at this stage so the monitoring must be 
performed carefully and slowly, since the count
rates for significant contamination are quite 
low and the X-ray probes have a sensitive area 
of only a few square centimetres. Certainty 
of detection is more important than precision 
of assessment at this stage and the lower limit 
of detection for 239Pu ideally should be 0 · 005 
fLCi or less. It would assist in ensuring a really 
adequate check, if the whole hand could be 
monitored at once in an X-ray monitor for a 
fixed time interval in much the same way as 
with a normal a/(3 hand contamination monitor. 
No simple version of this appears to have been 
produced. A well-type phosphor large enough 
to monitor a whole finger has been tried, but 
so far, it has not been possible to make an 
inexpensive detector of this form sufficiently 
robust and sensitive for general use. Further
more it would not cope with the small propor
tion of wounds which occur to the palm of the 

hand. 

3.2. Accurate Location of Contamination 

When a contaminated wound has been con
firmed, it will be referred to the medical officer 
for treatment. A more precise measurement 
of the amount and location of the plutonium is 
now necessary. Accurate location by X-ray 
measurements is quite difficult because the 
count-rate per microcurie is very low and any 
degree of collimation of the detector reduces 
it still further. It has been found best to mount 
the detector in a stand about 5 mm above the 
wound at a point which gives the maximum 
count-rate and then slide straight-edged or 
iris-shaped absorbers over the skin, noting the 
points at which the count rate is sharply dimi

nished. 

3.3. Precise Determination 

In the case of very superficial wounds there 
is generally no problem about excising the 
foreign matter. In a more serious case the 
medical officer may have to balance the desira
bility of removing all the material, against the 
possible damage to the individual as a result 

of surgical operation. In such a case he will 
require a fairly accurate estimation 'of the 
amount of plutonium involved. To achieve 
this, it is desirable to measure the spectrum of 
radiation emitted from the wound, and, if 
possible, obtain a sample of the relevant plu
tonium from which to prepare a reference 
source. The reference source should be a thinly 
deposited source suilaLle fur alpha counting 
and alpha spectrometry in addition to gamma 
spectrometry. Corrections can then be made 
for the presence of isotopes other than 239Pu 
and for self-absorption. 

Any material which is excised from the wound 
is checked for activity using the X-ray detector. 
It may then be desirable to retain this material 
as an aid to further studies. 

Finally when the wound has been treated, 
an attempt should be made to determine an 
upper limit for the residual contamination. Here 
again a knowledge of the radiation spectrum 
can assist towards obtaining a more accurate 
estimate. 

4. INSTRUMENTS AVAILABLE FOR WOUND 

MONITORING 

Several instruments suitable for the detection 
of X-rays from plutonium have been des
cribed. (3-5) The following have been used at the 
AWRE. 

4.1. Portable Contamination Monitor Type 1320X 

This employs a 55 mm diam. scintillation probe 
fitted with a sodium iodide phosphor 36 mm 
diam. X 1·0 mm thick under a 0·05 mm alu
minium foil. The probe is coupled to a battery
powered portable ratemeter which, when used 
in the X-ray monitoring role, has an energy 
"window" extending from ll ke V to 23 ke V 
approximately. The instrument is designed for 
general contamination survey duties in the field 
and has a background count-rate of about 20 
counts/min when unshielded. It is used in 
laboratories for initial checks on suspected skin 
punctures. Under these conditions, the lower 
limit of detection is about 0 · 0 I fLCi 239Pu. A 
similar probe gave a background of about I 
count/min in the A WRE low-background 
facility. <6 l 
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FIG. 2. Portable contamination monitor Type 
1320 X. 

4.2. Plutonium Wound Monitor Type PNI 1080* 
This instrument employs a 35 mm diam. probe 

fitted with a sodium iodide phosphor 10 mm 
diam. X 1 · 0 mm thick covered with a 0 · 05 mm 
aluminium foil. . The small, mains-powered 
ratemeter incorporates an electro-mechanical 
register for use at low pulse-rates. The circuit 
has an energy "window" extending from 13 ke V 
to :L 1 ke V approximately. In normal laboratory 
environments the instrument has a background 
count-rate of about one count per minute and 
the lower limit of detection is about 0 · 005 .uCi 
239Pu. It is used in our medical and health 
physics centres for measurement and accurate 
location of plutonium in wounds. 

4.3. Selective Gamma Monitor Type NIS 322 (Pu) 

In this instrument the scintillation detector, 
ratemeter and indicator are incorporated in a 
single pistol-grip unit which can be held com
fortably in one hand. In its normal form it 
employs a phosphor 25 mm thick X 37 mm 
diam. and is "gated" to accept the 384 ke V 
gamma-rays from 239Pu. The lower limit of 
detection, in a normal environment is about 
500 .uCi (about 8 mg) at 5 em from the end of 
the detector. Its role in wound monitoring 

*Manufactured by Plessey Nucleonics Ltd., North
ampton, England. 

FIG. 3. Plutonium wound monitor Type PNI 1080. 
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would therefore be confined to a very serious 
accident where the amount of plutonium in
volved might imply considerable self-absorption 

of the low energy X-rays. 
Better detection of the 384 ke V radiation can 

be achieved with improved geometry. A 75 mm 
diam. crystal, having a central well and mounted 
in a 50 mm lead shield, enahl~d measurements 
to be made on a dum.my finger, down to 2 fLCi 

2 39Pu in a normal laboratory. 
Because of the convenient shape and reliable 

operation of the Selective Gamma Monitor 
Type NIS 322, an experimental version of it 
has been constructed for measurements at low 
energy (Fig. 4). The dimensions of the scintil
lator and aluminium foil are the same as those 

of the Probe Type l320X. The electronic cir
cuit incorporates an energy window which can 
be switched to either of the ranges: 

12 keV-22 keV (for uranium L X-rays) 
or 48 keV-72 keV (for 60 keV emission from 

241Am). 

It is hoped that this instrument will replace 

the Monitor Type l320X for plutonium X-ray 

surveys. 

4.4. Use of Multi-channel Analysers 

If one of the thin-crystal scintillation probes 
is connected to a multi-channel analyser, the 
energy spectrum from about 12 keV to about 
100 keV can be plotted for the radiation from 
the wound. The presence of 241Am is then 

revealed by the peak at 60 keV. It may take; 
about 20 min to obtain a useful spectrum so 
the subject must be positioned comfortably. It 
is useful to mount the scintillation probe in a 
simple lead castle into which the hand can be 
inserted conveniently or to carry out the mea
surement within a low background facility such 
as a whole-body counting room. 

5. THE EFFECT OF ISOTOPES OTHER 

THAN 239Pu 

If the plutonium has undergone considerable 
reactor irradiation it will contain, in addition 
to 239Pu, proportions of the alpha-emitters 238Pu 
and 240Pu and the beta emitter 241Pu (half-life 
13 years). After separation of pure plutonium 
from irradiated fuel, 237U and 241Am, the daugh
ters of 241Pu, will begin to grow. The short
lived 237U (6 · 75 days) reaches equilibrium 
within a few weeks. 241Am (458 years) will 
increase almost linearly with time for a few 
years after separation. 

The presence of isotopes other than 239Pu 
increases the alpha emission per gramme of 
material; however it increases even more the 
emission of low energy X-rays per gramme of 
material, so the significance of the X-ray mea
surements as an indicator of internal radiation 
hazard changes as high irradiation and long 
americium growth are attained. Table 2 shows 
that for plutonium which has undergone irra
diation of 3,000 MWd/t followed by one year's 

Fw. 4. Prototype of selective gamma monitor Type NIS 322 modified for X-ray monitoring. 



Tablt 2. Emissions from 1 g of Plutuniunt I Year after Separalion. 

~ 500 MWd/t 3000 MWd/t 6000 MWd/t 

Isotope Typical 

I 
Typical i I Typical 

abundance ajs *X-rays/s 60 keY abunda11ce a/sec *X-rays/s 60 keV abundance a/s *X-raysfs 60 keV 

! 
wfo y/s w/o y/s wfo y/s 

23Bpu l 0•0052 3·12 X !07 4·2 X Jo• I (1.065 g.g X JOB 5.2 X 107 0·25 ).5 X 109 2.1 x 108 

239pu 96 2·15 X !09 6.8 X 107 82·6 1·86 X 109 5.35 X 107 69 1·55 x 109 4.9 X 107 

240pu 3·8 3.15 X !0' 3.5 X 107 13·7 1.14 x 109 . 1·26 X 108 24.5 2·0 X 10' 2.25 X 108 

241Pu 0·22 2·1 X J05 3.3 3·15 x 106 5.6 5.3 X 101 

237U 3.0 x J04 8·2 X 104 4.5 X 10·5 12·2 X !05 7.6 x 1o• 2·1 X 106 

241Am J.3 X 107 5.2 X 106 5·0 x 106 \.94 X 108 7.7 X !07 7.4 X 107 3.3 X IO'' 1.32 X 108 1·27 X !08 

Totals 2·5 x 109 ,J.J X 108 5 X 106 13·58 X 109 3.14 X 108 7·5 X 107 5.33 x 109 6.!6 X 108 1·3 X 108 

Total X-rays/a 4.4 X 10-2 8·75 X 10·2 1 1.+ X J0-2 

Total 60 keV/a I 2 X 10-3 2·1 X 10·2 
2·4~ X I0-2 

*12-21 keV photons. 
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growth of 241Am, the X-ray measurements may 
overestimate the alpha hazard by a factor of 2 
if the instrument were calibrated with low 
irradiation plutonium. 

The effect of further increases in isotopic 
content can be determined from the information 

in Table 1. 

6. THE EFFECT OF DEPTH OF PLUTONIUM 

IN THE WOUND 

If the plutonium is injected well below the 
surface of the skin, the measurements will be 
affected by absorption of the radiation in the 
overlying tissue and by the increased distance 
between source and detector. For minor hand 
wounds these effects are unlikely to be significant. 

The X-rays with an average energy of 17 keV 
have a half-value thickness in tissue of about 
7 mm while at 60 ke V the half-value thickness 
is about 35 mm. The geometrical effect is 
greatest when the detector is placed very close 
to the skin. Figure 9 shows the effect of separa
ting the source and detector by layers of ap
proximately tissue-like material. 

7. EFFECT OF SELF-ABSORPTION IN THE 

PARTICLES OF CONTAMINANT 

Tyler has shown <2
) that, if the activity in a 

wound is concentrated in a single spherical 
particle, self-absorption of the X-rays may be 
appreciable for total activities greater than 
about 10 - 4 fLCi 239Pu. When the total activity 
is about 1 fLCi 239Pu, self-absorption may lead 
to underestimation by an order of magnitude. 

Similar calculations have been performed for 
the 60 keV emissions of 241Am and show (Fig. 5) 
that self-absorption does not become significant 
until the single particle size corresponds to 

about 60 ,~Lin diameter (0 ·1 ,ILCi 239Pu). 
Hence, if the radiation spectrum from the wound 
can be plotted so as to include both the X-ray 
peak and a discernible 60 keV peak, the ratio 
of these peaks, for a given isotopic composition 
will indicate the amount of self-absorption. In 
practice the isotopic composition may not be 
known, but it may be possible to obtain a sample 
of the relevant material, from which to prepare 
a thin source of negligible self absorption. The 

. 17 keV peak 
ratiO 

60 
ke V peak for the wound spectrum can 

then be compared with the same ratio for the 

SlHCL£ :?.PI!ERICAL PAI\TICLE ACTIVITY • .&LCi 

FIG. 5. Correction curves for self-absorption of 
60 keV gamma radiation in spherical 

particles. 

thin source. Figure 6 shows how the ratio 
should theoretically be reduced with increasing 
particle size. 

8. DESCRIPTION OF A CASE OF A 

CONTAMINATED WOUND 

The following case history of a wound has 
been selected because it illustrates a number of 
the points made above. 

8.1. Initial Circumstances 

While manipulating plutonium metal with 
gloves the subject, "A", received a minor punc
ture wound close to the finger nail on the side 
of the middle finger, left hand. By error the 
hand was monitored only with an alpha 
probe. This gave a count rate of about 10 
countsjs, which was reduced to less than 
2 counts/s by washing. "A" then returned 
to work. 

49 days later, on the evidence of urine analysis 
results, attention was drawn to "A" again and 
the finger was monitored using X-ray monitors 
Type PNI 1080 and Type 1320X, both calibra
ted against a standard plutonium source set in 
"Perspex". These measurements· yielded an 
estimate of 1.6 ,ILCi of plutonium alpha activity. 
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The actiVIty was then located as accurately 
as possible using the Monitor Type PNI 1080 
with a number of masking devices, and the area 
was excised until monitoring showed that the 
contamination had been almost entirely re

moved. 
As much as possible of the excised material, 

together with swabs, etc. was collected and 
'!nalysed for plutonium. This measurement 
showed that at least 1 · 7 1-'Ci of a activity had 
been removed from t'he wound, Monitoring 
the area of the wound then gave an estimated 

I.R.P. VOL. 11-R* 

apparent residual alpha activity of about 

0 ·0051-'Ci. 

8.2. Second Measurement 

After a further period of 10 months the finger 
was examined again, this time with a gamma 
spectrometer comprising a probe Type 1320X 
coupled to a multichannel analyser. The spec
trum obtained is shown in Fig. 7. The ratio 

17 keV peak 

60 
key peak for this spectrum was very. low 
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Fro. 7. Spectra from plutonium sources. 

in comparison with that for a standard 239Pu 
source which was used to set up the spectro
meter and it was at first suspected that the plu
tonium in the wound must contain a high per
centage of 241Am. A thin electro-deposited 
source was therefore prepared from some of the 
material originally excised from "A"s finger. 
This source was calibrated in an alpha spectro
meter giving an alpha activity of 0 · 023 ,uCi 
of which about 3% could be attributed to 
241Am. It was then used as a reference source 
for all future measurements on "A"s finger. 
The spectrum from the reference source is shown 
in Fig. 7. It has a much higher 17 keV peak. 
Comparison of the count-rates in the 17 keV 
X-ray region yielded an a activity in the finger 
of about 0·006 ,uCi, in good agreement with the 
original estimate. However a comparison at 
60 ke V indicated 0 · 022 ,uCi a activity in the 

finger. Applying Tyler's correction data for 
self-absorption in a single spherical particle of 
plutonium metal to the value at 17 keV, yields 
0 · 020 ttCi a activity in agreement with the 
60 ke V value. The estimate of alpha activity 
remaining at the wound site was therefore 

amended to 0 · 02 ,uCi approximately. This 
assessment made no allowance for the self ab
sorption of 60 ke V gamma rays nor for the 
possible effect of depth in the wound. 

8.3. Third Measurement 

The latest measurement on this subject was 
made 18 months after the original incident, 
using a similar probe coupled to a multi-channel 
analyser. Again the spectrum from the wound, 
after 20 min counting, showed 1 7 ke V and 
60 keV peaks and was compared with the 
spectrum from the reference source. 
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The total count at l 7 ke V corresponded to an 
apparent alpha activity of 0 · 004 fl-Ci while 
that at 60 keV indicated 0 ·023 fl-Ci. 

. 17 keV 
The ratw -k V was measured for each spec-

60 e 
trum by integrating the total counts under the 
peaks. The values obtained were: 

Electro-deposited reference source: 

1 7 ke V peak = 
6 

. 
8 

60 keV peak 

Wound contamination: 

17 keV peak 

60 keV peak = 1 
'
45

· 

This reduction in the ratio, if attributed solely 
to self-absorption in a particle of plutonium, 
corresponds to a particle radius of 30 /km 

(Fig. 6). However, such a particle would have 
an alpha activity of 0 · 12 fl-Ci and would have 
given much higher total count-rates. Some of 
the reduction may be due to depth in the 
wound. In order to estimate this effect, spectra 
were plotted for the reference source covered 
by successive layers of tissue-equivalent plastic 
material. With 3 mm of plastic overlaying the 

.17keV peak 
source, the ratio 60 keV peak was 4.9. 

The reduction in ratio in going from the 
covered reference source to the actual wound 
now corresponds to a particle radius of 20 

fl-m (0 · 035 fl-Ci). The wound activity cal
culated from the total counts at 17 keV and 
corrected for self-absorption corresponds t~ a 

particle radius of 17·5 /km (0·024 /kCi). 
The wound activity calculated from the total 
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counts at 60 ke V and corrected for self-absorp
tion corresponds to a particle radius of 18 · 5 
fLm (0 · 028 fLCi). These are in fairly good 
agreement and it thus appears that the spectrum 
shapes and total counts are consistent with a 

plutonium particle of about 0 · 03 fLCi alpha 
activity at a depth of about 3 mm below the 

surface. 

9. GENERAL OBSERVATIONS CONCERNING 

THE ABOVE CASE 

9.1. Monitoring with an alpha probe failed 

to detect the presence of plutonium in the finger. 
Simple monitoring with an X-ray probe after 
excision probably underestimated the residual 

activity by a factor of about 6. 
9.2. The activity at the site of the wound does 

not appear to have changed significantly over a 
period of more than l year. 

9.3. The results of urine analysis are shown in 
Fig. 8. They are consistent with the pattern 
suggested by Langham <8 l for a plutonium in
jection of about 0 ·04 fLCi into the system at 
about the time of the incident. 

10. CONCLUSIONS 

10.1. In the monitoring of wounds for plu
tonium contamination, using X-ray probes, 
errors can arise from self-absorption, fr:om absorp
tion in overlying tissue and from the presence 
of isotopes other than 2 39Pu. These errors can 
be reduced if a thin reference source can be made 
from the same contaminating material and if 
both the wound and the reference source are 
examined using a low energy gamma spectro
meter. 

10.2. An actual case has illustrated the needs 
for reliable initial monitoring, for precise loca
tion and for accurate final assessment. 
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PHARMACEUTICAL AND RADIATION HYGIENE PROBLEMS 

IN RELATION TO RADIOPHARMACEUTICALS 

KNUD KRISTENSEN 

The National Health Service of Denmark, 

Department of Radiation Hygiene and Radiation Hygiene Laboratory, 

Copenhagen 

Abstract-Preparation, distribution, storage, and use of radioactive pharmaceuticals involves 

a number of pharmaceutical and radiation hygiene problems. In recent years these have been 

emphasized by the rapidly increasing use of this type of drug. 

A study of radiation hygiene and pharmaceutical aspects of radiopharmaceuticals has 

underlined the possible conflict between radiation-hygiene and pharmaceutical viewpoints. 

A close cooperation between experts representing radiation hygiene and pharmacy is 

therefore considered of utmost importance. In view of the rapid development of nuclear 

medicine it is likewise of great importance to furnish an up-to-date service for the clinician 

from both these fields. 
In Denmark it has been proposed that we establish a Pharmaceutical Isotope Laboratory 

("Isotope Pharmacy"), which should assume the responsibility that all radiopharmaceuticals 

are of satisfactory quality, e.g. by purchasing, controlling and distributing radioactive drugs. 

INTRODUCTION 

Radioactive pharmaceuticals are playing an 
increasingly important role in recent years. Since 
the introduction of isotopes as tracers in humans 
in the thirties and up to the sixties, only radio
chemicals have been used in medicine. During 
the sixties, however, a new approach has started 
and greater attention is being paid to pharma
ceutical problems since these substances in 
fact are drugs, regardless of whether they are 
used for diagnostic or therapeutic purposes. 
Recently, an entire symposium was devoted to 
problems of radioactive pharmaceuticals. (1

) 

Radioactive substances are not the answer to 
Galen's request for "one drug for each disease", 
nor to the alchemist's search for "the philoso
pher's stone", but they have assumed a very 
great importance in medicine and are about 
to find their permanent place in the new medical 
field, nuclear medicine. 

illustrates the rapid increase in their use. (1 l 

At the end of 1965 the National Health Service 
of Denmark had given permission to 45 hospital 
laboratories for the diagnostic use of labelled 
substances. The corresponding figure was 19 
in 1960. In contrast, the number of places with 
permission to make therapeutic use of such 
substances is almost unchanged in the same 

period (about 10 departments). The application 
of radioactive pharmaceuticals has rapidly in
creased. For instance during 1964 and 1965, 
the number of purchases has increased by 13% 
and 44%, respectively, in comparison to 1963. 
In 1965 the number was about 1800. (ZJ Pre

parations for diagnostic use shows the greatest 
increase which is especially marked for the more 
complex labelled compounds. In 1965 Silver (3 J 

lists about 80 different radioactive pharma
ceuticals for diagnostic and 12 for therapeutic 
use. Among the new preparations are sub
stances which have not previously been used as 

PRODUCTION AND USE drugs in non-radioactive form. 

In the United States the increase in sales of The trend appears to be, on the one hand, 

radiopharmaceuticals by 20 to 30% per year towards the very short lived isotopes and, on 
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the other hand, towards biologically important 
isotopes such as carbon-14 and tritium with a 
long half-life. 

The number of producers of radioactive 
substances has almost doubled in the period 
1959-64 according to the International Atomic 
Energy Agency. <4 - 6 > Another important devel
opment is the production of radioactive sub
stances for application in humans at drug
houses or isotope plants which have special 
sections devoted to the manufacture of this 
type of substances and which employ pharma
cists. This is an important step from radio
chemicals towards radiopharmaceuticals. 

Distribution, storage, and use of radiophar
maceuticals involves many problems. Some 
of these are the same as for ordinary drugs but 
many are due to the radioactivity of the product. 
It is impossible in this short communication to 

touch upon all these aspects but I shall try to 
outline some radiation hygiene and pharma
ceutical problems as seen from the point of view 
of safety. 

RADIATION HYGIENE PROBLEMS 

From the "radiation hygiene point of view" 
the ideal radiopharmaceutical is one which will 
lead to a maximum of information with a mini
mum of radiation dose to the patient, the per
sonnel, and the environment. From a pharma
ceutical point of view it is a substance that is 
non-toxic, stable and in ready-for-use form. 
The radiation dose to the patient can be reduced 
by using isotopes with a short physical and/or 
biological half-life and by using compounds of a 
high organ specificity, and finally, using isotopes 
emitting gamma-rays of a suitable energy. Of 
course it is important that the preparations are 
not contaminated with radioisotopes or radio
chemical impurities. Last but not least it is of 
importance to use adequate instrumentation 

and techniques. 
External doses to the staff can be reduced 

by using compounds ready for use, preferably 
in dose units, so that little manipulation is 
needed, and furthermore by avoiding hard beta
or gamma-emitters. The risk of internal con
tamination can be reduced by using compounds 
that are not volatile, and do not require com
plicated manipulations. 

PHARMACEUTICAL PROBLEMS 

In relation to radiation hygiene one has to 
consider problems which are relevant both for 
the patient, for staff members, and for the en
vironment. In regard to pharmaceutical prob
lems, as a rule only protection of the patient is 
involved. 

First of all the preparation must be suitable 
as a drug which means that it is of low toxicity 
and high efficiency. It must be free from radio
chemical impurities, chemical impurities, and 
pharmaceutical or biological impurities. It 
should be available in a suitable formulation 
in a form ready for use. It is highly desirable 
to apply "stable" compounds, thus allowing 
sufficient time for synthesis and control by the 
producer. 

CONTROL AND DISTRffiUTION 

The importance of stringent drug control is 
stressed in all parts of the world. In Denmark 
control of all pharmaceuticals is compulsory 
but at the present time there is no check of 
radiopharmaceuticals from a drug safety point 
of view. 

It is normally impossible to employ the 
conventional control and distribution system as 
used for ordinary drugs, in any case the system 
used in Denmark is not suitable. Since most 
radiopharmaceuticals cannot be stored for a 
long time the preparations must be made in 
small batches which means that daily or weekly 
production and frequent distribution is required. 
Another problem is the use of very short lived 
substances which may have to be separated 
from a mother substance shortly before use. 
An example is the use of technetium-99m 
separated from molybdenum-99. Here we have 
the pharmaceutical problem of formulation of 
the preparation. There is little time for control 
of the preparation's sterility or the presence of 
pyrogens. The problem is further complicated 
if the consumer wishes to prepare labelled 
substances with such short lived isotopes in his 
own laboratory. 

In recent years, consumers have voiced con
cern about the quality of radiopharmaceuticals 
and expressed a demand for more purified 
substances. It is very difficult to express in 
general terms which degree of purity one should 
claim in radiopharmaceuticals. Each substance 
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must be considered separately in relation to the 

purpose for which it is intended. In my opinion 
it is much more important to know the exact 
composition of the preparation than to know 
that it is 99% pure. In some cases it may indeed 
be preferable to use a substance with 10% of a 
known impurity than a substance that is 99% 

pure, with an unknown impurity 1%. 
ln Denmark a physician i~ free to administer 

to his patient on his own responsibility whatever 
compound he may find suitable for the treatment. 
In practice he may rely on the advice of the 
pharmacist regarding the properties of drugs. 
Also with radiopharmaceuticals, there is a 
need for guidance as regards radiation hygiene 

and pharmacy. 
Concerning the radiation hygiene and phar

maceutical problems and how to solve them, 
there is a latent conflict between the radiation 
hygiene point of view-short lived substances
and the pharmaceutical point of view-long 
lived "stable" substances. This fact emphasizes 
the need for close co-operation between the 
pharmacist and the health physicist.· It is 
very important that both play a part in the 
service for the clinician in his treatment of the 

patients. 

"ISOTOPE-PHARMACY" 

In Denmark, it has been proposed to solve 
some of the problems in connection with radio
active pharmaceuticals by establishing a Phar
maceutical Isotope Laboratory ("Isotope Phar
macy"). 12 > This laboratory should supply 
Danish hospitals with radioactive drugs and 
at the same time serve as adviser with regard 
to quality, properties, storage, etc. The Phar
maceutical Isotope Laboratory should also ad

vise the physicians concerning quality, pro
perties, storage, etc.; of radiopharmaceuticals, 
and develop as well as publish guides and 
instructions for the control of radioactive drugs. 
Furthermore, the supply of radioactive drugs 
throughout the country should be organized in 

such a way that the total cost will be at a mini
mum. An additional important responsibility 
of such a laboratory should be to act as an ad
viser to the public health authorities and to be 
able to solve special problems arising in the 
clinics. In my opinion it is of utmost importance 
to have a laboratory where experience with and 
knowledge of relevant problems concerning 
radiopharmaceuticals is available and can ht> 
placed at the disposal of the clinician. The 
Pharmaceutical Isotope Laboratory should 
maintain close collaboration with the National 
Health Service Laboratories for Drug Control 
and for Radiation Hygiene and with the 
Isotope Laboratory at the Atomic Energy Com
missions Research Establishment at Riso. The 
collaboration with the last mentioned is of 
special interest on account of the Ia.boratory's 
production of isotopes. 

The establishment of such a laboratory in 
Denmark, with five million people, will not 
render redundant the pharmaceutical and radia
tion hygiene experts at the bigger hospitals 
where research with radiopharmaceuticals is 
going on. It is primarily intended to serve those 
hospitals where one cannot have resident phar
maceutical and radiation hygiene experts avail
able. At the bigger hospitals problems may be 
solved in close cooperation between the "central 
pharmaceutical isotope laboratory" and the 
health physicist and pharmacist at the hospital. 
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ON THE EXTENT OF X-RAY EXAMINATIONS 

IN FINLAND 

AULISISOLA 

Institute of Radiation Physics, Helsinki 

Abstract-The annual genetically significant dose of the Finnish population from 2,716,900 
X-ray examinations and 80,000 dental exposures carried out in 1963 has been calculated to be 
16.8 mrem. The male, female, and foetal contributions to this dose were respectively 4.2 mrem, 
8.7 mrem, and 3.9 mrem. The high female contribution observed here is largely due to pelvi
metry, hysterosalpingography, obstetrical abdomen, and lower gastrointestinal tract procedures, 
for which the male contribution only amounts to 5.6% although these examinations account 
for 42.5% of the total genetic dose. Scrutiny of the contributions of various examinations to 
the total genetic dose reveals that abdomen and lower gastrointestinal tract account for 26.1% 
of this dose. Chest surveys cause 6.9% of the genetic dose. This remarkably high proportion 
is largely due to the fact that approximately 11% of the Finnish population undergoes this 
survey annually. Although the frequency of mass miniature radiography was very high, about 
three persons out often undergoing this survey annually;its contribution to the genetic dose was 
found to be not more than 0.9%. 

INTRODUCTION 

Investigations carried out in the late 1950's 
in different countries showed that the diagnostic 
use ofX-rays is responsible for the major human
induced exposures of populations. The aim of 
this work <1 > was to find out the radiation burden 
of the Finnish population due to diagnostic 
roentgen exposure. This burden is generally 
expressed in the form of the annual genetically 
significant dose. This dose formulated by the 
ICRP/ICRU Joint Study Group <2 > is the aver
age of individual gonad doses, each weighted 
for the expected number of children conceived 
subsequent to exposure. The fraction of annual 
genetically significant dose for both sexes caused 
by class} exposure in age class k can be expressed, 
for the present purpose, as follows: 

N * * D * _ Jk WJt d* 
Jk- ---- Jk 

N w 

where N'f, = annual number of individuals of 
age class k, subjected to class j. 

N = the total number of individuals in 
the population, 

w 'f, = future number of children expec
ted by an exposed individual of 
age class k subsequent to a class j 
exposure, 

w ~ mean child expectancy of the pop
·ulation, 

d1*,. = gonad dose per class j exposure of 
an individual of age class k, and 

the asterisk denotes the sex. The classification 
of examination followed that given in United 
Nations report No. 17 (A3838) <3 > and has been 
reproduced in Table 1. During analysis of the 
data some slight inaccuracies in the classification 
list became apparent. Especially the lumbosa
cral, lumbar spine, and dorsal spine had been 
mutually confused as had also the chest and 
thorax. However, the classification was satis
factory in general. 

MATERIAL AND METHODS 

Data collection 

All X-ray examinations carried out during one 
month in 1964 in all medical institutions, hos
pitals and private physician's offices were re
corded according to object of examination, age, 
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Table I. Gonad Doses in Different Age and Examination Classes (mrem) 

Males Females 

< 15 yr ~15 yr < 15 yr ~15 yr 

I. Hip and femur (upper third) 90 590 48 20 
2. Femur (middle and lower third) II 92 8 13 
3. Pelvic region 139 278 20 80 
4. Lumbosacral 7 145 84 260 
5. Lumbar spine 191 199 120 727 
6. Dorsal spine 108 154 76 113 
7. Urography 44 322 468 273 
8. Retrograde pyelography Ill 153 216 1247 
9. U rethrocystography 259 1346 850 850 

10. Pelvimetry 520 520 
11. Hysterosalpingography 760 760 
12. Obstetrical abdomen 113 
13. Abdomen (pancreas, spleen, 

liver) 42 44 720 787 
14. Lower gastrointestinal tract 

(small intestine, appendix, 
colon) 650 102 1735 1140 

15. Upper gastrointestinal tract 
(pharnyx, oesophagus) 

16. Cholecystography 
17. Chest (heart, aorta, lungs) 
18. Thorax (sternum, ribs, 

shoulder, clavicle) 
19. Upper extremities 

20. Lower leg and foot 
21. Head and cervical spine 
22. Fluoroscopy 
23. Mass miniature radiography 
24. Dental 

and sex. Furthermore, the best possible estimate 
was requested of the number of examinations 
carried out in 1963. The total number of mass 
miniature radiographies (1,205,000) was ob
tained from the Annual Report of Activities of 
the Finnish National Anti-Tuberculosis Asso
ciation, <4> and the number of dental exposures 
(80,000) was estimated on the basis of the film 
consumption. 

The uncertainty in estimation of the genetic 
dose is probably mostly due to the uncertainties 
involved in the measurement of gonad doses. 
These may be greatly different . in different 

7 25 102 93 
7 39 136 136 

22 13 8 20 

40 16 12 20 
9 15 8 13 

16 29 32 13 
19 16 4 27 
7 18 56 93 
0.2 0.2 0.2 0.9 
0.25 0.25 0.05 0.05 

hospitals. In order to gain an idea of this varia
tion, gonad doses were measured in different 
hospitals. About 2100 fiuoro-glass dosimeters 
were dispatched to 124 hospitals chosen in 
advance, to be used for measurements of the 
gonad exposure received by patients undergoing 
roentgen examination. 

Requisite data concerning the structure and 
birth rates of the population were derived from 
the Statistical Yearbook of Finland<•> and from the 
archives of the Finnish Central Statistical Office. 
The number of the Finnish population at the 
time of the study was about 4,523,300. 
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Relative Frequency of Examinations 

During the control period, 143,320 examina
tions classified according to object of examina
tion, age and sex were recorded. The resultant 
chart was utilized in determining the distribu
tion of 2, 716,900 examinations carried out in 
1963, with respect to various age and examina
tion groups. As regards the distribution of 
dental examinations, the assumption was made 
that the share of females was 60% and that of 
males 40%. The age classes chosen were: under 
15 years, 15-19 years, 20-30 years, 31-44 years, 
and over 44 years. The relative number of 

examinations N
1
:/ N was calculated separately 

for both sexes and for different age groups. 

Child Expectancy 

From the birth rates and the probability of 
death as stated in the Statistical Yearbook, the 

mean child expectancy w was calculated to be 
1.316. Assuming that the examination per
formed has no connection with the patient's 

child expectancy, the w
1
:Jw ratios were calcu

lated for different age and examination classes. 
As to foetal exposure, pelvimetry and obstetri

cal abdomen excluded, it was inferred, taking 
into account the number oflive births, the mean 
pregnancy time and the number of fertile 
women, that 6% of the women examined were 
pregnant. 

Gonad Doses 

As mentioned before, fluoro-glass dosimeters 
were used for measurements of gonad doses. 
In some examination classes the sensitivity of the 
glass pieces was insufficient. In such instances 
ionization chamber measurements were per
formed~ Glass pieces were used for measurement 

Table 2. Annual Genetically Significant Doses (mrem) 

Examination Males Females Foetal Total % 
class of total 

1 0.439 0.085 0.005 0.529 3.1 
2 0.097 0.007 0.002 0.106 0.6 
3 0.370 0.070 0.024 0.464 2.8 
4 0.131 0.164 0.068 0.363 2.2 
5 0.404 1.079 0.363 1.846 11.0 
6 0.295 0.178 0.070 0.543 3.2 
7 0.232 0.525 0.078 0.835 5.9 
8 0.010 0.126 0.039 0.175 1.0 
9 0.104 0.209 0.045 0.358 2.1 

10 0.607 1.031 1.638 9.8 
11 0.438 0.066 0.504 3.0 
12 0.216 0.395 0.611 3.6 
13 0.129 1.624 0.719 2.472 14.7 
14 0.269 1.199 0.453 1.921 11.4 
15 0.012 0.055 0.025 0.092 0.6 
16 0.032 0.296 0.130 0.458 2.7 
17 0.519 0.531 0.116 1.166 6.9 
18 0.146 0.080 0.023 0.249 1.5 
19 0.172 0.072 0.012 0.256 1.5 
20 0.413 0.180 0.018 0.611 3.6 
21 0.258 0.173 0.037 0.468 2.8 
22 0.172 0.666 0.149 0.987 5.9 
23 0.027 0.106 0.014 0.147 0.~ 

24 <0.002 <0.001 <0.001 0.003 0.01 
Total 4.233 8.687 3.883 16.803 

% 25.2 51.7 23.1 

I 
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of skin doses on the testicles and on the 
back near the ovaries.· These doses were used 
as such as gonad doses for men. In order to 
work out the female gonad doses from the skin 
exposures, each examination class was treated 
separately, employing phantom measurements 
and considering the position of the ovaries in 
relative to the primary radiation. In fixing the 
tissue absorption, the values of Trout et al. (&J 

were used in some cases. 
Calibration of the glass pieces was accom

plished by using an average k V value in each 
examination class and assuming the total fil
tration in all machines to be 2 mm of aluminium, 
in agreement with Finnish radiation protection 
regulations. 

The gonad doses used in the calculations have 
been presented in Table 1. Only average doses 
have been given, although it should be noted that 
great deviations occur in every examination 

class. 

CONCLUSIONS 

The anhual genetically significant dose re
ceived by the Finnish population from exposure 
to diagnostic X-rays is found to be 16.8 mrem. 
In Table 2 the composition of this dose is 
presented in greater detail. The male, female, 
and foetal contributions to the genetic dose 
were 4.2 mrem (25.2%), 8.7 mrem (51.7%), 
and 3.9 mrem (23.1 %), respectively. The high 
female contribution observed here is largely due 
to pelvimetry, hysterosalpingography, obstet
rical abdomen, abdomen, and gastrointestinal 
tract procedures, in respect of which the male 
contribution only amounts to 5.6% although 
these examinations account for 42.5% of the 
total genetic dose. 

Scrutiny of the contributions of various exa
minations to the total genetic dose reveals that 

abdomen and lower gastrointestinal tract ac
count for 26.1% of this dose. Chest surveys 
cause 6.9% of the genetic dose. This remarkably 
high proportion is largely due to the fact that 
approximately 11% of the Finnish population 
undergoes this survey annually. Although the 
annual frequency of mass miniature radiography 
was very high, about three persons out of ten, 
the contribution of this survey to the genetic 
dose was found to be not more than 0.9%. 
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PHYSIOLOGICAL CONDITIONS IN PRESSURIZED 

SUITS: EVALUATION AND CONTROL OF THERMAL 

STRESS 

R. P. ROWLANDS 

United Kingdom Atomic Energy Authority, 
Authority Health and Safety Branch, 

Radiological Protection Division, Harwell, Berkshire, England 

Abstract-The thermal conditions experienced by the wearer of a pressurized suit are de
scribed by an "index of thermal stress". The value of this index depends on the temperature, 
humidity and flow rate of the breathing air supplied to the suit, the man's metabolic heat 
production which depends on his rate of energy expenditure, and the thermal conditions of 
the workplace outside the pressurized suit. Formulae are given which relate these parameters 
so that the index can be evaluated for a given pressurized suit operation. A third formula is 
given which predicts likely sweat rates. 

Other physiological responses such as body temperature and heart rate are related to the 
value of the index of thermal stress. It is convenient to group values of the index into four 
zones, representing conditions which are physiologically comfortable, tolerable, barely toler
able or intolerable. Control charts, based on the formulae, enable breathing air supply rates 
to be decided for these conditions after objective consideration of operational factors such as 
the duration and nature of the work task, the need for rest pauses and thermal conditions in the 
pressurized suit facility. The thermal stress on the man is thereby controlled and his physio
logical responses kept within acceptable limits. 

INTRODUCTION 

Men work in heavily contaminated areas 
safely protected from the inhalation or absorp
tion of radioactive materials by wearing pres
surized suits. <1 > Accepting that the suits are 
designed and operated to provide sufficient air 
to the breathing zone to avoid any excessive 

can bring about a deterioration in human 
performance <2-

4 > including declining vigilance 
and the loss of manual dexterity. In view of the 
radiological protection reasons for using pres
surized suits, the physiological responses of 
the wearer are of considerable importance. 

re-inhalation of carbon dioxide the main phy- EVALUATION OF THERMAL STRESS 

siological stress is due to heat. In performing A programme of experiments has been carried 
muscular work the suit wearer generates heat out investigating the basic principles of the 
which must be dissipated rapidly enough for thermal situation for men working in pres
him to attain thermal equilibrium at an accept- surized suits. The objective was to determine 
able body temperature. Heat is removed from air supply rates for physiologically safe condi
the man's surface by the air circulating through tions. The results of the investigation are 
the suit, via convective cooling and the evapor- presented in this paper while a full account is 
ation of sweat: Further heat exchanges take reported elsewhere. <6> A pressurized suit can 
place between the outside surface of the suit be regarded as a small peculiarly shaped room, 
and the workplace. which is flexible and mobile, inside which the 

Continued exposure to heat stress, even at man is dressed in ordinary clothing. The level 
levels below those which are directly harmful, of thermal stress to which he is exposed depends 
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on the temperature and humidity of the air 
within the suit. These air conditions are influ
enced by: 

(i) the temperature, humidity and volume 
flow rate of the breathing air supplied 
to the suit, 

(ii) the rate at which heat is produced by 
the man, and 

(iii) the rate at which heat is transferred 
from the suit to the workplace. 

This is illustrated schematically in Fig. 1. The 
thermal situation can be described as relation
ship between five variables, xl> ... , x5 • For
mulae which quantify the relationship were 
derived from the results of our experiments. <6 > 

The level of thermal stress is given by: 

x5 = 0·903(x1 + 1)0
"

79 + 0·045(x2 + 1)0
"
8

7 

- 0·0027(x3 + 1)1"41 

+ 7·02(x,- 2) - 1
"
46 + 14·66 (1) 

The variable x5 is called the index of thermal 
stress. It takes account of the temperature and 
humidity of the air within the suit, the environ
ment to which the man is directly exposed. 

x6 = 0·15 DB+ 0·85 WB 

where DB and WB are dry bulb and wet bulb 
air temperatures, respectively, in degrees Centi
grade. 

BREATHING AIR1 -
TEMP. AND HUMIDIT"". x

1 
VOL. FLOW RATE, X-4 

HEAT TRANSFER 

TO WORKPLACE, x 3 

The temperature and humidity of the breath
ing air supplied to the suit are represented by 
the variable x1 which is a weighted mean of 
dry bulb and wet bulb air temperatures, similar 
to x6• 

The variable x2 is the man's rate of production 
of metabolic heat expressed in kilocalories per 
hour. Normally with muscular work 80% of 
the gross energy expenditure appears as heat. <6 > 

The relation between different grades of mus
cular work and ranges of energy expenditure, 
as well as the variation of energy expenditure 
with body weight for particular work tasks, has 
been discussed by Brown and Crowden <7 > and 
Passmore and Durnin. <8 > In general, for the 
average man wearing one of the U.K.A.E.A. 
standard pressurized suits, work tasks can be 
categorized in the manner shown in Table 1. 

The actual rate of energy expenditure of a 
man performing a particular work task can be 
obtained from measurements of his rates of oxy
gen consumption and carbon dioxide produc
tion. <9 > A pressurized suit is a sealed system so 
that analysis of the inlet and exhaust air with 
measurement of the air flow rate provides the 
necessary data. With routine pressurized suit 
operations, however, the man's metabolic heat 
output (80% of his energy expenditure) can 
be estimated from considering the type of work 
carried out. For guidance, examples of tasks <10 > 

FIG. I. Schematic diagram of the thermal situation. 
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Table 1. Ranges of Energy Expenditure and Metabolic Heat Outputs corresponding to 
Different Grades of Muscular Workfor U.K.A.E.A. Standard Pressurized Suits 

-

Rubber pressurized suit PVC pressurized suit 
Nature of 
external Energy Metabolic Energy Metabolic 

work task expenditure heat expenditure heat 
(kcalfhr) (kcalfhr) (kcaljhr) (kcalfhr) 

Light 150-225 120-180 125-190 100-150 
Moderate 225-375 180-300 190-310 150-250 
Heavy 375-600 300-480 

I 
310-500 250-400 

Note: The higher rates of energy expenditure with the rubber suit compared to 
those with the PVC suit are a reflection of the increased effort required with the 
former to perform the same external work task, probably due to the heavier weight 
of the suit. 
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corresponding to the three work categories 
listed in Table l are given in Table 2. 

V is the speed of movement of the air in 
the workplace, in ftjmin, 

The variable x3 is the rate of transfer of heat, 
in kilocalories per hour, between the outside 
surface of the pressurized suit and the work
place. Two avenues of heat transfer are con
sidered significant, convection (symbol C) and 
radiation (symbol R). 

t. is the mean temperature, in· °C, of the 
outside surface of the pressurized suit, 

ta is the temperature of the workplace 
air, in °C, 

X 3 = C + R 

As is the surface area of the. pressurized 
suit, in m 2 • 

The radiant heat transfer <11 > is given by 

R = 5 · 7 As ( ts - tu) (3) 
The heat transferred by convection <11

> is given 
by where R is the rate of heat transfer, in kcalfhr, 

A. and t. are as defined above, C = 0·5 V0
"

5 As(ts- ta) (2) 
and tu is the globe <12 > temperature of the 

where Cis the rate of heat transfer, in kcalfhr, workplace, in °C. 

I.R.P. VOL. 11--S 

Table 2. Examples of Tasks corresponding to Three Work Categories 

Work category Task 

Light Standing with moderate arm and leg movements, 
e.g. instrument maintenance, etc. 

Moderate Intermittent walking with moderate lifting and 
pushing, e.g. mechanical maintenance, operating 
machines, decontaminating surfaces, etc. 

Heavy Continuous walking with heavy lifting and pushing, 
e.g. erecting shielding, dismantling heavy machines, 
manhandling heavy weights, pick and shovel work, 
etc. 
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There was little movement of the laboratory 
air during the programme of experiments, <6 > 

conditions which are reasonably representative 
of actual pressurized suit facilities. In the experi
ments the subjects, dressed in pressurized suits, 
walked on a treadmill which was a motor driven 
conveyor belt. A value of 150 ftjmin is assigned 
to the parameter Von the basis of the findings of 
Nelson et al. <13 > that movement of the arms and 
legs while walking results in an increase in the 
apparent air movement which amounts to 150 
ftjmin over the environmental air speed. 

To evaluate C and R, and hence x3 , the 
value of ts is required. The results of the experi
ments <5 > were used to derive a second formula 
from which the value of t. is obtained. 

ts = 0 ' 298 ta + 0 '298 tg + 0 · 302 lskin 

+ 0 . 1 02 ti ( 4) 

where t., ta and tg are as defined above, 
tskin is the mean temperature of the man's 

skin, in °0, 
li is the temperature of the breathing air 

supply at the point of entry to the suit, 
in °0. 

The experiments <5 > showed that the value of 
tskin is approximately related to the value of x5, 

the index of thermal stress, in the manner shown 

in Table 3. 

Table 3. Relation between Mean Skin Temperature 

and the Value of the Index of Thermal Stress 

Index of thermal stress (x5) 

Below 25.5 
Between 25.5 and 27.5 
Above 27.5 

Mean skin temp. 
(OC) 

34.0 
34.5 
35.0 

The procedure to determine the value of ts 
is first to assume a skin temperature of 34°0. 
The resulting value oft. obtained from equation 
(4) is used in the evaluation of x5• If this value 
of x5 exceeds 25 · 5 it is necessary to repeat the 
calculation using the appropriate value of !skin 

taken from Table 3. 
The variable x4 is the volume flow rate of the 

breathing air supplied to the suit expressed in 

cubic feet per minute normalized to 15 °0, 
760mm Hg. 

PHYSIOLOGICAL RESPONSES 

A third formula was derived from data from 
the programme of experiments <5 > which enables 
the man's rate of sweating to be calculated. 

W = 1·486 (100- a)(b -a) (5) 

where W is the man's rate of loss of weight 
through sweating, in g/hr, 

a is the water vapour content of the 
breathing air supply in vol. %, 

b is the water vapour content of the 
outlet air from the pressurized suit, 
in vol. %, derived from the assump
tion that the air emerges saturated 
with water vapour and at a tempera
ture, in °0, numerically equal to the 
value of x5, the index of thermal stress. 

Equation (5) gives the man's sweat rate but 
this does not necessarily mean that all the sweat 
is evaporated. The proportion of the sweat 
which is evaporated and removed from the suit 
as water vapour in the exhaust air depends on 
the detailed design of the suit, in particular 
the method used to circulate the air inside the 
suit. It also depends on the breathing air flow 
rate; at low air flow rates some liquid swco;at 
remains inside the suit. Both the U .K.A.E.A. 
standard pressurized suits use the internal venti
lation system which is the most effective for the 
removal of evaporated sweat out of four different 
types of pressurized suit which were investi
gated. 

The value of one of the man's responses to 
thermal stress, i.e. sweat rate, is obtained from 
equation (5). Investigations into the responses. 
of man exposed to heat stress <11 > have shown 
that different levels of thermal stress can be 
grouped into four broad zones representing 
different severities of stress. Likely values of 
the other physiological responses, body tempera
ture and heart rate, are obtained from con
sideration of these zones into which the values. 
of the index of thermal stress, x5, are grouped. 

(i) Comfortable: 25·5°0 >x5 > 15°0 .. 
The zone or' thermal comfort. 

(ii) Tolerable: 27 ·5°0 > x5 > 25 ·5°0. 
The zone of modest discomfort which most 
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men can endure, body temperatures tend to 
equilibrate around 37 ·8°C (100°F) and heart 
rates may rise to about 140 beats/min. 

(iii) Barely tolerable: 31 · 0°C > x5 > 27 · 5°0. 
The upper limit for sustained work, the zone 

in which some men may find conditions beyond 
endurance; body temperatures may not equilib
rate so that time of exposure control would be 
prudent. A suggested basis is: Time of exposure 
= three-quarters of the average time for body 
temperatures to reach 39.2°C (102.5°F). It is 
possible that heart rates may approach 180 
beats/min. 

(iv) Intolerable: x5 > 31.0°C. 
Thermal conditions under which men are 

unable to achieve bodily thermal equilibrium 
and therefore cannot be expected to work for 
more than short periods. Heat collapse is likely 
if exposure is prolonged. 

ACCURACY OF THE FORMULAE 

In the programme of experiments <5 > the val
ues of i 5, t. and W were measured, thus com
parisons between measured values and the 
values predicted by the formulae, equations (1 ), 

(4) and (5) respectively, enable the 95% limits 
of confidence to be evaluated; these are given 
in Table4. 

Table 4. Accuracy of the Formulae. 

Equation Variable 

1 x5 

4 t, 
5 w 

95% confidence limits 

± L73°C 
±0.85°C 
±93 gfhr 

OPERATIONAL CONTROL 

Equations (1), ... , (5), together with con
sideration of the zones of values of the index 
of thermal stress and their corresponding 
physiological responses, provide the means of 
assuring physiologically safe conditions for tnen 
engaged in pressurized suit operations. For 
a particular operation the following informa
tion would be available: 

(i) the temperature and humidity of the 
breathing air supply, 

(ii) the nature of the work task, 
(iii) the thermal conditions prevailing in the 

workplace and the type of pressurized 
suit used, and 

(iv) the available rates of supply of breathing 
air. 

The formulae are used to draw up control 
charts which enable the man in charge to 
decide the appropriate rate of supply of breath
ing air. Control charts can be prepared for a 
wide variety of conditions. As examples, two 
types of chart are shown in Figs. 2 and 3; both 
rest on the physical conditions listed below 
which ·are reasonably representative of those 
prevc:1iling in pressurized suit facilities in the 
U.K.A.E.A. 

(a) The air and globe temperatures in the 
pressurized suit facility are the same, i.e. 
there is no radiant heat load. The rate 
of movement of the air in the facility is 
low. 

(b) The temperature of the breathing air 
supply, at the point of entry to the suit, 
is the same as the temperatures of the 
workplace. This allows complete heat 
equilibration between the air supply pipe 
and the pressurized suit facility which it 
traverses. The water vapour content of 
the breathing air is 0.46 vol. %; at 20°C 
and 760 mm Hg this corresponds to a 
relative humidity of20%. 

Figure 2, ~hich applies for the U.K.A.E.A. 
standard rubber pressurized suit at breathing 
air and workplace temperatures of 20°C, shows 
the relation between the index of thermal stress 
and the man's rate of energy expenditure for air 
supply rates ranging from 3 to 10 ft 3/min; 
sweat rates are also shown. The values of the 
index of thermal stress and the sweat rate in
crease as the work load becomes heavier and 
decrease as more breathing air is supplied. As 
an example of reading the chart, 4 ft 3/min 
of breathing air are required to provide thermal 
comfort at an energy expenditure of 375 kcalfhr 
(moderate to heavy work). Under these con
ditions the man's body temperature would tend 
to equilibrate below 37.8°C (100°F) and his 
rate of sweating would be about 400 gfhr. 
There would be no need to limit time of exposure 
from a heat stress point of view. Continuous 
heavy work at an energy expenditure of 500 



1330 R. P. ROWLANDS 

oc 

35 

I 700 G./HI'\ 

INTOLERABLE 
r"o 

oU 

... 600 
~ +--------------+I 30 '3,~~ 

BARELY TOLERABLE '3f~ .J 
Cl 

u 

-~-------
500 z 

.... 
o! 

< 

~'«' on 
TOLERABLE ... Ill J: 

v 

-r--- J: 
Cl -- ----

Ill 
25 -400 Cl 0 Ill :::> ... w 0 

a: a: +I .... J: 
Ill 

COMFORTABLE .... _j 
.J 
< Ill u 
::E 

.II) 

0 a: .J oJ' w 300 
J: .... on .... 

J: v 
IL 20 ~ 
0 w 

:ill: 
)( 

uJ 
0 

~ 

200 

15 

COLD 

METABOLIC HEAT 100 
ENERGY EXPENDITURE .2 5 

200 300 400 

2so 375 5oo 
500 K.CAL/HP. 

625 K.CAL/HR. 

EXTERNAL WORK TASK 
MODERATE -+-HEAVY-----I LIGHT 
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WORKPLACE. AIR AND GLOSE TEMP. 20°C 

kcalfhr, however, would require 7 ft 8/min of 
breathing air to ensure thermal comfort. Should 
it be necessary to conserve breathing air sup
plies, the introduction of rest pauses reduces 
the mean rate of energy expenditure and con
sequently the required air supply rate. Thermal 
equilibrium of the body is achieved fairly slowly 
thus the rest pauses could be spaced at intervals 
of about 20 min. 

The control chart shown in Fig. 3 applies 

for the U.K.A.E.A. standard PVC pressurized 
suit. This chart is prepared for a constant 
rate of energy expenditure of 310 kcalfhr which 
corresponds to moderate to heavy work for the 
average man wearing this suit. This rate of 
energy expenditure is typical for many pres
surized suit operations. The chart enables air 
supply rates to be chosen for comfort over a 
range of breathing air and workplace tempera
tures (at a particular value the three tempera-
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tures are the same). At l4°C an air supply rate 
of 3 ft3/min provides conditions in the zone of 
thermal comfort, while at 24°0 some 10ft8/min 
of air would be required. Above 24°0 the 
level of thermal stress increases with increasing 
temperature. Further action such as drying 
the breathing air and cooling it, possibly by 
using a vortex tube, <11> would reduce the level 
of thermal stress at these higher workplace· 
temperatures. 

In the above examples of the use of control 
hearts the aim has been to produce a value for 

the index of thermal stress which lies in the 
zone of thermal comfort. Some physical con
ditions may preclude this aim. In this case 
judgement of the acceptable stress coupled with 
duration of exposure can be made by referring 
to the other zones of thermal stress and their 
corresponding physiological responses. 

Figures 2 and 3 show that the relation between 
the vcilue of the index of thermal stress and the 
air supply rate is such that a change from 3 to 4 
ft 3/min produces a larger decrement in the value 
of the index than does a change from 7 to I 0 
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ft 3/min. Above 10 ft 3/min the reduction in the 
value of the index is marginal so that there is 
little to be gained from using air supply rates 
above 10 ft 3/min. 

CONCLUSION 

The use of control charts, based on formulae 
derived from a programme of experiments, 
enables the level of thermal stress imposed on 
the wearer of a pressurized suit to be evaluated 
in quantitative terms for given operational 
conditions. The levels of thermal stress can be 
divided into four broad zones of increasing 
severity. Likely values of the physiological res
ponses, body temperature and heart rate are 
given corresponding to each zone; the value of 
the man's sweat rate can be obtained from 
another formula. Thus control of pressurized 
suit operations can be exercised in a practical 
way and if ideal conditions cannot be achieved 
the degree of physiological strain can be esti
mated in advance and the workload planned 
accordingly. 
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DISCUSSION 

E. w. jACKSON (U.K.): 

In some circumstances it may not be possible to 
administer potassium iodide before intake of radio
iodine. If potassium iodide is taken orally in such 
cases, after intake of P 81, would you expect any 
worthwhile degree of removal of radioiodide from the 
thyroid? 

M. BLUM: 

If potassium iodide is given after exposure to radio
iodine there is blockade offurther iodine incorporation 
by the thyroid but we found no evidence of any dis
charge of contained radioiodine. 

P. C. joHNSON (U.S.A.): 

When endogenous thyroid production decreases as 
a result of the goiterogen, TSH production by the 
pituitary will increase, releasing radioactive T4 and 
T3 by resorption of colloid. The concurrent admini
stration of iodide would dilute the uptake of radio
active iodide produced by the increase in TSH 
actlVrty. Perhaps a combination of all three
goiterogen, iodide, and TSH-might be most effective 
in reducing the radiation dose. Certainly the goitero
gen would prevent synthesis of organic iodide which 
has a longer biologic half time than does iodide in the 
absence of thyroid function. 

P. C. jOHNSON (U.S.A.): 

One note of caution. We find about a 5% toxic 
reaction to KI and TSH. The iodide produces skin 
reactions in large doses. TSH produces anaphylactic 
reactions. 

Have you tried a combination of a goiterogen, e.g. 
propylthiouracil, to stimulate endogenous TSH and 
potassium iodide to prevent recirculation of the iodide? 

In spite of the possible hazards, I would agree with 
the author that this would be a practical method for 
reducing radiation exposure. He is to be compli
mented on a well performed study. 

M. BLUM: 

Concerning the incidence of skin reactions, we did 
not have any. However, a small incidence of ioderma 
might be worthwhile if the regimen is sufficiendy 
useful in reducing the thyroid radiation dose. This 
certainly is not a terrible reaction. Furthermore, I 

think this figure of 5% is greater than my clinical 
experience with iodine would suggest. The extensive 
use of iodides in clinical medicine is relatively free of 
toxicity, with the exception of allergy and ioderma, 
which are not too common. As for the allergic 
reaction to TSH, providing the individual has not 
received the drug previously, I think it is fairly safe to 
say that he will not have an allergic reaction until 
antibody levels develop, which will take about two 
weeks. We think that if this regimen has any place at 
all, probably a seven-day course should not be 
exceeded. 

We would be reluctant to use a goiterogen such as 
propylthiouracil to block thyroxin production, there
by stimulating secretion of endogenous TSH, because 
this is a slow process and one associated with risk of 
serious bone marrow toxicity. TSH injection in com
bination with oral potassium iodide works promptly 
and is relatively safe. 

G. CowPER (Canada): 

Would the authors recommend the use of this 
therapy in cases where acute exposure leading to an 
infinity dose of 3 rem had occurred? 

M. BLUM: 

I do not believe I would under those circumstances. 
Probably the only case in which this procedure may 
have any role at all is in the I to 5 mCi range. 

I think I should point out that we do not know what 
would happen if we were to give different proportions 
of KI/TSH. There is some evidence in rats that the 
ratio of the two may be critical. I would not under
take to determine a dose response curve with humans; 
we do not know what the effect ofTSH on the tumour 
incidence is, for instance. Some caution is necessary 
in the use of this agent. 

S. LIN (ItalY) : 

Io mi rallegro per !'interessante relazione del dott. 
Blum e vorrei riferire sulla esperienza che ahbiamo 
noi avuto nel nostro laboratorio, nel quale impie
ghiamo correnteroente il test di Querido-Stamhury 
che serve per differenziare gli ipotiroidismi primari 
dai secondari. Noi abbiamo impiegato il medesimo 
sistema del dott. Blum un anno fa circa per ridurre Ia 
dose nei bambini. Quando noi facciamo delle 
capitazioni tiroidee, abbiamo appunto irnpiegato il 
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metodo del TSH e dello iodio nei bambini e abbiamo 
avuto dei risultati analoghi, cioe abbiamo una 
riduzione immediata della dose in tiroide. Pero 
d'altra parte abbiamo avuto anche una serie di 
inconvenienti con l'impiego del TSH. Abbiamo per 
esempio descritto un caso di una grave tiroidite 
insorta dopo somministrazione di 2 dosi di 10 unita, 
u.s.p., di TSH. E soprattutto abbiamo osservato che 
queste reazioni si manifestano quando l'individuo ha 
avuto degli episodi anche lievi di tiroidite nel passato, 
oppure in individui che avevano delle malattie del 
mesenchima, tipo reumatismo articolare. In un caso 
abbiamo avuto delle reazioni piuttosto serie in una 
persona affetta precedentemente da una forma tuber
colare. Impressione nostra e che l'impiego di una 
dose singola di TSH di 10 unita non dia mai disturbi, 
rna se noi continuiamo Ia somministrazione per 2 o 3 
giorni, molte volte le persone, i pazienti ci riferiscono 
di dolori al collo, certe volte abbiamo febbre anche 
abbastanza alta, uno stato di malessere continuato, e 
percio io credo che sia necessario avere un po' di 
attenzione in questi casi, a meno che noi non riusciamo 
ad avere a disposizione dei preparati di TSH alta
mente purificati, che al !nomen to attuale non sono in 
commercio. 

M. BLUM: 

Thank you for your remarks. I would like to ask 
you what type of TSH you used. Did you use the 
Armour "Thytropar" ? 

S. LIN: 

No. 

M. BLUM: 

We use Armour Thytropar which is fairly pure. 
I must say that in the clinical experience of the 
Isotope Service of the New York University Hospital, 
where we do approximately 10 TSH stimulation 
tests a year, and at the Bellevue Hospital where 
we do several more than that number (we give ten 
units of TSH for this clinical circumstance daily for 

3 days), we also see tenderness of the thyroid which 
disappears very quickly after we discontinue the use 
of TSH. We have never seen fever with it. There 
have been a few allergic reactions in people who had a· 
repeated dose of TSH several weeks later. Now, in 
the translation it was said that you called this 
"inflammation". I am not sure that this is exactly the 
word you meant. Did you mean thyroiditis? 

I do not believe this is a thyroiditis as such. I think 
that more likely it is just an enlargement of the gland, 
engorgement, with a stretching of the capsule. 

A. LAFONTAINE (Belgium); 

Aux aspects fort interessants du probleme des 
"radiomedicaments" qui viennent d'~tre evoques par 
M. Kristensen, je voudrais ajouter deux considera
tions: 

I. Les radiomedicaments ne doivent pas ~tre 

envisages seulement sous I' angle de leur protection, de 
leur distribution, et de leur conservation (qui 
echappent aux circuits pharmaceutiques normaux), 
mais doivent egalement n'~tre confies qu'a des clini
ciens competents qui sauront utiliser ces produits a 
bon escient sans danger pour leurs patients, le 
public, le personnel et eux-m~mes. 

2. Les radiomedicaments doivent repondre aux 
exigences de la physique et de Ia chimie nucleaires 
mais doivent aussi ~tre controles sous !'angle con
ventionnel (sterilite, pyrogenicite, toxicite, identite; 
conformite). 

A. LAFONTAINE (Belgium); 

Pourrais je demander a l'orateur si l'examen de. 
masse au point de vue pulmonaire se justifie a un 
rythme annuel? En d'autres termes si les benefices 
que l'on peut retirer d'un tel examen systematique 
I' em portent sur les risques potentiels? 

A. IsOLA: 

If I understood correctly, there is no reason, in the 
light of this study, to decrease the extent of chest 
surveys from the point of view of radiation protection. 



ETUDE SYSTEMATIQUE DE LA RADIO-ACTIVITE 

D'UN BASSIN FLUVIAL ORGANISEE SUR UN PLAN 

INTERNATIONAL 

P. RECHT et M. COLLET 

Communaute Europeenne de l'Energie Atomique, 
Direction de la Protection Sanitaire 

Resun1e-Afin de mettre au point l'etude systematique de la radio-activite de l'ensemble d'un 
bassin fluvial, la Commission de l'Euratom-Direction de la Protection Sanitaire-a procede 

au cours des dernieres annees a une etude tres complete des methodes et moyens propres a 
obtenir les resultats les plus representatifs possibles en ce qui concerne la pollution radio-active 
des cours d'eau situes sur l'ensemble d'un bassin fluvial. 

Pour ce faire, apres avoir etabli un programme detaille de recherches, le bassin du Rhin a 
ete retenu a la fois comme interessant le plus grand nombre possible d'Etats de la Commu

naute et en raison de son etendue qui permet de prendre en consideration des elements geo
logiques, climatiques, industriels et sociaux tres diversifies. 

Apres avoir effectue l'etude generale de la radio-activite des boues situees sur le fond du 
fleuve et de ses affiuents principaux et en de tres nombreux points, il a ete procede a une 

etude detaillee de la radioactivite des eaux, des matieres en suspension et des boues d'une 

fas;on permanente pendant une annee complete; ensuite, pour 42 points choisis de maniere 
appropriee, on a procede a l'etude de la capacite de fixation des boues a l'egard de divers 

radio-elements. Cette etude sur les boues globales a fait apparaitre la necessite de rechercher 
ces memes capacites de fixation pour les diverses fractions de la boue a l'egard des memes 

radio-elements. 
Les recherches systematiques du radium et du strontium ont ete egalement effectuees sur 

tout le cours du bassin, aussi bien dans les eaux que dans les differents composants des boues 
fluviales. 

Parallelement a cette etude systematique, qui s'est poursuivie pendant plusieurs annees, il a 
ete procede a une etude generale theorique tres importante qui a contribue a une meilleure 

connaissance des facteurs naturels et artificiels susceptibles d'influencer la contamination du 
bassin rhenan. 

Enfin, toutes les donnees concernant les precipitations et les retombees radio-actives sur le 
bassin rhenan, ont ete rassemblees afin d'etablir un bilan aussi exact que possible pour la 

periode de 1962 a 1965, au cours de 1aquelle l'etude s'est deroulee. 

Les mesures et determinations sont terminees depuis le premier mars 1966. I1 reste a regrouper 
eta analyser 1es nombreuses donnees recueillies eta les presenter dans un document d'ensemble. 

De toute maniere, il apparait des a present que les principes et 1es methodes adoptes ont 
permis d'aboutir a des resultats valab1es et pourraient etre appliques a l'etude d'autres bassins 

fluviaux. 
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A. INTRODUCTION 

Le programme d'etude presente dans cet 
expose a ete mis au point et realise par la 
Commission de la Communaute Europeenne de 
l'Energie Atomique, en collaboration avec les 
autorites nationales, a partir de 1962. 

Il a poursuivi les objectifs suivants: 
1. Accomplissement des obligations du Traite 

de Rome, qui a confie a l'Euratom un role 
de coordination et de promotion dans le do
maine de la protection sanitaire en vue de 
realiser dans les 6 Pays de la Communaute 
(Allemagne, Belgique, France, Italie, Luxem
bourg, Pays-Bas), une politique sanitaire com
mune de radioprotection. 

Certains articles du Traite prescrivent notam
ment aux Etats membres d'etablir les installa
tions necessaires pour effectuer le controle de la 
radio-activite ambiante et d'en communiquer 
les resultats aux services de la Commission. 

Le controle effectue par les autorites res
ponsables des Pays membres sur les eaux de 
surface porte en general sur la mesure de 
l'activite beta to tale; il est parfois etendu a la 
mesure des autres rayonnements ou a celle 
de quelques rayonnements particuliers naturels 
ou artificiels. Depuis 1959, la Direction de la 
Protection Sanitaire de l'Euratom suit !'evolu
tion de la radio-activi te des eaux de surface; elle 
coordonne et harmonise les methodes ou tech
niques employees dans la surveillance routiniere 
de la radioactivite. 

2. Etablissement d'une base de reference pre
cise en fonction de laquelle les rejets d'effiuents 
radio-actifs pourraient etre autorises et leurs 
risques sanitaires apprecies d'une maniere 
objective. 

Le Traite creant !'Euratom oblige en effet 
les Etats membres a envoyer a la Commission 
les donnees generales de tous les projets de rejets 
d'effiuents radio-actifs. Un avis est remis aux 
autorites nationales sur le risque de pollution 
radio-active que presenteraient ces rejets pour 
l'eau, le sol et l'air d'un etat voisin. En appli
quant ces dispositions du Traite, le probleme 
de la sommation des pollutions a ete egalement 
considere par la Commission de l'Euratom; a 
cet egard, les fleuves internationaux presentent 
un interet tout particulier. 

3. Realisation d'une etude a caractere scien
tifique et technique permettant non seulement 

d'eprouver les techniques de prelevements et de 
mesures existantes, mais aussi de mettre au 
point des methodes nouvelles. Le programme a 
ete etabli en commun par la Commission de 
!'Euratom et les autorites sanitaires des Pays 
membres et a pr~r.ise lc>s prinr.ipes et les me
thodes qui devaient conduire a mettre en ceuvre 
une etude systematique portant sur un bassin 
fluvial, considere dans son ensemble. 

Le bassin du Rhin a ete retenu, parce qu'il 
interessait 4 Etats de la Communaute (Alle
magne, France, Luxembourg, Pays-Bas) et 
parce qu'en raison de son etendue, son etude 
aurait permis de prendre en consideration des 
facteurs geologiques, climatologiques, industriels 
et sociaux tres diversifies. 

Le programme envisage comprenait cinq par
ties essentielles: 

( 1 °) Une etude generale des caracteristiques 
geographiques, geologiques, econo
miques, industrielles et humaines du 
bassin rhenan. 

(2°) Une premiere serie de mesures faites 
en de nombreux points de prelevements 
et portant sur les sediments, avec re
cherche des activites alpha, beta, gamma 
et l'etablissement du spectre. 

(3°) Une seconde serie de mesures, men
suelles, pendant 12 mois, en des points 
selectionnes en fonction des resultats 
de la premiere serie et portant cette 
fois sur les radio-activites des eaux, 
matieres en suspension et des sediments. 

( 4 °) u ne etude particuliere sur les facteurs de 
concentration dans les sediments, en 
prenant en consideration les fractions 
telles que sable, argil eet matieres orga
niques. 

(5°) Une etude particuliere portant sur le 
Radium 226 et le Strontium 90 dans 
les eaux et les sediments. 

Il nous a paru interessant, dans le cadre de 
cette premiere conference internationale de 
radioprotection, de presenter les grandes lignes 
de !'organisation qui a preside a la conduite 
de ce programme et de donner quelques resultats 
de mesures de radio-activite, etant entendu 
qu'une publication d'ensemble est en cours de 

redaction. 
L'intention de la Commission est de diffuser 

largement cette publication et nous souhaitons 
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qu'au-dela des informations directes apportees 
sur la radio-activite du bassin du Rhin, elle 
puisse faire beneficier les specialistes du con
tr6le des eaux de !'experience acquise au cours 
des travaux menes depuis plusieurs annees, 
avec u.ne parfaite coordination au sein de la 
Communaute Europeenne de l' Energie Ato
mique. 

Deux exposes seront egalement presentes au 
cours de cette session et apporteront des preci
sions complementaires: le premier, sur !'etude de 
la radio-activite des differents milieux presents 
dans les cours d'eau du bassin du Rhin, le 
second, sur les facteurs de concentration des 
radio-dements dans les sediments du fleuve et 
de ses affiuents. 

B. ORGANISATION DE L'ETUDE ET 

PREMIERS RESULTATS 

( l) Etude generale des caracteristiques du bassin du 
Rhin 

Dans le present rapport, il ne sera pas fait 
mention de cette etude; no us rappelons unique
ment que le cours du Rhin a une longueur ap
proximative de 1500 km; la surface du bassin 
rhenan est de 24.000 km 2 • La population vivant 
sur cette surface est d'environ 20 millions 
d'habitants. 

(2) Etude des sediments du lit du fleuve et de ses 
aifluents principaux 

Il s'agit d'une serie de mesures faites en de 
nombreux points de prelevements, distribues 
sur une longueur totale de 2367 km et interessant 
le Rhin et ses principaux affiuents. 

Les fleuves et rivieres furent divises en 25 

secteurs dans lesquels 592 points de preleve
ments avaient ete determines. En 532 points, 
il a ete trouve des echantillons de boue ou 
sediments. Ceux-ci, apres avoir subi des pre
parations minutieusement mises au point, furent 
analyses, n1esures et repeftorif:s. Les resultats 

furent ensuite regroupes par secteurs pour pro
ceder a une premiere etude globale et deter
miner les emplacements a choisir pour les 
mesures ulterieures. 

Cette etude fut commencee en octobre 1962. 
Les prelevements furent effectues, a l'aide d'un 
grappin "Bergman", pendant une peri ode de 
deux mois. 

Les valeurs moyennes et maximales suivantes 
ont ete obtenues pour I' ensemble des 532 echan
tillons mesures dans les cours d'eau du bassin du 
Rhin (en pCijg de matieres seches) (voir Tableau l.) 
Le spectre gamma a ete determine afin d'iden
tifier les emetteurs gamma presents dans chaque 
sediment preleve. 

(3) Etude de La radio-activiti des eaux, des matieres 
en suspension et des sediments 

3.1. Organisation et preparation des prilevements. 
Sur la base des informations apportees par la 

deuxieme partie du programme, 42 points de 
prelevements ont ete selectionnes comme pre
sentant un interet particulier (presence per
manente de boue, proximite d'un centre nuc
leaire ou d'une grande ville, contr6le d'un 
affluent en fonction de sa nature hydrogeologi
que, presence remarquable ou plus devee d'une 
radio-activite particuliere, interet geographique, 
etc.). 

Tableau 1. 

beta 

pCi/g alpha (ycompris gamma 
K•O) 

Rhin 

Moyenne 32 52 23 
271 prelevements 

Maximum 58 140 65 

Aifluents Moyenne 24 45 23 
261 preU:vements 

Maximum 78(278) 131 141 



1340 P.RECHTetM.COLLET 

Ces 42 points ont ete repartis comme suit: 

-19 points sur le cours du Rhin proprement 

dit, 

-11 points sur la totalite du bassin de la 

Mo:>elk (7 pour La Moselle, 2 pour la 

Sure, 1 pour 1a Meurthe, 1 pour 1a Sarre), 
-12 points repartis sur 1es six affiuents princi

paux du Rhin. 

En ces 42 points, on a procede a des echan

tillonnages d'eaux, de matieres en suspension et 

sediments pendant des intervalles de temps 
determine. La frequence de prelevement a ete 

fixee a un mois. Des casiers speciaux ont ete 

mis au point et utilises pour ces prelevements. 

3.2. Resultats des mesures de radio-activiti. 
3.2. 1. Radio-activite des sediments. 4.032 me

sures ont ete effectuees pour donner, point par 

point, et mois par mois, les va1eurs des activites 

totales alpha, beta, gamma et 1es va1eurs dues au: 

Ce141 + Ce144 
Rutos + Rutos 
Csts7 

Nb95 + Zr9• 
K4o 

Les divers constituants des sediments (sable, 

argile, matieres organiques) ont ete separes et 
mesures afin de connaitre pour chaque point, 

les activites qui leur etaient particulieres. Des 

moyennes generales ont ete calculees pour !'en

semble du bassin qui permettent de comparer 
la repartition des differentes activites entre les 

divers constituants. 

3.2. 2. Radio-activite des eaux. 2.016 mesures 

ont ete effectuees sur les eaux filtrees pour donner 

les valeurs des activites globales alpha, beta, 

gamma, exprimees en pCi/1. 

3.2. 3. Radio-activiti des matieres en suspension. Les 
echantillons des matitres en suspension dans 

les eaux ont ete egalement mesures et exprimes 

en pCijg de matieres seches et egalement en 

pCijl d'eau avant filtration. 

3.024 resultats ont ete obtenus et analyses. 

3.2. 4. Valeurs moyennes des risultats pour !'en
semble du bassin du Rhin. Le tableau ci-dessous 

donne quelques valeurs moyennes de resu1tats en 

ce qui concerne les sediments, les eaux et les 

matieres en suspension. Il convient de noter que 

la dispersion des resultats obtenus autour des 
valeurs moyennes est variable selon les rayonne

ments et les milieux etudies: elle est excellente 

pour les activites beta des sediments et de l'eau. 

En ce qui concerne l'activite alpha et l'activite 
gamma de l'eau et des matieres en suspension, la 

dispersion est plus importante en raison notam

ment des faibles activites rencontrees dans ces 

milieux, ce qui a diminue la precision des 

mesures effectuees. La dispersion la plus im

portante se recontre en ce qui concerne les 
matieres en suspension, car il s'agit de collectes 

sur filtre avec un poids souvent tres faible de 

substance recueillie (voir Tableau 2). 

( 4) Etude des facteurs de concentration dans les sedi
ments 

La quatrieme partie du programme a ete 

consacree a la recherche des facteurs de con

centration dans les sediments et leurs consti-

Tableau 2 

Milieux etudies alpha beta gamma 

en pCi/g de 
Sediments 21,9 73,9(*) 25,0 matieres seches 

Eaux 0,9 10,9(t) 8,6 en pCi/1 

Matieres en suspension 0,25 2,5 3,3 en pCi/1 

* La valeur moyenne pour ]'ensemble du bassin en ce qui concerne l'activite due au 
K 40 est de 10,5 pCi/g de matieres seches pour la periode consideree ( octobre 1963-
septembre 1964). 
t La valeur moyenne pour ]'ensemble du bassin en ce qui concerne l'activite due au 
K 40 est de 5,5 pCi/1 pour la peri ode consideree ( octobre 1963-septembre 1964). 
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tuants (argile, sable, matieres organiques) a 
l'egard de six elements: iode, phosphore, ruthe
nium, cerium, cesium et strontium. 

Le facteur de concentration peut etre defini 
comme le rapport a l'equilibre de l'activite de 
!'element par gramme de sediment a l'activite de 
ce meme element par ml de liquide (au contact). 

3.024 mesures ont ete effectuees pour les 
etudes mensuelles relatives aux sediments a 
l'egard des six elements de base en 42 points de 
reference. 

1.813 mesures ont ete effectuees pour les 
etudes mensuelles relatives aux composants des 
sediments (argile, sable, matieres organiques) 
a l'egard des six elements de base et en 15 points 
de reference. 

Des informations et des details sur cette partie 
du programme seront apportes au cours de 
I' expose suivant. 

CONCLUSIONS 

II est encore premature de tirer des conclu
sions definitives a l'etude qui a ete entreprise, 
mais on peut, des a present, formuler quelques 
remarques d'ordre general dont certaines con
firment ce que nous savions deja au sujet de la 
radio-activite des eaux: 

-la radio-activite evolue dans le temps et 
l'espace, c' etait previsible, mais cette evolu
tion est moins importante qu'on pouvait le 
croire, en examinant l'ensemble des resul
tats pour un fleuve aussi long et aux carac-

teristiq:ues aussi variees. En fait, la radio
activite reste relativement homogene aussi 
bien quand on compare les resultats pro
venant de nombreux points de preleve
ments que !'evolution de la radio-activite 
dans le temps en chacun des points exa
mines. En premiere analyse, les ecarts con
states sont peu importants et negligeables 
du point de vue sanitaire; 

-les mesures effectuees n'ont pas permis de 
mettre en evidence des rejets industriels 
avec radio-isotopes artificiels, malgre un 
nombre tres eleve de points de preleve
ments et d'echantillonnages; 

-les sediments representent des integrateurs 
et des indicateurs utiles de la radio-activite 
et la recherche de facteurs de concentration 
presente incontestablement un interet du 
point de vue sanitaire; 

-l'experience acquise au cours de l'etude 
a deja ete mise a profit par certains 
organismes nationaux qui ont pour mission 
habituelle d'effectuer des mesures de la 
radio-activi te des cours d' eau. C' est ainsi, par 
exemple, que les systemes de prelevements 
en continu des sediments deposes sont 
utilises en des lieux qui necessitent une 
surveillance speciale. Il arrive meme qu'ils 
soient substitues aux systemes anterieure
ment utilises, lorsqu'il devient necessaire 
de rechercher outre les activites globales, 
les activites dues a des radio-elements 
particuliers. 
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STOFFE 

M. COLLET*, R. MAUSHARTt und P. SPAANDER: 

Zusam.Dleafassung-Im Rahmen der Untersuchungen tiber die Radioaktivitii.t des Rhein
einzugsgebietes sollte auch das Fixationsvermogen von Fluss-Schlamm fiir radioaktive Stoffe 
bestimmt werden, urn aus den Ergebnissen Schliisse auf die Ablagerung von Spaltprodukten 
und anderer radioaktiver Isotope im Flussbett ziehen zu konnen. 

Zu diesem Zweck ist im Labor fur die Elemente Ce, Cs, J, P, Ru und Sr der VerteillPlgs
koeffizient Cp zwischen Fluss-Schlamm und Fluss-Wasser, d. h. das Verhliltnis der absorbierten 
Menge des untersuchten Elements je Gramm Schlamm zur Konzentration des gleichen Ele
mentes in dem im Gleichgewichtszustand mit dem Schlamm befindlichen Wasser, bestimmt 
worden. Als Markierungsisotope fanden 141Ce, 137Cs, lllJ, 82P, 103Ru und 88Sr Verwendung. 

Insgesamt sind 756 Einzelproben aufgearbeitet und untersucht worden, davon wahrend 
eines Jahres monatlich je 42 Gesamtschlammproben und wahrend eines weiteren halben 
Jahres monatlich je 14 Schlammproben, die mit einem Zentrifugierverfahren in die drei 
Fraktionen Sand, Ton und organisches Material aufgetrennt worden waren, urn Aufschluss 
tiber die Wirkung der einzelnen Bestandteile des Schlamms zu erhalten. 

Die Methoden werden geschildert, die Ergebnisse mitgeteilt und das so gefundene Anlager
ungsvermogen des Schlamms zu der im Schlamm tatslichlich vorhandenen Aktivitlit der 
einzelnen Fallout-Nuklide in Beziehung gesetzt. 

1. EINFOHRUNG 

Im Rahmen des Euratom-Forschungsvorha
bens "Untersuchung der Radioaktivitii.t des 
Einzugsgebietes des Rheins" sollte auch das 
Fixationsvennogen von FluB-Schlamm fiir radio
aktive Stoffe bestimmt werden, um aus den 
Ergebnissen SchlUsse auf die Ablagerung von 
Spaltprodukten und anderer radioaktiver Isotope 
im FluBbett ziehen zu konnen. 

Zu diesem Zweck ist im Labor fiir die Ele
mente Ce, Cs, J, P, Ru und Sr der Verteilungs
koeffizient Cp zwischen FluB-Schlamm und FluB
wasser, d.h. das Verhaltnis der absorbierten 
Menge des untersuchten . Elements je Gramm 

* Direction de la Protection Sanitaire, Com
munaute Europeenne de l'Energie Atomique, 51, Rue 
Belliard, Bruxelles. 

t Kernforschungszentrum Karlsruhe, Strahlen
messdienst, 75 Karlsruhe, Postfach 947. 

: Rijks Instituut voor de Volksgezondheid, Utrecht, 
Sterrenbos I. 

Schlamm zur Konzentration des gleichen Ele
mentes in dem im Gleichgewichtszustand mit 
dem Schlamm befindlichen Wasser bestimmt 
worden. Als Markierungsisotope fanden mae, 
137Cs, 131J, up, 1°8Ru und 88Sr Verwendung. 

Insgesamt sind 756 Einzelproben aufgear
beitet und untersucht worden, davon wahrend 
einesJahres (Oktober 1963 his September 1964) 
monatlich je 42 Gesamtschlammproben und 
wiihrend eines weiteren halben Jahres (April 
1965 his Oktober 1965) monatlich je 14 
Schlammproben, die mit einem Zentrifugierver
fahren in die drei Fraktionen Sand, Ton und 
organisches Material aufgetrennt worden waren, 
um AufschluB tiber die Wirkung der einzelnen 
Bestandteile des Schlamms zu erhalten. 

Im folgenden sollen die dazu verwendeten 
Methoden beschrieben und die Ergebnisse 
zusammengefaBt werden. Nahere Angaben 
tiber die Art und die Orte der Probenahmen 
sowie die Ergebnisse im einzelnen finden sich 
in dem zusammenfassenden Euratom-Bericht, 
der in Ktirze veroffentlicht wird. 
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FLUSS-SCHLAMM ALS SAMMLER FUR RADIOAKTIVE 

STOFFE 

M. COLLET*, R. MAUSHARTt und P. SPAANDER~ 

ZusiUDDlenfassung-Im Rahmen der Untersuchungen tiber die Radioaktivitat des Rhein
einzugsgebietes sollte auch das Fixationsvermogen von Fluss-Schlamm fiir radioaktive Stoffe 
bestimmt werden, urn aus den Ergebnissen Schliisse auf die Ablagerung von Spaltprodukten 
und anderer radioaktiver Isotope im Flussbett ziehen zu konnen. 

Zu diesem Zweck ist im Labor fUr die Elemente Ce, Cs, J, P, Ru und Sr der Verteilt,J.ngs
koeffizient Cp zwischen Fluss-Schlamm und Fluss-Wasser, d.h. das Verhii.ltnis der absorbierten 
Menge. de:; untersuchten Elements je Gramm Schlamm zur Konzentration des gleichen Ele
mentes in dem im Gleichgewichtszustand mit dem Schlamm befindlichen Wasser, bestimmt 
worden. Als Markierungsisotope fanden lUCe, 137Cs, 131!, 82P, 108Ru und avsr Verwendung. 

Insgesamt sind 756 Einzelproben aufgearbeitet und untersucht worden, davon wii.hrend 
eines Jahres monatlich je 42 Gesamtschlammproben und wii.hrend eines weiteren halben 
Jahres monatlich je 14 Schlammproben, die mit einem Zentrifugierverfahren in die drei 
Fraktionen Sand, Ton und organisches Material aufgetrennt worden waren, urn Aufschluss 
tiber die Wirkung der einzelnen Bestandteile des Schlamms zu erhalten. 

Die Methoden werden geschildert, die Ergebnisse mitgeteilt und das so gefundene Anlager
ungsvermogen des Schlamms zu der im Schlamm tatsii.chlich vorhandenen Aktivitat der 
einzelnen Fallout-Nuklide in Beziehung gesetzt. 
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Fixationsvermogen von FluB-Schlammfiir radio
aktive Stoffe bestimmt werden, urn aus den 
Ergebnissen Schliisse auf die Ablagerung von 
Spaltprodukten und anderer radioaktiver Isotope 
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mente Ce; Cs, J, P, Ru und Sr der Verteilungs
koeffizient Cp zwischen FluB-Schlamm und FluB
wasser, d.h. das Verhaltnis der absorbierten 
Menge des untersuchten Elements je Gramm 
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Schlamm zur Konzentration des gleichen Ele
mentes in dem im Gleichgewichtszustand mit 
dem Schlamm befindlichen Wasser bestimmt 
worden. Als Markierungsisotope fanden 141Ce, 
1370s, ulj, 32P, 108Ru und 88Sr Verwendung. 

Insgesamt sind 756 Einzelproben aufgear
beitet und untersucht worden, davon wahrend 
einesJahres (Oktober 1963 his September 1964) 
monatlich je 42 Gesamtschlammproben und 
wahrend eines weiteren halben Jahres (April 
1965 his Oktober 1965) monatlich je 14 
Schlammproben, die mit einem Zentrifugierver
fahren in die drei Fraktionen Sand, Ton und 
organisches Material aufgetrennt worden waren, 
urn AufschluB iiber die Wirkung der einzelnen 
Bestandteile des Schlamms zu erhalten. 

Im folgenden sollen die dazu verwendeten 
Methoden beschrieben und die Ergebnisse 
zusammengefaBt werden. Nahere Angaben 
iiber die Art und die Orte der Probenahmen 
sowie die Ergebnisse im einzelnen finden sich 
in dem zusammenfassenden Euratom-Bericht, 
der in Kiirze veroffentlicht wird. 
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2. MESSMETHODEN 

2.1. Messung des Verteilungskoe.ffizienten 

2.1. 1. Verwendete radioaktive Nuklide. Die Unter
suchungen des Fixierungsvermogens der 
Sch1ammproben wurden mit fo1genden Isotopen 
durchgefiihrt: 

141Ce ( CeCl3 ) 

1370s (CsCl) 
1a1J (Naj) 

32P (Na3P04 ) 

103Ru (RuCl3) 

89Sr (SrC12) 

In Klammern ist die in den Versuchen benutzte 
chemische Verbindung angegeben. 

Vonjedem dieser Isotope wurde durch Zusatz 
von inaktivem Material gleicher chemischer 
Zusammensetzung oder eines Salzes, welches 
das betreffende Element in der gleichen Wertig
keitsstufe enthalt, eine Stammlosung hergestellt. 
In der Stamml6sung lag das jeweils interessie
rende Element in einer Konzentration von 10-4 

Gramm-Atomen pro ml vor. Die Aktivitat der 
Stammlosungen betrug ca. 0, 1 p.Cifml. 

2.1. 2. Probenvorbereitung. Zur Bestimmung des 
Verteilungskoeffi.zienten Cp, d.h. des V erhalt
nisses der absorbierten Menge des untersuchten 
Elementes je Gramm Schlamm zur Konzen
tration des gleichen Elementes in dem im 
Gleichgewichtszustand mit dem Schlamm be
findlichen Wasser, wurden 15 ml Schlamm in 
einer 250 ml Kunststoffiasche mit 100 m1 
FluBwasser und 1 ml der · Stamm16sung ver
mischt. Der Schlammanteil entstammte in 
jedem Falle einer zuvor durch Riihren gut 
homogenisierten Sch1ammprobe. Bei dem zuge
setzten Wasser handelte es sich urn FluBwasser, 
das an der gleichen Probeentnahmestelle wie 
der Schlamm am Ende der jewei1s vierwochigen 
Sammelperiode entnommen worden war. Die 
Kunststoffiaschen wurden mit einem Schraub
decke1 dicht versch1ossen, 3 min geschiittelt und 
dann 48 Stunden stehen ge1assen. 

Bei den Elementen Casium, Jod, Ruthen und 
Strontium wurde zu jeder MeBreihe bestehend 
aus 22 Proben eine B1indprobe mit destilliertem 
Wasser angesetzt. Bei Cer und Phosphor war 
es wegen der Bi1dung von Niedersch1agen not
wendig, zu jeder Probe eine Blindprobe mit 
FluBwasser anzusetzen, urn eine Verfalschung 
des Verteilungskoeffizienten durch die Fallung 

zu vermeiden. Eine zu jeder MeBreihe zusatz
lich angesetzte Blindprobe mit destilliertem 
Wasser erlaubte die getrennte Bestimmung des 
Fallungsfaktors. Die Blindproben wurden genau 
wie die Proben mit Schla:r:omzusatz behandelt. 

Nach einer ·Standzeit von 48 Stunden hatte 
sich der Schlamm injedem Falle so gut abgesetzt, 
daB aus der iiberstehenden Losung 10 ml mit 
einer Pipette abgezogen werden konnten. Bei 
der Untersuchung von Casium, Strontium, 
Phosphor und Cer wurden die entnommenen 
10 ml F1iissigkeit unter einem Infrarotstrahler 
verdampft, wahrend bei den leichtfliichtigen 
E1ementen Jod und Ruthen in Reagenzglaser 
abgefiillt wurde. 

Zur Bestimmung des Trockengewichtes des 
den Proben zugesetzten Schlamms von 15 cm 3 

wurde der durch Riihren homogenisierte 
Schlamm von 15 em 8 entnommen und auf einem 
zuvor gewogenen Filter ca. 2 Stunden getrock
net. 

2.1.3. Messung. Die in WeiBblechschalen von 20 
em Durchmesser eingebrachten MeBpraparate 
der Casium-, Phosphor-, Cer- und Strontium
Proben wurden in einem GroBflachenproportio
nalzahlrohr ausgemessen. Der Zahlerwirkungs
grad betrug bei Eichung mit der ,8-Strahlung 
des 4°K 66%, der Nulleffekt 150 Imp/min. 
Gemessen wurde jewei1s 10 min. 

Die in Reagenzglaser abgefiillten Proben von 
Jod und Ruthen wurden in einem Szintillations
zahler mit Bohrlochkristall ausgemessen. Der 
verwendete Nl\}-Kristall (Durchmesser 60 mm, 
Hohe 60 mm, Bohrlochdurchmesser 18 mm, 
Bohrlochtiefe 45 mm) saB auf einem Photo
multiplier Typ DuMont 6363. Kristall und 
Photomultiplier waren zusammen mit einem 
Vorverstarker in einer zy1indrischen Bleiab
schirmung von 100 mm Hohe untergebracht. 
Gezahlt wurden die y-lmpulse unter der jeweils 
intensivsten y-Linie. 

2.1.4. Berechnung des Verteilungskoejfizienten. Aus 
den gemessenen Impulszahlen wurde der V er
teilungskoeffizient Cp nach folgender Formel 
berechnet 

Dabei bedeutet 

Ao Impulsrate der Blindprobe, 
A1 Impulsrate der MeBprobe, 
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a Trockengewicht des zugesetzten 
Schlamms, 

V Volumen der mit dem Schlamm im 
Gleichgewichtszustand befindlichen Lo
sung. 

Das V olumen V setzt sich zusammen a us dem 
Volumen des mit dem feuchten Schlamm zuge
gebenen Wassers, dem Volumen des zugesetzten 
FluBwassers (100 ml) und dem Volumen der 
zugesetzten Stammlosung (1 ml). 

2.2. Atiftrennung des Schlamms in seine Bestandteile 

Die Auftrennung des Schlamms in seine 
Hauptbestandteile Sand, organische und anor
ganische nicht sandhaltige Stoffe erfolgte durch 
Zentrifugieren. Zu diesem Zweck wurden die 
vier Liter Schlamm in einem Behalter durch 
Riihren homogenisiert, danach gleichmaBig 
auf die acht Becher der Zentrifuge (Fa. Stock, 
Marburg) verteilt und 5 Minuten zur Abtren
nung des FluBwassers bei 2200 g zentrifugiert. 
Das FluBwasser wurde verworfen. 

Zur Abtrennung des Sandes, der Fraktion 
a, fiillte man die den Schlamm enthaltenden 
Becher mit etwa 200 cm9 destilliertem Wasser 
auf und verriihrte den lnhalt zu einer homo
genen Masse. Es wurde kurzzeitig his 50 g 
zentrifugiert und die auf der Oberflache 
schwimmende Schicht, die Ausgangssubstanz 
fur die Fraktion b (nicht sandige anorganische 
Stoffe) sorgfaltig dekantiert. Der Riickstand 
wurde viermal mit destilliertem Wasser gewa
schen. Zur Abtrennung des Waschwassers zen
trifugierte man kurzzeitig his 50 g. Nach den 
ersten heiden W ashcvorgangen gab man das 
Wasser zur dekantierten Substanz, danach wur
de das W aschwasser verworfen. Der Ruck
stand blieb in der Zentrifuge und wurde 5 min 
lang bei · 2200 g getrocknet. Er bildete die 
Fraktion a (Sand). 

Urn den anorganischen, nicht sandhaltigen 
Anteil des Schlamms abzusondern, verteilte man 
die abdekantierte Schicht der Fraktion a auf 
die acht Zentrifugenbecher und lieB die Zentri
fuge eine Minute lang bei 500 g laufen. Die 
iiberstehende Schicht wurde als Ausgangssub
stanz fiir die Fraktion c, organische Stoffe des 
Schlamms, sorgfaltig abgegossen. Der Ruck
stand wurde mit destilliertem Wasser aufgeriihrt 
und eine Minute lang bei 1000 g zentrifugiert. 

Das Wasser wurde entfernt, der Riickstand 5 
min lang bei 2200·g zur Trocknung zentrifugiert 
und als Fraktion b (nicht sandhaltige anor
ganische Stoffe) weiter verwendet. 

Die Ausgangssubstanz fiir die Fraktion c 
verteilte man auf vier Becher der Zentrifuge und 
lieB sie 5 min lang bei 2200 g laufen. Den Ruck
stand wusch man einmal mit destilliertem Was
ser und trocknete ihn durch 5 min dauerndes 
Zentrifugieren bei 2200 g. Der Riickstand 
bildete Fraktion c (organische Stoffe). 

Zur Messung der prozentualen Gewichts
verteilung der drei Schlammfr~ktionen wurde 
die Schlammenge gewogen. Danach bestimmte 
man das Gewicht von 15 cm 3 Substanz jeder 
Fraktion vor dem Trocknen und nach der 
Trocknung im Trockenschrank. Daraus lieB 
sich das Verhaltnis NaBgewicht zu Trockenge
wicht und die prozentuale Gewichtsverteilung 
berechnen. 

2.3. KorngriJ.ftenanalyse 

In einer gesonderten Untersuchung<1 > ver
suchte man einen Dberblick zu bekommen, wie 
die KorngroBenverteilung innerhalb der einzel
nen Fraktionen aussieht und wie gleichmaBig 
das Zentrifugierverfahren bei verschiederi be
schaffenen Schlammen arbeitet. 

Die Kornverteilung wurde anhand einer Sieb-· 
analyse gewonnen und der Anteil organischer 
Substanz durch eine Oxydation mit H 20 2 

bestimmt. Durch die KorngroBe sind die Be
griffe Sand, Schluff und Rohton eindeutig 
bestimmt. Aus der gemessenen KorngroBen
verteilung lassen sich die Anteile dieser drei 
Stoffe in den Schlammfraktionen a, b, c, die 
durch Zentrifugieren gewonnen wurden, genau 
angeben. Ein Beispiel zeigt die Abb. I, in der 
die KorngroBenverteilung innerhalb der drei 
Fraktionen fiir eine Schlammprobe dargestellt 
ist. Die MeBwerte der KorngroBenverteilung 
sind in der Tabelle 1 zusammengestellt. 

Anhand der Proben, die mit der Siebanalyse 
untersucht worden sind, kann man sagen, daB 
die Trennung durch Zentrifugieren keine ein
deutige Aussagemoglichkeit tiber die Zusam
mensetzung der Fraktion liefert. So besteht die 
Fraktion a keineswegs immer aus Sand, sondern 
es gibt Proben, die weitgehend aus Schluff 
bestehen. Der Gehalt an organischer Substanz 
steigt von der Fraktion a zur Fraktion c an, 



Tabelle I. Zusammensetzung der durch Zentrifugieren gewonnenen Fraktionen von Rheinschlamm. 

Originai-Rheinschlamm (Gesamttrockengewicht = 100%; Gesamt-,6-Aktivitat = 100%) 

Fraktion a I Fraktion b l Fraktion c 

-·~~ ~-3-1415 6 ~-~--I 2 3 4 5 6 I 
_I_ _3_, 4 J~ _6_ 

--- ------
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---------------------------------------

1 90,0 77 23 0 0,6 75,0 9,5 I 89 10 0 22,7 0,5 - - - - 2,3 

2 I6,0 24 7I 5 I,5 9,7 74,0 6 78 I6 3,8 70,6 10,0 - - - - I9,7 

3 6I,O 79 I7 4 0,6 39,6 35,0 7 84 9 0,5 52,3 4,0 - - - - 8,I 

4 22,0 32 62 6 I,O 13,6 60,0 0 78 22 2,8 55,4 I8,0 8 2,8 64 6,0 31,0 

5 5I,O 85 I5 0 0,5 34,3 40,0 24 62 14 3,0 48,2 9,0 2 40 58 5,0 I7,5 

6 13,5 - - - - 7,6 68,5 5 85 10 3,0 62,0 18,0 6 47 47 4,5 30,4 

7 9,0 - - - - 4,5 73,5 18 65 17 2,0 69,3 17,5 0 48 52 4,3 26,2 

8 16,0 - - - 1,9 8,7 70,0 7 81 12 1,0 65,5 14,0 0 57 43 2,5 25,8 

Spalte I : Anteil des Trockengewichtes der jeweiligen Fraktion am Gesamttrockengewicht des Schiamms in Prozent. 
Spalte 2-4: Trockengewichtsanteile von Sand, Sch1uffund Rohton, bestimmt nach dem Siebverfahren und Trockengewicht der jeweiligen Fraktion 

in % (ohne organische Substanz). 
Spalte 5: Trockengewichtsanteil der organischen Substanz mit H 10 1 a us den jeweiligen Fraktionen. 
Spalte 6: Anteil der ,6-Aktivitat der jeweiligen Fraktionen an der Gesamtaktivitat des Schlamms in %-
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ABB. 1. Kornverteilung in den Fraktionen a, b und c. 

doch enthalt auch die Fraktion c nur einen 
geringen Anteil an organischen Stoffen, maximal 

6%. 
Dennoch hat die Aktivitatsbestimmung der 

einzelnen Schlammfraktionen ergeben, daB die 
spezifische Aktivitat sich innerhalb einer Fraktion 
von Probe zu Probe trotz stark schwankender 
KorngroBenverteilung nur wenig unterscheidet. 
Das bedeutet, daB das Zentrifugierverfahren 
zur Aktivitats- und Anlagerungskoeffizient
bestimmung ausreicht, da die KorngroBenver
teilung innerhalb einer Fraktion .offenbar nur 
geringen EinfluB auf die spezifische Aktivitat hat. 
Viel entscheidender ist der Anteil an organ
ischem Material. Es ware deshalb wtinschens
wert, eine Methode zur reproduzierbaren 
Abtrennung der organischen Bestandteile zu 
find en, deren Substanzmenge bisher zwar festge
stellt, aber nicht getrennt auf Radioaktivitat 
und Fixierungsvermogen untersucht werden 
kann. 

3. DISKUSSION DER ERGEBNISSE 

3.1. Gesamt-Schlamm 

Als wichtigstes Ergebnis der Untersuchungen 
kann festgestellt werden, daB Cer weitaus am 
starksten vom Schlamm angelagert wird. Es 
folgen, mit immer noch sehr starker Anlagerung, 

Ruthen und Phosphor. Casium und Strontium 
werden mittelstark fixiert, wahrend Jod fast 
iiberhaupt nicht angelagert wird. Die fiir Phos
phor ermittelten Werte schwanken stark, und 
zwar sowohl von Monat zu Monat fiir die gleiche 
Entnahmestelle, als auch von Entnahmepunkt 
zu Entnahmepunkt im jeweiligen Jahresmittel. 
Das ist jedoch nicht besonders erstaunlich, 
wenn man die Gegebenheiten des Phosphor
Metabolismus bei den pflanzlichen und tierischen 
Organismen im Schlamm in Betracht zieht. 

Die tiber aile Entnahmestellen gemittelten 
Monatswerte sind in Abb. 2 aufgetragen. In 
diesem zeitlichen Verlauf sind, obwohl infolge 
der nicht unerheblichen Schwankungen eine 
detaillierte Analyse kaum moglich scheint, 
doch zwei deutlich voneinander verschiedene 
Gruppen zu betrachten. Die Elemente Jod, 
Casium und Strontium, die insgesamt eine 
geringe Anlagerung zeigen, weisen in den 
Wintermonaten ein Minimum des Verteilungs
koeffizienten und die Tendenz zu einem Frtih
jahrsmaximum auf. Die Elemente Phosphor, 
Ruthen und Cer mit einem insgesamt hohen An
lagerungsvermogen haben dagegen ein Winter
maximum des Verteilungskoeffizienten und dn 
Minimum im Friihjahr und Friihsommer. Das 
V erhalten wahrend der Sommer- und Herbst
monate ist jedoch bei allen Elementen sehr 
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FIXIERUNGSVERMOGEN 

DES SCHLAMMS 
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ABB. 2a. jahresgang des An1agerungs
vermogens fi.ir jod, Strontium und 

Casium. 

unterschiedlich. Ob es sich bei den beschrie
benen Erscheinungen um typische Verhaltens
weisen der einzelnen Elemente handelt oder 
ob diese nur wahrend cines einzigen Jahres
zyklus durchgefiihrten Messungen zufallige 
Ergebnisse aufweisen, konnte nur durch weitere 
mehrjahrige Untersuchungen geklart werden. 

Die in den einzelnen Schlamme:n gemessene 
Radioaktivitat steht nicht in einer erltennbaren 
zeitlich konstanten Beziehung zum Anlagerungs
vermogen. Das ist auch nicht zu erwarten, da 
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ABB. 2b. J ahresgang des Anlagerungs
vermogens filr Phosphor, Ruthen und 

Cerium. 

sowohl die spezifische AktiviUit des FluBwassets 
als auch das Anlagerungsvermogen star~, 
aber voneinander unabhangigen zeitlic:beln 
Schwankungen unterworfen sind. Dagegen li$t 
sich innerhalb einzelner FluBgebiete im zei~
lichen Mittel ein Zusammenhang zwischen~-' 
tivitat und Anlagerungsvermogen erkenn~. 

Tabelle 2. Verteilungskoeffizienten rler einzelnen Schlammanteile jar die 
untersuchten Elemente. 

( Mittelwerte aus jeweils etwa 90 Einzelwerten.) 

Element Sand Lehm Organ. Material 

Cer 836 751 74:7 
Ruth en 214 301 627 
Jod 1,0 2,0 5,2 
Phosphor 200 149 438 
Casium 32 45 80 
Strontium 21 31 75 
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Zum Beispiel findet man in den SchHimmen 
der Ruhr eine besonders hohe Fallout-Aktivitat 
und ebenso ein stark erhohtes Anlagerungsver
mogen; 

3.2. Schlammfraktionen 

In Tabelle 2 sind die Mittelwerte der Verteil
ungskoeffizienten flir die untersuchten 6 Ele
mente in den einzelnen Schlamm.fraktionen 
wiedergegeb~n. J ede Zahl der Tabelle repra
sentiert einen Mittel wert aus jeweils rund . 90 
Einzelwerten. Mit Ausnahme des Ceriums, 
das ein sehr hohes, aber etwa gleichbleibendes 
Anlagerungsvermogen zeigt, und des Phosphors, 

bei dem der Wert flir Lehm relativ zu niedrig 
liegt, nimmt bei den untersuchten Elementen 
das Anlagerungsvermogen von der Sand- zur 
Lehm-Fraktion um etwa den Faktor 1 ,5, von 
der Lehm- zur organischen Fraktion um etwa 
den Faktor 2 zu. Daraus ist zu schlieBen, daB 
einerseits die vergroBerte Gesamtoberfli:iche der 
feinkornigen Fraktion, andererseits aber mehr 
noch der Gehalt an organischen Bestandteilen 
die Anlagerung der Radioelemente begiinstigen. 
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LA RADIO-ACTIVITE DES EAUX, DES MATIERES EN 

SUSPENSION ET DES BOUES DANS LES COURS D'EAU 
DU BASSIN DU RHIN (METHODES ET RESULTATS) 

P. KAYSER 
Service de Radioprotection, Direction de Ia Sante Publique, Luxembourg (Luxembourg) 

B.JUGUET 
Section Radioactive, Laboratoire d'Hygiene de Ia Ville de Paris (France) 

et 

M. COLLET 
Direction Protection Sanitaire, Euratom, Bruxelles (Euratom). 

Res111D6-L'etude de Ia radio-activite du bassin du Rhin, menee conjointement par des laboratoires 
des difl'erents pays de la Communaute Europeenne, fut executee selon des methodes de prelevement 
et de mesure uniformes ou harmonisees, afin d'arriver a des resultats comparables. 

On a a Ia fois, determine les activites alpha, beta et gamma globales des eaux, des matieres en sus
pension et des sediments du Rhin et de ses affiuents et les radio-elements particuliers, comme le 90Sr, 
le " 8Ra, le 141Ce-1"Ce, le 108Ru-106Ru, le 1S7Cs, le 96Nb-96Zr et le 4°K. 

Dans cet expose seront decrites les methodes de prelevement et de mesure ayant servia cette etude 
commune. 

Un aperc;:u des resultats obtenus sera presente, suivi de commentaires sur !'evolution de l'activite au 
cours du temps et sur les activites enregistrees en fonction des difl'erents points de prelevements. 

Des conclusions seront tirees a Ia lumiere des resultats obtenus. 
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REMOVING RADIOACTIVITY FROM MILK 

JAMES G. TERRILL, Jr., RONALD E. BALES and JOHN L. S. lUCKEY 

U.S. Department ofHealth1 Education and Welfare, Public Health Service, 
National Center for Radiological Health, Washington, D.C. 

Abstract-The need for measures to reduce public exposure to environmental radiological 
contamination from accidents and fallout has led to a program of research, development, field 
testing, and operations by the Public Health Service in the United States over a period of 
several years. This effort has now been focused to fo~m a consistent pattern under the guidance 
of the Federal Radiation Council. Laboratory, field sampling, and evaluation experiments 
related to radioactive iodine will be presented. The data from various research investigations 
useful to operating agencies in the benefit-risk decisions will be described. The research, 
development, and large-scale testing of methods for concurrently removing anions and cations 
from milk during processing will be described including presentation of data from both labora
tory and large-scale experiments. Cost data related to some large-scale experiences will be 
given where it would be useful for comparative purposes. Presently, for example, the work 
indicates that a 90Sr removal process alone will add approximately 2 cents per quart to the 
cost of milk. Indicators ofpossible ways to reduce this cost by combining control procedures, 
such as for 131{ and 90Sr, will be given. The administrative procedures used to initiate each 
phase of the laboratory research, development, and field evaluations of these systems will be 
described. 

INTRODUariON protection of the public from radiation exposure 
Historically, the Public Health Service has through milk. 

had the principal Federal responsibility for pro- You will note in Fig. 1 that tobacco and water 
tecting the public from health hazards in the have been added to the Federal Radiation 
United States. In the .radiological health field, Council chart as being part of the chain of 
the Public Health Service has adopted a two- human ingestion. Under the "surveillance" 
prong approach; first, to determine where the portion of our program, the Center now moni
radiation health hazards exist, and second, to tors the amount of radioactive traffic along 
do something to eliminate them. This approach several of these paths through extensive net
might be termed one of "surveillance plus ac- works. The Center monitors the amount of 
tion". This program is carried out by the radioactivity in the atmosphere and the extent 
National Center for Radiological Health of the to which it is deposited on the earth's surface. 
Public Health Service. The amounts of radioactivity in water, milk, 

To demonstrate how this approach works, and food are also regularly determined. This 
let me refer to Fig. 1 which is derived from the information is summarized and made available 
U.S. Federal Radiation Council chart showing to the profession and the public regularly 
several important paths of ingestion of radio- through Radiological Health Data and Reports, 
active material in man. It is not the intention a publication of the National Center for Radio
to cover the entire National Center for Radio- logical Health. <1

> 

logical Health program, but to briefly describe the This surveillance is essential in that it indicates 
range of our surveillance-plus-action approach existing potential problem areas of environ
and then focus on how this approach was carried mental radiation exposure and guides the 
out in the development of practical methods for direction of our "action" program. Some of our 

1353 



1354 JAMES G. TERRILL, JR., RONALD E. BALES and JOHN L. S. HICKEY 

...---t~ FEED CROPS 

PASTURAGE 

WATER 

TOBACCO 

FIG. l. Important paths of ingestion of radioactive materials in man. 

action consists of notification of states or in
dustry of the data observed. A system through 
which surveillance networks can be used to 
implement the Protective Action Guide applic
able to 1 31J recommended by the Federal Radi
ation Council has been described earlier. <2 > 

This system can be applied on a regional, state, 
milk shed or individual farm basis. Other 
actions consist of research on ways to break this 
transmission chain at several points. For ex
ample, the Center is now doing research aimed 
at controlling uptake of radionuclides from the 
soil into feed crops. It is also investigating 
methods for removal of radioisotopes from 
tobacco, and has two projects under way to 
determine practical methods for reducing the 
uptake of radionuclides in meat and milk from 
animals which eat feed containing high levels 
of radioactivity. 

One of the major efforts over the years has 
been directed at the problem of radioactivity 
in fresh milk as a result of fallout. This paper 
will describe this research and development in 
some detail. In the United States, the persons 
responsible for weapons development began 
in the early 1950's to be concerned about the 
projected increase in strontium-calcium ratios 
in the environment and to a degree based their 
testing plans on learning more about this factor 

with the aim of reducing the amount of stron
tium released to the environment. The Public 
Health Service began in 1954 to analyze selec
ted U.S. milk supplies for certain rad,ioisotopes. 
By 1958, the levels of 90Sr observed in this milk 
indicated that the maximum permissible con
centration (MPC) which existed at that time 
for milk might be exceeded in some locales in 
the United States. At this time, the consensus 
of testimony before Congressional hearings on 
fallout in milk was that the MPC should be 
between 33 and 150 PCifl., with the most 
commonly discussed figure at 73 PCifl. 

Because of the long half-life of 90Sr and its 
biological similarity to calcium, it is generally 
regarded to be one of the principal fission pro
ducts which may affect the health of humans. 
Since milk is such a basic food and is the main 
source of calcium for most western countries, 
it therefore has received principal attention as a 
health hazard. 

Several laboratories have done work which 
indicated that an ion-exchange process could 
be. developed for removing 90Sr from milk. As 
early as 1954 the University of California inves
tigated radiostrontium removal from milk by 
ion-exchange under contract with the U.S. 
Atomic Energy Commission. There were also 
the studies of Migicovsky <8 > of the Canadian 
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Department of Agriculture, studies by the Bri
tish Atomic Energy Research Establishment, ''l 
the work sponsored by the Atomic Energy Com
mission of the University of Tennessee(5, 6 > and 
studies by the Public Health Service in Cin
cinnati. 

ORGANIZATION OF RESEARCH AND 

DEVELOPMENT 

There. was thus at this time ( 1958) strong 
indications that a practical process for removing 
00Sr from milk could be developed. Since no 
private milk producer could have been expected 
to underwrite the necessary research, the three 
government agencies most vitally concerned 
(the Atomic Energy Commission, the Depart
ment of Agriculture and the Public Health 
Service) entered into a cooperative agreement 
to underwrite jointly the cost of a program to 
develop a feasible process for removing 00Sr 
from milk. The program, financed equally by 
the three agencies, was carried out in the Agri
cultural Research Service's Eastern Utilization 
Research and Development Division in Belts
ville, Maryland. Representatives of the coopera
ting agencies established two criteria for the 
process: first, it had to remove substantial quan
tities of 00Sr from fresh milk, and second,-it had 
to do so without impairing the milk. Laboratory 
scale research was carried out by the Agricul
tural Research Service and the Public Health 
Service, and on the basis of these tests a pilot 
plant was constructed to test the practicability 
of the process before taking the final step upward 
to the construction of a commercial scale milk 
plant. 

In September 1959, at the suggestion of the 
Public Health Service, a joint advisory com
mittee for overall planning was established with 
membership from the three U.S. agencies and 
advice from the Canadian Department of Agri
culture. This group acted as a steering com
mittee guiding the direction of the research 
work. 

COMMERCIAL SCALE FIXED-BED CATION 

REMOVAL 

In September 1962 this committee recom
mended that the agencies develop a commercial 
scale plant for radionuclide removal from milk. 
This recommendation was based on the labora-

tory and pilot plant work to date (7
--9 > which 

indicated success in the treatment of milk in 
the pilot plant without impairment of nutritional 
or organoleptic qualities. 

In October 1962 the Public Health Service 
and the Department of Agriculture jointly 
agreed to finance investigations on · the com
mercial feasibility of the pilot plant process. 
As a result of this agreement, a contract was let 
inJune 1963, equally financed by both agencies, 
with the Producers Creamery Company of 
Springfield, Missouri for the construction, opera
tion, and evaluation of a full-scale ion-exchange 
plant capable of treating 100,000 lb of milk 
per 8-hr day. It should be noted that the Atomic 
Energy Commission did not participate in this 
phase of the project, as the Commission believed 
it was not within its province to carry their 
support past the research into the practical 
application stage. 

As an aside, I would like to point out that at 
this time, mid-1962, the 90Sr levels in the u.s. 
milk supply were near the low end of the range 
considered by the Federal Radiation Council 
to be an acceptable intake for a lifetime. Al
though these levels were expected to remain low 
for the foreseeable future, from a long-range 
viewpoint it appeared, and still appears, that 
we should be in a position to safeguard such a 
vital food as milk in the event of any emergency. 
The possible seriousness of widespread con
tamination of the U.S. milk supply is indicated 
by the fact that over four million liters of fresh 
milk are consumed daily by infants less than 
two years old, the age group which is considered 
to be critical from the standpoint ofradionuclide 
intake. This is based on a population of eight 
million in this age group with an average con
sumption of 500 nil of fresh milk per day. (10 > 

It should be noted that fresh milk consumption 
by individual infants may approach 1000 ml 
per day, but because a large number consume 
no fresh milk, the average intake is lower. 

In the contract with Producers Creamery 
Company, the development of the mechanical 
design was left in the hands of the Company. 
The ultimate objective of this contract was to 
produce practical working drawings which could 
be duplicated by the milk industry in the con
struction of other large scale plants for removal 
of radionuclides from milk if necessary. The 



1356 JAMES G. TERRILL, JR., RONALD E. BALES andJOHN L. S. HICKEY 

contract included requirements for the per
formance of tests to determine the percent re
moval of 90Sr and the effect of the treatment on 
the milk from the standpoint of sanitary, organo
leptic, and nutritional quality. 

Within a year after letting of this contract, 
the full-scale plant (shown in Fig. 3) had been 
completed and on June 24, 1964, the first full
scale treatment of 107,000 lb of fresh whole 
milk was successfully carried out in 12 hr and 
10 min. 

The environmental level of 90Sr in the raw 
milk was 38.4 PCifl. Samples of the treated 
milk taken at intervals indicated that the 
treatment process reduced the 90Sr levels to 
between l and 3.2 PCijl., a removal of greater 
than 90%. Subsequently, on September 16, 
1964, and on February 25, 1965, full-scale milk 
treatment operations were carried out with 
similar results. 

This series of tests successfully demonstrated 
the commercial feasibility of the process. The 
plant removed more than 90% of the environ
mental levels of 90Sr with no increase in micro
bial population, a very slight decrease in flavor 
score, and only minor compositional changes. !11, 

12 l The cost of processing was estimated to be 
I. 7 to 2.3 cents per quart of milk. <11 l 

The first full-scale test (June 24, 1964) was 
observed by the joint advisory committee, with 
representatives of the Public Health Service, 
the Agricultural Research Service and the 
Canadian Department of Agriculture present. 
A meeting of this group immediately following 
the tests laid the groundwork for expanding this 
commercial process to include a unit for the 
removal of radioactive anions, particularly U 1I, 
from milk. 

LABORATORYSCALEF~BED 

ANION-CATION REMOVAL 

In the early days of nuclear testing, radio
iodine had been overlooked as a hazard in milk, 
because of the difficulty in measuring it and 
also because of the short half-life. As a result 
of weapons testing in 1961 and 1962 it had 
been observed that the quantities of 131I in 
milk in the United States reached relatively 
high levels, as shown in Fig. 2. When these 
results were associated with the doses of radio
iodine considered safe for lifetime intake, it 

19150 19151 1962 19153 1964 1915!5 

FIG. 2. lS 1l and 90Sr concentrations in ·milk. 
From U.S.P.H.S. pasteurized milk network. 

became apparent that the dose of radioiodine to 
the susceptible population group might, in some 
geographic areas, exceed the radiation protec
tion guide which had been established by the 
Federal Radiation Council for "normal peace
time operations". Thereafter, radioiodine was 
recognized to be a nuclide of major concern in 
milk. Public Health Service action included 
development of techniques for rapid measure
ment of radioiodine and investigation of ways 
to break the transmission chain (again referring 
to Fig. 1) between the contaminated feed and 
the milk-producing cattle. The Division of 
Radiological Health established a dairy farm 
near the nuclear test site in the State of Nevada 
to evaluate whether iodine levels in milk, 
following radioiodine release, could be kept low 
by various means, including substituting un
contaminated feed for pasturage on which local 
dairy cattle ordinarily grazed. As a result of 
these studies, whenever this technique has been 
used, the results were much as the earlier studies 
had predicted. It is therefore considered to be 
a practical method in localized areas for pre
venting radioiodine contamination of milk in a 
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Fm. 3. Commercial scale fixed-bed plant for removing 90Sr from fresh milk. 

country such as the United States, where a 
rapid monitoring system for radioiodine exists. 

Even with the development of this method for 
reducing transmission of radioiodine from atmos
phere to man, the Public Health Service had 
encouraged laboratory scale studies to develop 
methods for removal of anionic radionuclides, 
principally 131!, from milk by ion-exchange. 
Murthy et al. <13

• 
14> had obtained 90% 1

31J 
removal from fluid whole milk labeled in vivo, 
and removal of over 95% of 131! from milk 
labeled in vitro by passage through Dowex 2-X8 
resin. The flavor of the treated milk was com
parable to that of untreated milk, and th.e anio
nic composition of the milk was not altered 
significantly. 

By 1964, it was felt that a practical method 
for removing 131J from milk could be developed
on the basis of the laboratory work. Under 
sponsorship of the Public Health Service and 
the Department of Agriculture, a contract was 
let with the same commercial milk processor 

to design and build a full-scale system to remove 
131J from milk which would be compatible 
with the cation removal process, and to incor
porate it into the existing full-scale plant. The 
contract also included full-scale testing of the 
enlarged plant to confirm the feasibility of 
the combined strontium-iodine removal pro
cess. The progress and results of this endeavor 
are reported here in some detail, as the final 
tests were only recently completed. 

Prior to design and construction of the full
scale anion removal unit, further laboratory 
tests were performed by the contractor. The 
laboratory-scale system consisted of an anion
exchange column of 200 ml Dowex 2-X8 resin 
followed by a cation-exchange column of920 rnl 

amberlite IR 120 resin. The flow diagram 
of this system is shown in Fig. 4. The treatment 
is similar to that previously described <8• 11> ex
cept that treatment for anion removal precedes 
the cation removal process. Following passage 
through the anion column, milk was acidified 
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FIG. 4. Laboratory scale cation-anion bed system, with typical pH and temperature. 

to pH 5.3 with 20% crtnc acid solution and 

filtered before passage through the cation re

moval column. The pH was then adjusted to 

6.8 with 2M KOH (about 15 ml/1. of milk). 
Anion removal preceded cation removal be

cause the regenerant salts for the anion resin 

bed had been proportioned on the basis of the 
ionic content of normal raw milk. Since cation 

treatment increases the potassium and citrate 

content in the milk, treatment for anion removal 
subsequent to cation removal would have re

quired further laboratory development on re

generant salt proportioning and delayed the 

program. It may be practical to have cation 
treatment precede anion treatment. 

Four trial runs were made with this system. 

In each run, 35 I. of grade A whole raw milk 
were processed at a flow rate equivalent to 

16,200 lb/hr in the full-scale cation-removal 

plant. 
The milk was labeled with from 4000 to 

48,000 PCi/1. of 1311, as the environmental level 
was too low to be readily detectable. A small 

quantity of sodium sulfite (50 fLg) was added to 
the 131I tracer solution to .prevent iodide oxida

tion. The environmental level of 90Sr in the 

milk was approximately 30 PCi/1. 

The laboratory-scale plant performed satis

factorily. In the final trial run, 131I was reduced 

97.1% (from 3970 to 115 PCi/1.), and 90Sr 
was reduced 84.5% (from 30.7 to 4.7 PCijL). 
90Sr removal was less than expected on the basis 

of past experience. However, because of the 

limited accuracy in 90Sr analysis at such low 
levels and the demonstrated ability of the full

scale plant to remove over 90% of 90Sr, it was 
decided that further laboratory testing of cation 
removal was not necessary. · 

The organoleptic quality of the processed 

milk (which had been pasteurized) was com
pared with that of the raw milk and also with 

pasteurized homogenized milk purchased local

ly. The processed milk showed a slight but 

insignificant change in flavor. 
Chemical analyses of the raw and processed 

milk showed no significant changes due to pro

cessing other than the expected increase in the 
r.itrate and potassium from the acidification and 

neutralization processes. 

Of some concern was the formation of a visible 

precipitate in samples of processed milk after 

standing overnight. Solubility index determina

tions were made on various fractions of pro

cessed milk from one trial in an effort to deter
mine the seriousness of the problem. On the 

basis of these tests, it was concluded that this 

was due to inadequate mixing of the acid and 

neutralizer with the milk, and that rapid mixing 
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of both citric acid and potassium hydroxide is 
necessary to insure stability of the milk. 

From the results of the laboratory tests, it was 
concluded that, assuming good control of acid
base mixing, the commercial scale combined 
process would produce a commercially accept
able homogenized milk. Design of the anion 
resin unit therefore proceeded on the basis of 
the laboratory findings. 

COMMERCIAL SCALE FIXED-BED ANION

CATION REMOVAL 

The full-scale 90Sr removal plant has been 
described previously. <11• 

12> The flow diagram 
in Fig. 5 shows where the anion resin column 
was inserted in the system. The anion column 
(Fig. 6) is a mild carbon steel cylinder 26 in. in 
diameter and 100 in. long with an inner lining 

Frc. 5. Full-scale system for removal of radio
nuclides from milk. 

of t in. thick, high density polyethylene. The 
cylinder contains 284 1. of Dowex 2-XB resin. 
The resin is supported on a sixty-mesh woven 
nylon screen resting on a 5 in. bed of graded 
glass beads ! to 1 in. in diameter. As in the 
remainder of the plant, all materials, chemicals 
and resins used in the anion unit in contact 
with milk had been previously approved by the 
U.S. Food and Drug Administration for use in 
food processing. 

l.R.P. VOL. 11-T 

Three full-scale plant tests of the system were 
made in May and June 1966, with 100,000 lb of 
fresh milk processed in each test. <Ul In the first 
test (May 18, 1966) the milk was labeled in vitro 
with 1880 PCi/1. of 1311. Processing reduced 
this to 87 PCi/1., a removal of 95.4%. Radia
tion levels outside the anion column reached 
0.1 mr/hr on the surface of the column at a 
point opposite the surface of the resin. The 
treated milk lost some flavor; however, this 
was noticed principally in the first 15,000 lb of 
milk, and thus the flavor loss was related to the 
start up of the process. 

The second test run was made June 8, 1966. 
The milk was labeled in vitro with 2000 PCi/1. 
of 1311 and 3000 PCifl. of 80Sr, as environmental 
levels of both 131 I and 90Sr in the raw milk were 
too low for accurate determination of the effi
ciency of radionuclide removal. The milk was 
processed at the rate of 19,300 lbfhr, approxi
mately 50% above the design flow rate of the 
cation column and 20% above the design flow 
rate of the anion column. 

The final test run was made June 22, 1966. 
Milk was labeled in vitro with 4760 PCi/l. 
of 1311 and 4225 PCi/l. of 85Sr, and processed 
at approximately 20,000 lb/hr. The results of 
the last two test runs are shown in Tables 1 
through 4. 

As shown in Table 1, the process removed 
over 99% of the 1311 and over 91% of the 80Sr. 
The strontium removal efficiency decreased 
toward the end of each run, falling below 90% 
removal after treatment of 25 resin bed-volumes 
(rbv) of milk at a flow rate of 0.11 rbv/min. 
This decrease is thought to be due to the high 
flow rate as reported by Walter. <16 l It may be 
necessary to use a larger amount of cation resin 
to maintain satisfactory strontium removal at 
high flow rates. 

Analysis of the milk processed on June 8, 
1966, by gamma spectroscopy also showed that 
treatment reduced the environmental (in vivo) 
levels of 140Ba by 88% and mcs by 71 o/o. 

Chemical analyses of the milk processed on 
June 8, 1966, are given in Table 2. The increases 
in citrate and potassium are due to chemicals 
added in the acidification and neutralization 
processes. The differences in the other chemical 
ions in the raw and processed milk are inherent 
in the process, as the quantities of regenerant 



1360 JAMES G. TERRILL, JR., RONALD E. BALES and JOHN L. S. HICKEY 

Fm. 6. Commercial scale resin bed for removing 131! from milk. 

salts are based on an "average" milk, which 
may differ from the milk processed on any single 
day. These differences between the raw and 
processed milk are not considered significant. 

The dilution of the milk due to processing 
was calculated on the basis of the change in 
total solids and fat content of the milk during 
processing. These values are shown in Table 2. 
Approximately 2.5 to 3% of this is due to water 
added in the acidification and neutralization 
processes. The remainder, particularly the 
excessive dilution in the first 3000 lb of milk 
processed, is due to the fact that the system is 
full of water when processing begins and there 
is considerable mixing at the water-milk inter
face. As a result, the first portion of milk 
processed is quite heavily diluted. Chemical 

analyses of the milk treated on June 22, 1966,. 
were comparable to those of the milk:treated on 
June 8, 1966. 

Flavor tests were made on the raw and pro
cessed milk to determine the effects of treatment 
on the organoleptic quality of the milk. Results. 
are shown in Table 3. The first 1000 lb of milk· 
treated on June 8, 1966, was not acceptable in 
flavor, and contained a taste described as "as
tringent". This taste, associated with starting 
plant operation, had been observed before and 
is tentatively attributed to the anion resin re
generation and storage procedure. Laboratory 
tests have shown that storage of the anion resin 
in 2 M HOI deteriorates the resin. Storage at a 
higher pH (2.0) is indicated to minimize resin 
deterioration. 



Pounds of milk 
processed 

ank No.1* 0 T 
T ank No.2* 0 

15,000 
30,000 
45,000 
60,000 
75,000 
90,000 

c 
1 

omposite sample of 
00,000 lb of processed 

m ilk 

Table I. Removal of 131 I and 815Sr from Fresh Milk 

lSlJ 815Sr 

June 8, 1966 June 22, 1966 June 8, 1966 

pCijl. %removed pCi/l. %removed pCijl. %removed 

2220 - 4760 - 3030 -

2070 - - - 2680 -

34 98.5 43 99.1 20 99.3 
21 99.0 38 99.2 25 99.2 
28 98.7 56 98.8 95 96.9 
32 98.5 52 98.9 108 96.0 
30 98.6 59 98.8 269 90.0 
40 98.0 85 98.2 414 84.6 

15 99.3 43 99.1 70 97.5 

* The first 50,000 lb of milk treated was from Tank No. I and the remainder was from Tank No. 2. 

June 22, 1966 

pCifl. %removed 

4225 -

- -

378 99.2 
356 91.6 
337 92.0 
298 93.0 
412 90.3 
568 86.6 

357 91.6 



Table 2. Composition of Milk J>rocessed June 8, 1966 

Pounds of milk Solids Fats Ash Na K Ca Mg Citrate Chloride Phos. Sol. 
processed % % % ppm ppm ppm ppm ppm ppm ppm Index 

(Raw) 0 12.43 3.59 0.73 457 1725 1217 112 1840 984 653 0.04 
3000 10.84 3.04 0.73 488 2488 994 241 4000 465 533 -
9000 12.02 3.33 0.81 431 2625 1108 245 4140 666 586 -

15,000 12.12 3.41 0.78 401 2275 1157 263 3400 858 583 -
45,000 12.18 3.38 0.84 451 3075 1117 147 3600 954 595 0.04 
60,000 12.25 3.40 0.89 487 3200 1163 99 3840 954 600 -
75,000 12.21 3.40 0.87 438 2825 1124 134 3520 968 598 -

90,000 12.22 3.41 0.86 443 2850 1185 119 3320 982 595 0.04 
(Composite) 100,000 12.06 3.37 0.83 490 2725 1155 145 3640 908 550 0.05 

% Dilution of milk 
from processing 
calculated from 

change in Solids Fats 

% % 

First 3000 lb 17.8 18.1 
Next 6000 lb 6.3 7.8 
Next 80,000 1b 4.3 5.6 
(Composite) 

100,000 1b 5.5 6.5 
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Table 3. Evaluation of Flavor in Processed Milk 

Flavor score* 

Pounds of rilllk Raw Effluent from Fully processed 
processed milk anion column pasteurized milk 

JuneS June 22 June 8 June22 June 8 June 22 

0 37.4 soured - - - -
1,000 - 37.2 33.6 35.3 
9,000 36.1 36.7 - 36.8 

15,000 - 36.6 35.3 36.7 
22,000 36.1 - - -
26,000 - - 35.6 -

30,000 - 36.8 36.2 35.8 
38,000 36.4 - - -
60,000 - 36.3 36.0 36.3 
61,000 36.4 - - -
90,000 - 36.7 36.2 36.4 
95,000 36.3 - - -

Composite of 
100,000 - - 35.9 36.3 

*American Dairy Science Association standard flavor test; perfect score is 40; acceptable score for pasteurized 
commercial market milk is 35. 

The flavor score of the last 70,000 lb of 
processed milk was higher than that of the com
posite sample, indicating that the initial volume 
of unacceptable milk affected the quality of the 
entire 100,000 lb of milk. 

To minimize the taste problem, the anion 
resin was stored at pH 2.0 between June 8 
and June 22, 1966. This procedure, plus dis
carding the first 1000 lb of milk treated on June 
22, 1966, was believed to be responsible for the 
improved flavor scores in the milk treated on 
June 22 (see Table 3). 

The results of microbiological examination 
of the milk processed on May 18 and June 8, 
1966, are shown in Table 4. The high coliform 
counts are attributed to contamination after 
pasteurization due to immediate storage of the 
finished milk in the raw milk tank which had 
not been adequately cleaned. The microbio
logical examination indicates no significant de
fects in the processing system itself from the 
sanitation viewpoint. Bacteriological examina
tion of the milk processed on June 22, 1966, 
confirm these results. 

The use of the woven mesh screen and the 
glass bead bed in the anion column has caused 
some concern from the sanitation viewpoint, 
but no bacteriological growth in this space 
could be detected from the test results. 

In summary, the full-scale plant effectively 
reduced the levels of 131! and usr in fresh fluid 
milk without any serious changes in organolep
tic, chemical or microbial quality of the milk, 
and without significant operational problems. 

The cost of chemicals for regenerating the 
anion unit in the full-scale tests was approxi
mately 1.5 cents per quart of milk (¢/qt). Cost of 
plant operation for strontium removal was 1. 7 
to 2.3 ¢/qt, including approximately 0.6 ¢/qt for 
chemicals. <11> Since the addition of the anion 
column did not increase labor or other costs 
appreciably, it appears that the combined pro
cess adds approximately 3.2 to 3.8 ¢/qt to the 
cost of milk. 

The use of processes involving additives to 
food shipped interstate commerce requires 
approval by the U.S. Food and Drug Admini
stration. Therefore, extensive testing of the 



1364 JAMES G. TERRILL, JR., RONALD E. BALES andJOHN L. S. HICKEY 

Table 4. Microbiological Ana?Jsis qf Raw and Processed Milk 

Micro-organisms per ml 

Sample 
Std. plate Psychropbilic Coliform Staph. 

count 

Test of May 18, 1966 
Raw 137,000 51,000 - -
Processed and 
pasteurized 3 500 - 980 0 

Test qf june 8, 1966 
Raw 9,100,000 10,900,000 - -
Processed and 
pasteurized 15,800 - 2260 0 

Public Health Service 
Recommended Standards* 

Raw 100,000 - - -
Pasteurized 20,000 - 10 -

* Grade A Pasteurized Milk Ordinance-1965 recommendations of the United States Public 
Health Service, PHS Publication No. 229, pp. 39-40, Washington, D.C. (1965). 

wholesomeness and nutritional and toxicological 
quality of the treated milk was necessary to pro
vide the FDA with sufficient data for evaluation 
of the process as a basis for approval. 

In addition to the tests reported ·above, fur
ther chemical an9. vitamin analysis is being done 
on the raw and processed milk. Chemical 
determinations include analysis for crude pro
tein, acidity, ash, iron, copper, iodine, silicone, 
cobalt, zinc, aluminum, manganese, and molyb
denum. Vitamin assays include determination 
of thiamine (bound and unbound), riboflavin, 
vitamins A, B6 and B12, folic acid, ascorbic 
acid, pantothenic acid, niacin, biotin, and a 
wide spectrum of fatty acids. Biological and 
chemical analysis of protein quality will also be 
carried out. 

To evaluate the nutritional quality of the 
processed milk, baby rats will be maintained 
l 0-12 weeks in seven groups which will receive 
diets prepared with dried processed or raw (con
trol) milk. Baby pigs (one day old and ten 
days old) will be maintained until 8 weeks of 
age on diets prepared from dried processed 
milk. Feeding studies may also be done with 
other species of animals. 

To provide the materials for this test program, 
3000 lb each of the processed and raw milk from 
the June 8, 1966, test run have been dried and 
sealed in containers in a nitrogen atmosphere. 
The testing will be conducted at the PHS 
Radiological Research Laboratory. in Rock
ville, Maryland. 

LABORATORY SCALE MOVING-BED 

ANION-CATION REMOVAL 

The Department of Agriculture · and the 
Public Health Service have been encouraged 
to conduct research and development for prac
tical methods for removing radionuclides from 
milk using processes developed in the scientific 
and industrial community at large, as well as 
those developed in their own laboratories. One: 
of these which has shown promise is the Higgins 
continuous ion-exchange contactbr. * In this 
process (see Fig. 7) an ion-exchange resin bed 
moves counter-current to the flow of milk 

* Manufactured by Chemical Separations Cor
poration, Oak Ridge, Tennessee. 
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MILK OUT 

Although problems were encountered in these 
investigations with pH control, milk flavor, and 
regeneration of the anion resin, the results 
obtained were sufficiently encouraging to war
rant further study of the process. 

PILOT SCALE MOVING-BED 

ANION-CATION REMOVAL 

In I 964, the Public Health Service and the 
Department of Agriculture jointly sponsored 
construction of a moving bed ion-exchange milk 

vALVE c treatment plant, based on the Higgins patent. <18
> 

The public's rights to patents resulting from 
RINSE WATER IN , 

CONOUCTIVITY 
PROBE 

FIG. 7. Flow diagram of moving bed 
exchange system. 

ion-

through a closed system, and is regenerated in 
another section of the system. 

Edmondson, <17 > using an early model of the 
system, obtained 90% removal of 86Sr from 
milk acidified to pH 5.3 and over 90% removal 
of 1 340s. Edmondson also treated milk for con
current cation-anion removal by passing acidi
fied milk through a fixed cation resin bed and 
then through an anion resin in the contactor. 
The anion resin was charged for simultaneous 
131J removal and neutralization of the milk. 
Removal of 86 to 91% of the 1aq was achieved. 

work sponsored by these agenc1es have been 
protected under the provisions of the Atomic 
Energy Act. 

Since the process had not been used to treat 
milk on a large scale, extensive laboratory work 
was necessary before the plant was designed. 
Investigations by the Public Health Service <18 > 

formed the basis for the design of the pilot 
plant. These studies established flow rate, the 
depth/diameter ratio of the ion-exchange unit 
necessary for adequate treatment, and identified 
the need for continual cooling of the milk and 
adjacent sections of the loop during processing 
to prevent microbial growth. 

The plant (shown in Fig. 8) has a capacity 
of 7000 lb of milk per 8 hr and consists of two 
continuous ion-exchange contactors, one for 
removal of radioactive cations and one for 
removal of radioactive anions. The resins are 
the same type used in the full-scale fixed-bed 
plant. The plant is self-contained (except for 
power supply) and is designed for mounting on a 

FIG. 8. Pilot plant moving bed ion-exchange system. 
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standard 40 ft X 8 ft truck trailer to make it 
readily transportable. 

This process is still in the experimental stage, 
and has a large degree of flexibility designed 
into it, particularly in the operation of the 
anion bed. The anion removal portion was 
originally conceived to be a moving resin bed. 
However, system testing will be done initially 
with a small anion fixed-bed column, since 
the high efficiency and large capacity of the 
anion resin indicates this to be the most simple 
and adequate operating design for anion re
moval. Dual anion columns are provided to 
achieve continuous operation. 

The pilot plant is scheduled to be operated 
at the Public Health Service laboratory in 
Montgomery, Alabama to evaluate its effec
tiveness. The plant testing program will include 
evaluation for efficiency of radionuclide re
moval, product acceptability (in terms of taste, 
odor and appearance), product alteration, and 
sanitary quality. As the operation becomes 
refined, nutritional testing andfor chemical 
analyses of the treated milk are planned, using 
methods similar to those used in evaluating the 
product from the full-scale fixed-bed plant. 

SUMMARY 

Although the environmental levels of 90Sr 
and 131I and other radionuclides in milk are 
presently well within acceptable limits, (20> it is 
prudent to have a system capable of treating 
milk for the removal of these radionuclides in 
the event of gross environmental contamination 
to a milk producing area. 

In the case of acute contamination of milk 
with radioiodine, action must be taken promptly 
to effectively reduce the radiation dose to hu
mans. If a week elapses before controls are 
initiated, more than half of the human dose 
will already have been received. With this in 
mind, the moving-bed unit has been designed 
and constructed for placement on a standard 
truck trailer, to determine whether such a 
mobile unit would be practical. If so, it is 
estimated that the strategic location of six to 
twelve full-scale standby mobile treatment 
units would make it possible to place a unit in 
operation in any milk shed in the United States 
within 24 hr should an emergency arise. Be
cause even the large-scale units are limited in 

capacity, they would be adequate only in the 
event of radiological contamination covering a 
limited area. Obviously, an effective surveil:
lance system is required in order to know when 
to initiate and terminate these control actions. 

A major use of the two existing plants in the 
near future is in the development and refinement 
of lower-cost treatment techniques or treatment 
of milk massively contaminated. They may also 
be used for training and for demonstrating the 
processes. 

It is emphasized, however, that the objective 
in developing these processing plants is to pr..o
vide the capability to treat fresh whole milk 
for immediate human consumption. To this 
end, formal approval of the U.S. Food and 
Drug Administration has been requested to 
use the full-scale combined anion-cation fixed
bed unit for this purpose on an emergency 
basis, and extensive testing has been undertaken 
to insure the wholesomeness of the product. Sim
ilar approval will be sought for the moving-bed 
plant at the appropriate stage in its development. 
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RELEASE OF RADIOACTIVITY FROM NUCLEAR 

CRATERING EXPERIMENTS* 

JOHN A. MISKEL 
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Abstract-Within the current technology, the use of nuclear explosives for excavation purposes 
results in the release of radioactivity to the atmosphere. The fraction of the total amount of a 
given species produced and released to the atmosphere depends on the che~ical properties of 
the species and on the nature of the cratering process. 

Data obtained from several nuclear cratering experiments indicate that the fractions of the 
more volatile species released are relatively insensitive to the cratering phenomenology, 
whereas the fraction of the refractory species released are highly dependent on it. The control
ling factor for the refractory species appears to be the filtering action of the earthmound raised 
in the initial stages of the crater formation. Two different cratering processes have been studied 
experimentally. In one, an erosional crater was formed which resulted in essentially no filtering 
of the debris during the release; in the other, two craters were formed, one with "normal" 
filtering and one with a much thicker filter bed than optimum. The results of these experiments 
are presented to document the effect of the filter action on the various radionuclides. 

The hazard evaluation for engineering programs involving nuclear excavations can be divided 
into two parts: first, the close-in area which is of interest with respect to the time-delay of 
further work on the engineering project; and second, the long-range distribution of the radio
active materials with respect to the entry of radiation into the outside world. 

Data from the excavation experiments to date indicate that the close-in fallout is dependent 
primarily on the chemical species involved; the long-range concentrations appear to be inde
pendent of the detailed nature of the source, but depend primarily on the atmospheric dissipa
tive processes once the early fallout has occurred. · 

INTRODUCTION 

A knowledge of the behaviour (and ultimate 
fate) of the radioactive products produced by a 
nuclear explosion is essential for the planning 
of programs involving applications of nuclear 
explosives. For cratering applications where 
some of the radioactivity is released to the at
mosphere, it is important to have a predictive 
capability with regard to the amounts released 
and their probable distribution. 

Since an important part of the Plowshare 
(Civil and Industrial Uses ofNuclear Explosives) 
Program is concerned with the applications of 
nuclear cratering phenomena, considerable 
attention has been given to the design and exe-

* This work was performed under the auspices of 
the U.S. Atomic Energy Commission. 

cution of experiments to obtain data on the 
release and distribution of radioactivity during 
crater production. In early 1961 a series of 
experiments (Project YoYo) was performed in 
which small craters were produced with buried, 
100 g charges of high explosive containing a 
radioactive tracer. Measurements were made to 
determine the fraction of the activity that re
mained in the crater as a function of the depth 
of the explosive. <1 > 

Although it was apparent from these experi
ments that the greater the depth of burial the 
greater the fraction of the activity that remained 
in the crater, many detailed questions about 
the process were left unanswered. 

Since the resumption of nuclear testing in the 
fall of 1961, several cratering experiments have 
been performed with nuclear explosives; data 
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on the release of radioactive species in these 
experiments are presented here. 

CRATERING EXPERIMENTS 

Three cratering experiments have been per
formed in hard rock at the Atomic Energy 
Commission's Nevada Test Site; the radioactivi
ty distributions from these experiments have 
been examined in detail. 

A useful parameter for comparing cratering 
phenomena resulting from explosives with dif
ferent energy releases is the "scaled depth of 
burial". The scaled depth is obtained by 
dividing the actual depth by W118

• 4, where W is 
the "yield" or energy release of the explosive.* 
The use of scaled depth of burial to describe 
the emplacement of an excavation explosive 
essentially removes the dependence of crater 
dimensions on the yield of the explosive. 

Two of the events described here were at a 
scaled depth of 56.4 m/(kt) 113

•4• The other was at 
a scaled depth of 43.3 m/(kt) 113

•4• A description 
of the resultant craters is given later in the paper. 

Measurements were made of the concentra
tions of various radioactive species in the close-iri 
fallout and in the radioactive cloud. These data 
were then used to estimate the amount of a given 
nuclide that was released to the atmosphere. 
The amount of each isotope released was as
sumed to be equal to the sum of the total amount 
of that species in the fallout pattern and in the 
cloud. The total activity in the cloud was ob
tained from the earliest cloud sample (in all 
cases less than 15 min after detonation). This 
assumes that only a negligible amount of the 
activity in the cloud at this time results in fallout 
within the measured pattern. For example, in 
the Danny Boy experiment, 12% of the 137Cs 
formed was in the cloud at 8 minutes and l% 
in the fallout pattern. Therefore, it was as
sumed that 13% of the 137Cs was released to the 
environment. <2 > 

To determine the total activity of a given 
nuclide in the fallout pattern it is necessary to 
measure its activity per unit area (as a function 

* The energy release of nuclear explosives is fre
quently expressed as "kilotons-equivalent" (or just 
''kilotons") where 1 kiloton is defined as 1012 cal and 
is approximately equivalent in energy release to 10• g 
of TNT. 

of position in the pattern) and then to integrate 
the activity over the pattern. The assumption 
of the effective area of the fallout collector arid 
the relationship between field measurements 
(which delineate the pattern) and the amount 
of a specific nuclide present introduce con
siderable error into the absolute values obtained. 
Similarly, for the cloud samples the estimation 
of the total cloud volume at the time of sampling 
and of the fraction of the cloud sampled also 
make uncertain the absolute amounts of any 
given species present. However, the relative 
amounts of the various nuclides present in •a 
given sample are much more precisely known. 

The amount of any given species released to 
the atmosphere in a cratering experiment is 
dependent on the chemical nature of the iso
tope. In examining the radioactivities released 
in these cratering experiments, an attempt was 
made to choose nuclides that would be repre
sentative of each of the three classes of chemical 
species : refractory, volatile and intermediate.* 

CRATERPRODUGnONPHENONmNOLOGY 

An understanding of the mechanism of crater 
production by buried eXplosives is useful in 
discussing the behaviour of the radioactive 
species produced by the explosive. For this 
reason a brief outline of the phenomenology 
is given here. 

When a nuclear explosive, buried at the 
proper depth for crater production, is detonated 
the following sequence of action leading to a 
crater occurs: ( 1) The medium surrounding the 
explosive is vaporized, melted, and fractured 
(Fig. 1, A); (2) a shock wave proceeds radially 
outward from the high-pressure cavity region 
(Fig. I, B); (3) when the shock wave reaches 
the surface, the cavity grows preferentially in 
that direction (Fig. 1, c); (4) the surface material 
is accelerated, rising as a dome-like structure 
and the gaseous materials within the cavity 

*The designation "refractory, volatile or inter
mediate" refers to the chemical species present at the 
time of venting and condensation.<3> Thus strontium, 
although chemically a refractory substance, when pro
duced as 88Sr by. the fission process is primarily bro
mine and krypton at early times, and its behayiour 
with respect to venting and condensation is considered 
typical of volatile elements. 
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PREFERENTIAL GROWTH 
TOWARD SURFACE BEGINS 

MOLTEN ROCK COLLECTS 

VAPOR FILTERS THROUGH BROKEN MATERIAL A.., .. 
MATERIAL AT LIP FOLDS BACK 

( 0) 

PLASTIC DEFORMATION ZONE 

FIG. 1. Crater formation phases. 

may be released through cracks and pores in 
the dome (Figs. I, o, I, E); (5) some of the 
material is thrown outside the resulting crater 
and the remainder falls back and reduces the 
crater depth (Fig. I, F). 

For Danny Boy, the above description is 
fairly accurate. For Sulky, the same descrip
tion applies but the depth of burial was such 
that essentially all the material fell back into 
the crater area and the net result was a small 
mound with a depression in its center (but still 
above the initial ground surface level) rather 
than a crater. Thus in Sulky, the effective 
thickness of the filter bed through which the 
radioactive materials were released was greater 
than for Danny Boy. 

In Palanquin, the material and method used 
to stem the emplacement hole apparently rep
resented a weak spot in the medium. On 
detonation of the device this stemming material 
was ejected and the high-temperature, high
pressure gases were released through this void, 
resulting in an erosional crater somewhat 
analogous to a volcano in act~on. Thus, the 
filtration of the released material was greatly 
reduced in this case. 

DISCUSSION OF RESULTS 

To establish a basis for comparing the releases 
from the various experiments, the total amount 

of each isotope released in a given experiment 
was normalized to unit fission yield and com
pared with other isotopes of the same class 
(i.e. volatile, refractory, or intermediate). The 
average values for each class can then be 
compared. 

Table I gives, for each experiment, the rela
tive releases of the various activities, normalized 
to 147Nd and grouped according to class. 

Table I shows a decided variation in the 
ratios of the volatile species to the refractory 
species for the three experiments. If for each 
experiment, the average value* of the amount 
of activity released for the volatiles is calculated 
and compared with the average value for the 
refractories the differences are more clearly 
seen. These averages are given in Table 2. 

The intermediate species exhibit no clear 
cut trend. This is not unexpected since 186Cs 
is a "shielded nuclide" (and thus its behaviour 

* For the volatile species the values being averaged 
differ by as much as a factor of 10. Although the 
average value therefore has very little precision, the 
differences observed are large enough to justify this 
treatment. In the case of the refractories, except for 
Sulky, the spread is considerably less. Again, for 
Sulky, the magnitude of the difference between vola
tile and refactory is well outside the uncertainty in the 

average. 
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Table 1. Relative Amounts of Nuclides Released* 

Nuclide Class Danny Boyt Sulky~ Palanquin** · 

sDSr Volatile 60 1 X 105 2 
187Cs Volatile 10 7 X 10~ 0.4 
I40Ba Volatile 6 1 X 10~ 0.5 
l38Cs Intermediate 50 - 20 
14ICe Intermediate 2 700 0;6 
uzr Refractory 0.5 - 0.5 
D9Mo Refractory 0.4 0.3 0.4 
u•ce Refractory 0.6 60 0.5 
147Nd Refractory 1.0 1.0 1.0 

I 
* Normalized to unit fission yield and to 147Nd. 
t Scaled depth: 43.3 m/(kt) 118 -4 normal crater. 
~ Scaled depth: 56.4 m(kt}I/8•4 "negative" crater. 

**Scaled depth: 56.4 m/(kt) 1/3.4 erosional crater. 

Table 2. Average Relative Release Values for Volatiles and Refractories 

Class Danny Boy 

Volatile 25 
Refractory 0.6 

depends only on the physical-chemical proper
ties of cesium) whereas 141Ce is derived by {1-
decay from several different elements* and is 
therefore much more sensitive to the time-tem
perature-environmental history of the cratering 
and venting process. 

It is obvious from Table 2 that the main differ
ence between Palanquin and Danny Boy (or 
Sulky) is the ratio of the releases of volatile to 
refractory species. In the "well-behaved" cra
tering events, the refractory species are reduced 
with respect to the volatiles by at least an order 
of magnitude, whereas in the volcanic-type 

*The mass 141 chain for thermal fission of 235U is 
as follows: 

(1.3) (4.6) 

sad 
141Ca--- 14IPr 

(6.3) 

(The numbers in parenthesis are the cumulative chain 
yields to that point). 

Sulky Palanquin 

6 X 104 1 
1 

. 20 0.6 

release the refractories and the volatiles are es
sentially released . to the same degree. It is 
reasonable to conclude that this difference is 
primarily due to the filtering action of the earth 
mound in the true cratering events. 

CONCLUSION 

In normal crater formation the raised earth 
"dome" acts as an efficient filter medium for 
the refractory species. The volatile species are 
affected to only a minor degree. Proper choice 
of depth of burial for a nuclear explosive may 
result in a large reduction in the release . of the 
more refractory radioactivities. · 
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Abstract-Gamma-ray depth-dose patterns in a phantom exposed to fallout were calculated 
by the Monte Carlo method. The phantom consisted of a tissue equivalent vertical right 
cylinder 60 em in height and 30 em in diameter. The center of the phantom was 111.8 em 
above a smooth ground surface uniformly contaminated with 186U fission products. The energy 
and angular distribution of the gamma rays incident upon the phantom were taken from a 
previous Monte Carlo study. 

The depth-dose patterns were found to be relatively insensitive to fallout age over the period 
investigated (1 hr to 9 days). The dose rate at the center of the phantom is approximately 65% 
of the free-field dose rate, while that at the lateral surface is approximately 80%. Except near 
the extremities, the dose rate along the vertical axis of the phantom varies at approximately 
the same rate with height above ground as does the free-field dose rate. Approximately one-half 
of the dose rate at the center of the phantom is from photons which have suffered previous 
collisions in the phantom. 

The depth-dose patterns were also calculated for two arrangements of artificial sources 
which, although not duplicating the fallout energy spectra, were intended to simulate fallout 
biological effects. The patterns produced by revolving the phantom on its vertical axis while 
exposed to a point 80Co source at a horizontal distance of 61 mare similar to those from the 
fallout, except for internal positions near the bottom of the phantom: A special arrangement 
of 6°Co, 137Cs and 1uCe sources produced substantially the same depth-dose patterns through
out the phantom as did the fallout. 

INTRODUCTION with calculating the distribution of the gamma-
The possible exposure of populations to radio- ray dose within a phantom representative of a 

active fallout has motivated numerous studies body exposed to fallout. Because the radio
of the characteristics of the radiation environ- biologist in investigating the effects of radiation 
ment produced by fallout. <1- 4> Most of these upon biological systems must often perform 
studies have been concerned with the free-field experiments in simulated radiation fields, the 
dose rates and the energy and angular spectra study included depth-dose distributions pro
of the gamma-ray flux at a reference height of duced by simulated fallout radiation fields. 
approximately one meter above a contaminated A Monte Carlo approach was selected for 
ground surface. The present study is concerned performing the depth-dose calculations because 
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it allows a more accurate treatment of the radia
tion environment and of the geometry of the 
phantom than do the more rigorous analytic 
methods for solving the radiation transport 
problem. However, to provide guidance for the 
Monte Carlo calculations and to establish the 
validity of a simpler method, calculations were 
also performed using exponential attenuation 
and infinite medium dose buildup factors. 

PHANTOM 

The phantom consisted of a tissue equivalent 
vertical right cylinder 60 em in height and 30 em 
in diameter. The center of the phantom was 
111.8 em above the ground surface. For tissue 
equivalence, the phantom was composed of a 
homogeneous mixture of the elements indicated 
in Table 1. 

RADIATION ENVIRONMENTS 

The fallout radiation environments for which 
depth-dose distributions in the phantom were 
calculated were those previously computed by 
Monte Carlo techniques for a position 0.914 m 
(3ft) above fallout with ages of 1.12 hr, 23.8 hr, 
4.57 days and 9.82 days uniformly deposited on a 
smooth ground surface. <3 > The fallout was as
sumed to consist of non-volatile 236U fission 
products with gamma-ray energy spectra as 
given by Nelms and Cooper. <5 > The simulated 
fallout radiation environments were those pro
duced by a point isotropic 6°Co SOJJ.rce ( ,._, 1.25 
MeV) at a horizontal separation distance of 
61 m (200ft), and by a special arrangement of 
60Co, mcs ("'0.67 MeV), and U 4Ce (,._,Q.10 
MeV) sources known as the AFRRI Compact 
Simulator. <6 > 

The geometries of the various radiation 

sources to which the phantom was exposed 
are illustrated in Fig. 1. The separation distance 
of the 60Co point source was selected to give the 
best approximation of the energy and angular 
distribution from an infinite plane fallout source. 

The AFRRI Compact Simulator, which is a 
conceptual design, consists of a unifoqn disc 
source located on the ground surface, a ring 
source above the perimeter of the disc source, 
and a slab of water of equal radius positioned 
above and concentric with the disc and ring 
sources. The ring source serves as a virtual 
source for that portion of an infinite plane source 
not represented by the disc source while the 
water serves as a scattering medium for gamma
rays from both the disc and ring source to simu
late skyshine from an infinite plane source. The 
relative concentrations of the 6°Co, 137Cs and 
144Ce in the disc and ring sources and the 
thickness of the water slab were selected to give 
the best approximation of the energy and angu
lar distributions 0.914 m above a 1.12-hr fall .. 
out source. 

The previous Monte Carlo calculations of the 
gamma-ray environments produced by the 
above sources give the total photon flux at the 
receiver in each of eighteen 10-degree intervals 
on polar angle, 8, and in each of ten energy 
groups: 0.04-0.06, 0.06-0.10, 0.10-0.18, 0.18-
0.30, 0.30-0.50, 0.50-0.75, 0.75-1.00, 1.00-
1.50, 1.50-2.50, and 2.50-3.50 MeV. ca. 6 > The 
fluxes are, for all sources, integrated over 
azimuthal angle, 0. Thus, the environment 
computed for the 60Co point source is that which 
would be experienced by revolving the subject 
about its vertical axis during exposure. 

The characteristics of the fallout and simu
lated fallout radiation environments are illus-

Table !. Composition of Tissue Equivalent Phantom 

% Partial density Atomic concentration 
Element by weight (g cm- 3) (atmns cm-8) 

Carbon 15.6 0.1585 7.944 X 1021 

Hydrogen 9.8 0.0996 5.948 X IQSII 

Oxygen 71.0 0.7214 2.714 X 10~2 

Nitrogen 3.6 0.0366 1.573 X 1021 

Total 100.0 1.0161 9.614 X 10n 
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SOURCE 
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Fm. I. Source geometries used in free-field radiation environment calculations. 
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Fto. 2. Gamma-ray energy and angular dis
tributions from 1.12-hr fallout, 6°Co point 
source and AFRRI Compact Simulator (norm-

alized to unit dose rate). 

trated in Fig. 2. The angular distributions of 
the total dose rate, given in the upper part of 
the figure, have the same gross shape for 8 > 80 
degrees; but below 80 degrees, the 6°Co point 
source dose angular distribution bears no re
semblance to that from fallout. Neither the 
AFRRI Compact Simulator nor the 60Co point 
source provides a good simulation of the energy 
spectra as may be seen in the lower part of the 
figure. 

CALCULATIONAL 'METHODS 

In order to compute the distribution of the 
gamma-ray dose in the phantom it is necessary 

· to consider the gamma-rays incident over its 
entire surface and their transport until they 
are absorbed in, or escape from, the phantom. 
Actually, photons which escape the phantom 
may be scattered back into it, but this effect 
is very small and its neglect is consistent with 
the neglect of perturbation by the phantom in 
performing the free-field calculations. In per
forming the radiation transport calculations, 
the energy dependent photon flux must be 
determined at a suitable number of positions 
in the phantom to allow, after conversion to dose, 
construction of dose or dose fraction profiles. 
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The Monte Carlo procedure which was used 
to perform the transport calculations is a multi
purpose code known as COHORT. <7> Itsdescrip
tion here will be limited to those features actually 
used in this study. Basically, the procedure 
allows photons to be randomly sampled from 
arbitrary source probability distributions in 
energy, angle and space. Individual photons 
are then traced through a random walk gen
erated by sampling from collision probability 
distributions and angular scattering distribu
tions for the particular materials being pene
trated. The collision probability distributions 
are generated from consideration of the cross 
sections for Compton scattering, pair production, 
and absorption. Absorption is not allowed to 
occur. Instead, the photon weight is reduced 
upon each interaction by the probability that 
that particular interaction was an absorption. 
The angular scattering distributions are gene
rated from the well-known Klein-Nishina for
mula. Each photon history is terminated upon 
reaching a specified minimum energy, a speci
fied maximum number of collisions, or escaping 
from the defined geometry. 

An adequate number of photon histories must 
be traced to assure a representative sampling 
from the source distributions and a representa
tive distribution of photon interactions. In the 
process of tracing photon histories, the location 
of each interaction and the resultant photon 
energy and direction are recorded on tape. The 
resultant "collision tape" may then be analyzed 
to determine the photon track length in arbi
trarily specified volume regions. Photon fluxes 
are obtained by dividing by the volume of the 
region. Finally, flux-to-dose conversion fac
tors <8 > are applied and a summation made over 
photon energy. 

Ideally, the volume regions would be of 
infinitesimal size to obtain the highest resolution 
of the spatial dependence of the dose. If valid 
results are to be obtained, however, each region 
must be finite and large enough for each to 
intercept a statistically significant number of 
photons. Figure 3 shows the volume regions 
into which the phantom was divided for the 
COHORT Monte Carlo calculations. The 
volume regions are concentrated along the 
horizontal midplane and the vertical axis since 
it was desired ·to compute the radial and axial 

L 

(em) 

I I I I I I 

15 10 5 0 5 10 15 

R (em) 

FIG. 3. Division of phantom into volume regions 
for Monte Carlo calculations. 

distributions of the dose. The dimensions of the 
volume elements are smallest near the phantom 
surface where the largest dose gradients were 
expected. 

The source probability distributions on energy 
and angle were developed directly from the fl~x 
tables from the free-field radiation environment 
calculations. It was assumed that the energy 
and angular distribution did not vary with 
height above ground over the length of the 
phantom. However, the variation of the total 
incident flux with height was considered too 
great to be neglected. Special calculations of · 
the total flux above a 1.25-MeV plane is9tropic 
source showed that it varied by 12% over· the 
height of the phantom. In the depth-dose ·cal
culations it was assumed that the incident flux 
from all of the sources except the 110Co point 
source had a similar height dependence;· . 

In performing the Monte Carlo calculations, 
each photon was allowed to undergo 15 colli
sions or be degraded in energy to less than 0.04 
MeV before termination. However, it was 
found that approximately 96% of all photon 
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histories were terminated by escape from the 
phantom. Only 3% and 1% were terminated 
by minimum energy and maximum number of 
collisions, respectively. An average of only 3.8 
collisions were suffered by each photon before 
its history was terminated. 

Exploratory calculations led to the selection 
of 10,000 photon histories as the minimum 
problem size to give acceptable statistical ac
curacy. To further improve the statistical ac
curacy, four different computer runs using 
different random number sequences were made 
for each problem .. The final results for most 
positions in the phantom had standard devia
tions of less than 5%. No biasing of any type 
was used in the Monte Carlo calculations. 

Prior to the Monte Carlo calculations, explo
ratory calculations were performed using a 
simple analytic approach based on exponential 
attenuation and infinite water medium dose 
buildup factors <•> for point isotropic sources. 
For the dose rate at a particular position in the 
phantom, this type of calculation may be 
described by the equation 

D = :E :E :E BE (p.Et9,1P) FE,8,tpGB e-"E'IJ•<P 
lP IJ F. 

. where f'E is the linear attenuation co-
efficient of water for photons 
of energy E, 

t8 ,, is the distance from the dose 
point to the phantom surface 
in direction 0 and 0, 

B8 (J.£8t8 ,1P) is the dose buildup factor for 
penetration of 1-' Et6, lP mean 
free paths of water by pho
tons of energy E, 

F 8 ,6,, is the free-field flux with 
energy E from directions {] 
and 0, and 

G8 is the flux-to-dose conversion 
factor for. photons of energy 
E. 

In order to express the depth-dose distribu
tion in terms of dose fractions, both the Monte 
Carlo and the analytic results were divided by 
the free-field dose rate 0.914 m above the ground. 

RESULTS AND DISCUSSION 

Monte Carlo calculations were performed for 
1.12-hr fallout, 23.8-hr fallout, the 80Co point 

source, and the AFRRI Compact Simulator. 
The results are summarized in Table 2. Analy
tic calculations were performed for 4.57-day 
and 9.82-day fallout in addition to the above 
sources. The results of the various calculations 
were analyzed to determine: 

1. The general characteristics of the depth
dose distributions in the phantom. 

2. The sensitivity of the distributions to fall
outage. 

3. The extent to which the simulated fallout 
fields reproduce the fallout depth-dose 
distributions. 

4. The validity of the simplified analytic 
calculations. 

The case of principal interest is the 1.12-hr 
fallout field since this particular age of fallout 
has been studied extensively.<'· a, 6> Figure 4 
compares the Monte Carlo and analytic calcu
lations for this case. A total of 44,000 photon 
histories divided into four machine runs were 
used in the Monte Carlo calculations. The data 
points shown in the figure are the average of 
the four runs and the bars indicate the standard 
deviation as determined from the results of the 
individual runs. The standard deviations on 
the radial distribution are seen to be quite small 
("-'2to 8%). Owing to the use of much smaller 
volume regions, the standard deviations on the 
axial distribution are larger near the bottom 
and the top of the phantom. 

The Monte Carlo results indicate a dish
shaped radial distribution with 81% of the 
free-field dose near (0.5 em) the lateral surface 
of the phantom as compared to 66% at the 
center. For -20 < L < +20 em, the axial 
distribution is approximately a straight line 
which closely follows the height-above-ground 
dependence of the free-field dose rate. 

The fine structure near the upper and lower 
extremities of the phantom can probably be 
attributed to the combined effect of the boun
daries and of the characteristics of the radiation 
field. The radiation environment to which the 
phantom is exposed is so strongly peaked near 
the horizon ( {] = 90°) that most of the flux 
incident upon the bottom and top is at large 
angles with respect to the normal to these sur
faces. Thus, the uncollided component from 
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Table 2. Depth-dose Distributions in Phantom based on Monte Carlo Calculations 
(fraction of free-field dose) 

Position Source 
Lor R 

(em) I. 12-hr 23.8-hr AFRRI Compact eoco 

fallout fallout Simulator point source 

Radial Distribution 
2.83 0.6571 0.6848 0.6418 0.6684 
6.67 0.6701 0.6673 0.6600 0.6828 
9.06 0.6955 0.6782 0.6806 0.6997 

I 1.04 0.7126 0.7173 0.7190 0.7236 
12.51 0.7621 0.7173 0.7676 0.7540 
13.51 0.7687 0.7405 0.7597 0.7584 
14.26 0.7967 0. 7500 0.7724 0.7717 
14.75 0.8114 0.7844 0.7812 0.7740 

Axial Distribution 
-29.5 0.9357 0.9023 
-27.5' 0.6744 0.6436 
-23.0 0.7210 0.6836 
-16.0 0.6860 0.6443 
- 8.0 0.6926 0.6452 

0 0.6571 0.6848 
8.0 0.6382 0.6500 

16.0 0.6360 0.6042 
23.0 0.5673 0.5754 
27.5 0.5305 0.5253 
29.5 0.5848 0.4809 

the incident flux is highly attenuated in pene
trating to positions near the ends of the phantom, 
giving rise to the relatively strong negative 
gradient just inside the surface. At the same 
time, the scattered dose from the much larger 
number of photons incident upon the sides of 
the phantom would be expected to decrease 
near the end surfaces. 

The analytic results differ from the Monte 
Carlo results in two respects: 

I. They tend to give slightly higher ( --8%) 
dose fractions in the central regions of the 
phantom. 

2. They do not exhibit the fine structure near 
the upper and lower extremities. 

It was expected that the analytic calculations 
would generally overpredict the dose fractions 
owing to the use of infinite medium buildup 
factors. It is perhaps surprising that the over-

0.9132 0.5350 
0.6937 0.5976 
0.6832 0.6333 
0.6393 0.6500 
0.6380 0.6809 
0.6418 0.6684 
0.5818 0.6611 
0.5859 0.6437 
0.5615 0.6549 
0.4873 0.5782 
0.4618 0.6591 

prediction was no larger since the Monte Carlo 
calculations indicated that the average photon . 
undergoes only 3.8 collisions before escaping 
from the phantom. Since the analytic cal
culations indicated that approximately 50% of 
the dose near the center of the phantom is from 
uncollided photons, a component which should 
contain little error, the 8% difference in the total 
dose fractions noted above may be attributed 
to the scattered component alone. This cor
responds to an overestimate of approximately 
16% in the scattered component of the analytic 
calculations. 

In the analytic results it may be presumed 
that the absence of fine structure near the upper 
and lower extremities is a consequence of using 
infinite medium buildup factors. The excellent 
agreement between the analytic and Monte 
Carlo radial distributions near the lateral sur
faces is fortuitous; ·the analytic calculations 
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FIG. 4. Depth-dose distribution in phantom 
exposed to 1.12-hr fallout field. 

underpredict the dose fraction in these positions, 
relative to the central positions, because they 
do not include reflection of photons from deeper 
within the phantom. 

Figure 5 shows the Monte Carlo calculated 
depth-dose distributions for the phantom ex
posed to 23.8-hr fallout. A smoothed curve ap
proximation of the Monte Carlo results for 
1.12-hr fa.llout is included for comparison. The 
23.8-hr results, which are based on 40,000 
photon histories, tend to be slightly lower near 
the phantom surfaces and higher near the center 
than did those for the 1.12-hr fallout. However, 
it must be concluded that within the statistical 
accuracy of the results, the two ages of fallout 
produce essentially identical depth-dose dis
tributions in the phantom. This conclusion 
is supported by the analytic results (not shown) 
which differed by not more than approximately 
1% at any point in the phantom from those 
computed for the 1.12-hr fallout. 

Originally it was planned to perform Monte 
Carlo calculations for two additional ages of 

fallout: 4.57 and 9.82 days. These ages were 
not considered in the final calculations because 
their energy spectra do not differ from that of 
l.I2-hr fallout as much as does that of 23.8-hr 
fallout, which was found to produce essentially 
the same depth-dose distributions as 1.12-hr 
fallout. Moreover, analytic calculations per
formed for the two additional ages of fallout 
are within approximately 1% of those for the 
earlier ages. 

The depth-dose distributions produced by a 
l.I2-hr fallout field simulated by the AFRRI 
Compact Simulator are compared with those 
from 1.12-hr fallout in Fig. 6. The radial dis
tribution from the simulator is similar to that 
for the actual 1.12-hr fallout. The axial dis
tribution is also similar but is slightly lower than 
that from the fallout. The simulator results 
shown in Fig. 6 are based on Monte Carlo 
calculations using 40,000 photon histories. The 
depth-dose distributions for the AFRRI Com
pact Simulator computed with the simple ana
lytic method were found to be within 2% 
of the analytic results for the 1.12-hr fallout. 
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FIG. 5. Comparison of depth-dose distributions 
for 23.8-hr and 1.12-hr fallout. 
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FIG. 6. Comparison of depth-dose distributions 
for AFRRI Compact Simulator and 1.12-hr 

fallout. 

Figure 7 compares the depth-dose distribu
tions produced by the 6°Co point source at a 
horizontal separation distance of 61 m from 
the phantom with those produced by 1.12-hr 
fallout. The radial distribution from the 80Co 
point source agrees very well in both shape and 
magnitude with that from the fallout. The 
axial distribution for the 80Co is also similar to 
that from the fallout for -20 < L < +20 em. 
The 80Co dose fraction is lower near the bottom 
of the phantom because the bottom surface is 
not exposed to a strong uncollided component as 
is the case with fallout. However, this difference 
is probably of trivial significance since the con
cept of a cylindrical phantom is least valid near 
the axial extremities. Forty thousand photon 
histories were used for the 60Co Monte Carlo 
calculations. Analytic calculations for the 60Co 
agreed with the Monte Carlo calculations to 

about the same extent as they did for the other 
sources. 

Although the depth-dose distributions from 
fallout are simulated reasonably well except near 
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FIG. 7. Comparison of depth-dose distributions 
for 60Co point source and 1.12-hr fallout. 
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the axial extremities by both the AFRRI Com
pact Simulator and by the 80Co point source at a 
horizontal separation distance of 61 m, it does 
not necessarily suffice to simulate the depth-dose 
distributions alone. The energy distribution of 
the dose at a given point is also of interest. 
Figure 8 compares the differential energy spec
trum of the dose fraction at the center of the 
phantom based on the Monte Carlo calculations 
for the 1.12-hr fallout, the AFRRI Compact 
Simulator, and the 80Co point source. The 
two simulated dose spectra are vastly different 
from that produced by fallout at energies above 
1 MeV, and they show only a gross similarity 
below 1 MeV. 

CONCLUSIONS 

This investigation has shown that the depth
dose distribution in a phantom exposed to a 
fallout field is quite insensitive to the age of th~ 
fallout. In the horizontal midplane the dose 
ranges from approximately 65% of the free-field 
dose at the center of the phantom to approxi
mately 80% at the lateral surfaces. The dose 
fraction along the vertical axis of the phantom 
varies at approximately the same rate with 
height above ground as does the free-field dose 
rate except near the extremities where boundary 
effects and the characteristics of the radiation 
field combine to produce strong dose gradients. 

A simple arrangement consisting of a single 
80Co point source and a sophisticated arrange
ment of combined 6°Co, 137Cs and 144Ce sources 
were both found to produce depth-dose distri
butions over the important regions of the phan
tom which were very similar to those from the 
fallout although the energy spectra are quite 
different. Depth-dose distributions calculated 
with a simple exponential attenuation and in-

finite medium buildup factor approach show 
the same general trends as the more sophisticated 
Monte Carlo calculations, but are approximately 
8% higher in the central portions of the phantom 
and do not have the same behavior near the 
boundaries. 

ACKNOWLEDGEMENTS 

The authors are indebted to L. Olmedo, J. H. 
Price and K. W. Tompkins, all of Radiation 
Research Associates, for their assistance with 
various phases of the calculations. A special 
acknowledgement is due Col. James T. Brennan, 
formerly director of the Armed Forces Radio
biology Research Institute, for suggesting the 
investigation. 

REFERENCES 

1. R. L. MATHER, R. F. JoHNSON and F. M. ToM
NoVEc. Health Physics 8, 245 (1962). 

2. L. V. SPENCER. Structure shielding against fallout 
radiation from nuclear weapons. NBS Monograph 
42 (1962). 

3. R. L. FRENCH. Health Physics 11, 369 (1965). 
4. c. M. HUDDLESTON, Q. G. KLINGLER, z. G. BUR

SON and R. M. KINKAID. Health Physics 11, 537 
(1965). 

5. A. T. NELMS andJ. W. CooPER. Health Physics l, 
427 (1959). 

6. R. L. FRENCH. A comparative study of radioactive 
source arrangements for simulating fallout gamma 
radiation fields. RRA-T45 (1964). 

7. D. G. CoLLINS and M. B. WELLS. COHORT, 
a Monte Carlo program for calculation of radiation 
heating and transport. RRA-T62, Vols. I-IV 
(1966). 

8. B.J. HENDERSON. Conversion of neutron or gamma 
ray flux to absorbed dose rate. XDC 59-8-179 
(1959). 

9. H. GoLDSTEIN andJ. E. WILKINs, JR. Calculations 
of the penetration of gamma rays. NY0-3075 
(1954). 



EFFET DE PROXIMITE DU RELIEF SUR LE TAUX DE 

RETOMBEES RADIO-ACTIVES 

NGUYEN BA CUONG, G. LAMBERT et B. ARDOUIN 

Service d'Electronique Physique, CEA, Centre d'Etudes Nucleaires, Saclay, France 

Res1Uil4S--Certaines stations fran9aises et italiennes de collection des retombees radioactives 
situees directement au pied des Alpes presentent des resultats pres de deux fois superieurs a 
ceux qui sont enregistres dans les stations de plaine, situes a m~me latitude ( 45°N) et m~me 
altitude (0-200 m). 

Les differences de pluviometrie ne semblent pas pouvoir rendre compte de cet effet, qui ne 
peut non plus ~tre attribue ala situation continentale des stations alpines car de telles differences 
ne se retrouvent pas aux latitudes plus septentrionales exemptes de grands massifs montagneux. 
On montrera que cet effet peut ~tre attribue aux phenomenes orographiques affectant seule
ment les stations situees sur le versant expose au vent et on examinera les differentes hypotheses 
qui peuvent e~pliquer que les pluies plus abondantes qui en decoulent sont neanmoins 
d'avantage contaminees par les debris radio-actifs, aussi bien d'origine stratospherique que 
tropospherique. 
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DIE EIGENAKTIVITAT VON BLEI 

WALTERA.KOLB 

Physikalisch-Technische Bundesanstalt, 
Braunschweig und Berlin, 

33 Braunschweig, BRD 

ZusiUIUilenlassuag-Angesichts der zunehmenden Bedeutung von Abschirmmaterial nied
riger Eigenaktivitat wurden einige Untersuchungen an Blei ausgefiihrt. Dabei sollten haupt
sachlich zwei Fragen geklart werden: 

1. Der Ursprung des nopb-Gehalts des handelsiiblichen Bleis. 
2. Die Moglichkeit, Blei niedriger Eigenaktivitat herzustellen. 

Im einzelnen wurden folgende MeBreihen durchgefiihrt: 
(a) Messung der ,8-Impulsrate gepreBter Erzkonzentratproben aus verschiedenen Landern 

und Untersuchung daraus hergestellter Metallschmelzen, 
(b) Laufende Messung an Werkbleiproben aus dem Schachtofen iiber einen Zeitraum von 

mehreren Wochen, 
(c) Messung von Bleiproben aus dem einzelnen Raffinationsstufen, 
(d) Untersuchung iiber den EinfluB von Bleischrott und Zuschlagstoffen. 
Die Ergebnisse zeigen, daB es prinzipiell moglich ist, durch Auswahl geeigneter Erzsorten Blei 
sehr geringer Eigenaktivitiit herzustellen. Bei handelsiiblichem Blei riihrt ein Teil der Aktivitiit 
von stets mitverhiittetem Bleischrott und anderen Zuschlagsstoffen her, so daB das Verhiittungs
verfahren eine ausschlaggebende Rolle spielen dtirfte. So wurden die giinstigsten Resultate bei 
schwedischem Elektroofenblei gefunden, obwohl das verhiittete Erz keine besonders geringe 
Eigenaktivitiit aufWies. AbschlieBend wird die an Bleiproben iiblich_erweise gemessene 
,8-Impulsrate mit der fiir die Praxis wichtigen y-Impulsrate einer Bleiabschirmung verglichen. 

In den letzten Jahren ist der Bedarf an Umgebungsstrahlung, die den groBten Beitrag 
MeBeinrichtungen zur Bestimmung sehr nied- zum Nulleffekt liefert, Blei besonders gut geeig
riger Aktivitaten sprunghaft angestiegen. Wah- net, sofern seine Eigenaktivitat vernachlassigbar 
rend sich die Anwendung derartiger Gerate klein ist. 
noch in den 50er Jahren im allgemeinen auf Schon seit langem ist allerdings bekannt, daB 
die Kernphysik und die Altersbestimmung bes- diese Voraussetzung im allgemeinen nicht er
chrankte, finden sich heute "low-level" -Zahler fiillt ist. AuBer den vier stabilen Bleiisotopen 
in zahlreichen Laboratorien, die sich z.B. mit kann das natiirliche Blei 210Pb-das RaD aus 
Strahlenschutz (Untersuchung der Umweltak- der 238U-Zerfallsreihe-enthalten. Die sehr 
tivitat), medizinischer Diagnostik, Hydrologie, weiche (:1- und y-Strahlung dieses Nuklids, tragt 
Biologie, Geologie oder Meteoritenkunde be- nur wenig zum Nulleffekt bei, umsomehr aber 
schaftigen. Die Weiterentwicklung der MeB- sein Folgeprodukt 210Bi (Ra-E, T1t8 = 5 d), 
technik konzentriert sich dabei vor allem auf dessen energiereiche (:1-Strahlung (I, I 7 MeV) im 
die Reduzierung des Nulleffektes, der im wesent- Blei Bremsstrahlung und charakteristische Rout
lichen von der kosmischen Strahlung, der genstrahlung erzeugt. Da die Halbwertszeit des 
U mgebungsstrahlung und der Eigenaktivitat 210Pb 22a betragt, hat man in den Fallen, 
der verwendeten Bauelemente des Detektors in denen nur relativ geringe Mengen zur Ab
und der Abschirmung abhi:ingt. Wegen seiner schirmung benotigt wurden, altes Blei verwen
hohen Dichte und Ordnungszahl sowie seines det, dessen 210Pb-Gehalt abgeklungen war. <1

• 
2 > 

giinstigen Preises ist · zur Abschirmung der Zeitweise stehen auch groBere Mengen aus 
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Bergungen gesunkener Segelschiffe zur Ver
fiigung. <3 l 

DaB man sich nicht nur auf das Alter allein 
verlassen kann, mogen indes Messungen zeigen, 
deren Ergebnisse in Tabelle 1 wiedergegeben 
sind. Aus dem Blei eines alten Daches wurde 
eine Scheibe von 50 mm 0 herausgedreht und 
in einem ,8-Antikoinzidenz-Zahler (Tracerlab 
CE-14, 2 "0) gemessen. 

Es zeigt sich deutlich, daB die Wetterseite eine 
Kontamination aufweist, die anscheinend durch 
910Pb-Anreicherung aus dem Niederschlag her
vorgerufen wurde. Nach dem Umschmelzen 
sorcnen Altble1es braucht deshalb, wie weitere 
Messungen gezeigt haben, die Aktivitat keines
wegs vernachlassigbar klein zu sein. Auf die 
gleiche Weise diirften auch die relativ hohen 
Eigenaktivitaten von Altblei zu erkliiren sein, 
die Grinberg und Le Gallic <4 l gefunden haben. 

Fur die Abschirmung groBerer Raume, wie 
sie z.B. fiir in vivo Untersuchungen am Men
schen erforderlich sind, werden heute meistens 
Stahlabschirmungen verwendet, die aus "Vor
Atomzeitalter-Stahl" hergestellt sind. Neuer 
Stahl ist mehr oder weniger durch Co-60 oder 
auch durch Ru-103 und Ru-106 <8 l kontaminiert, 
das aus Praparaten stammt, die zur Kontrolle 
des Abbrands in das Hochofenfutter eingebaut 
werden. Selbst Stahl aus Hochofen, deren Fut
ter keine radioaktiven Praparate enthalt, ist 
durch den verarbeiteten Schrott nicht frei von 
solchen radioaktiven Verunreinigungen. 

Da sowohl die Beschaffung von geniigend 
altern Blei (vor alh!m bei groBeren Mengen) 
als auch von Vorkriegsstahl mit Schwierigkeiten 
und z.T. auch erheblichen Kosten verbunden 
ist, haben wir die Eigenaktivitat von Blei 
systematisch untersucht und dabei die Frage 

gepriift, inwieweit es moglich ist, Blei mit 
niedriger Eigenaktivitat herzustellen. 

BLEIERZE UND ERZKONZENTRATE 

Aile oben zitierten Autoren beschranken sich, 
wie auch Paakkola und Steinert, <6 > auf die 
Untersuchung einzelner Metallproben bestimm
ter Lieferanten. Eigene Messungen hatten ge
zeigt, daB die Eigenaktivitat von Bleiproben 
desselben Herstellers sehr unterschiedlich sein 
kann. Dies ist nicht verwunderlich, wenn man 
bedenkt, daB von vielen Bleihiitten Erze sehr 
verschiedenen I Irsprungs verhiittet werden. Aus 
diesem Grunde erschien es notwendig, zunachst 
Untersuchungen an Bleierzen und Erzkonzen
traten vorzunehmen. Zu diesem Zweck wurden 
jeweils zwei pulverisierte reprasentative Proben 
des Materials, das vorwiegend als Erzkonzenr 
trat vorlag, mit etwas Wachs zu Scheiben von 
38 mm Durchmesser gepreBt. Die Dicke der 
Scheiben betrug mindestens 5 mm. Diese 
Scheiben wurden in dem bereits erwahnten 
Antikoinzidenzzahler gemessen. Der Durch
messer des Zahlrohrfensters betrug 2", seine 
Flachendichte 0,9 mgfcm 2

, der Nulleffekt lag 
zwischen 1,2 und 1,5 Imp/min und wurde 
laufend kontrolliert. Fur jedes Material lagen 
Analysenwerte fiir Ph, Bi, Au, Cu, As, Zn, Sb, 
Si0 2, Fe, S und Ag vor. Die gemessenen Im
pulsraten wurden auf 100% normiert. Diese 
W erte sind in Tabelle 2 zusammengestellt. 

Aus Tabelle 2 ergibt sich, daB die marokkani
schen Erzkonzentrate Alzi und Ain Arkos eine 
relativ hohe, die peruanischen Erzkonzentrate 
Palca, Venturosa und Santa Rita eine relativ 
niedrige Eigenaktivitat aufweisen. Die Aktivitat 
eines in Tabelle 2 nicht aufgefiihrten nigeriani
schen Erzes lag unter der Nachweisgrenze. 

Tabelle 1. Oberfliichenkontamination zweier Bleiblechproben von einem alten Dach 

ImpulsrateJFliiche 

Bezeichnung 
min-1fdm3 

der 
Wetterseite Ruckseite 

nach Oberfliichen-
Proben bearbeitung 

Nr. 6 43 7,1 1,0 
Nr. 8 45 6,1 <1 
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Tabelle 2. Auf die Fliiche bezogene Impulsraten von gepreflten Erz- und Erzkonzentrat
proben aus verschiedenen Liindern; die angegebenen W erte sind auf einen Bleigehalt von 

100% normiert 

Material Bezeichnung IrnpulsratefFlache (min-tjdrn2) 
Nr. 

Probe I Probe 2 

Peru 
671 Pa1ca 5,3 7,1 

1030 - 89 87 
1424 Santa Rita 9.7 11,5 
880 Raura 86 78 

51 Milpo 64 63 
673 Huarnpar 19 21 

19 Rio Pallanga 71 71 
1504 Venturosa 4,4 7,1 

20 Condororna 55 51 
599 -· 68 78 

Marokko 
377 -· 25 27 

1571 Alzi 293 255 
1572 Ain Arkos 242 248 
236 Aouli 28 29 

Schweden 
33 Vassbo 12 II 

1550 Stora Kopparberg 78 84 
34 Saxberget 59 59 
35 Stoll berg 30 35 

340 Garpenberg 89 86 
Bolivien 

164 -• 138 155 
Deutschland 

I Boll erich 65 -
2 EB Grund 19 -

3 Rammelsberg 30 -
Polen Durchschnittsproben 13 14 

* Bei diesen Proben handelt es sich urn Erze, bei allen anderen urn Konzentrate. 

Der Faktor zwischen den Extremwerten der 
Tabelle 2 ist > 50. Eine Korrelation zwischen 
der Eigenaktivitat und bestimmten Spurenele
menten, fur die Analysenwerte vorlagen, konnte 
nicht festgestellt werden. Von der Sorte Palca 
wurden darilber hinaus verschiedene Lieferun
gen aus den Jahren 1964 und 1965 untersucht: 
von sieben Lieferungen zeigten sechs Nettoim
pulsraten von weniger als 0,5 min - 1/dm 2 ; 

lediglich · bei einer betrug die Nettoimpulsrate 

76 min - 1(dm 2• Hierbei liegt der Verdacht 
nahe, daB es sich urn eine falsche Lieferangabe 
handelt, was nach Auskunft des Hilttenwerkes 
nicht ausgeschlossen ist. 

LABORATORIUMSSCHMELZEN 

Von einigen der in Tabelle 2 aufgefilhrten 
Erzkonzentraten wurden im Hiittenlaborato
rium metallische Schmelzen hergestellt und 
daraus etwa 3 mm dicke Scheiben von 50 mm 
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Durchmesser gedreht. Diese Scheiben wurden 
ebenfalls im Antikoinzidenzzahler gemessen. 
Aus den in Tabelle 3 zusammengestellten Ergeb
nissen ist ersichtlich, daB die auf die Flachenein
heit bezogenen Impulsraten nur jeweils 10 his 
20% der an den Erzproben gemessenen be
tragen. Der groBte Teil der im Erz enthaltenen 
radioaktiven Verunreinigungen wird demnach 
von der Schlacke aufgenommen. 

Radiochemische Analysen an einigen Metall
proben besUi.tigen, daB in iiberwiegendem MaBe 
210Pb und seine Folgeprodukte fUr die Eigen
aktivitat verantwortlich sind (l-a) und ergaben 

einen Umrechnungsfaktor von 0,2 (pCi/g)/ 
(min - 1jdm 2) ± 25% fUr die Bestimmung der 
spezifischen Aktivitat aus der auf die Flachen
einheit bezo~enen Impulsrate. 

PROBEN AUS DEM HtiTTENwERK 
(SCHACHTOFENVERFAHREN) 

Die Untersuchung von Laboratoriumsschmel
zen hat gezeigt, daB es durchaus moglich ist, 
bei Auswahl geeigneter Erzsorten Blei mit der 
gewiinschten niedrigen Eigenaktivitat herzu
stellen. Technologisch treten in dieser Hinsicht 
jedoch einige Schwierigkeiten auf. Deshalb 
wurde zunachst die Moglichkeit gepriift, inwie
weit man durch laufende Analyse des Werk
bleis aus dem Schachtofen geeignete Chargen 
auswahlen kann. Abb. I zeigt die tiber einem 
Zeitraum von mehreren Wochen an Proben 
aus dem Schachtofen gemessenen Impulsraten. 

Die laufende Registrierung zeigt, daB von 
eihem Tag zum anderen erhebliche Schwan
kungen auftreten konnen, deren Ursachen bisher 
nicht geklart sind, da sie von zu vielen Faktoren 

abhangen konnen. Aus der Haufigkeitsvertei
lung ergibt sich eine mittlere Impulsrate von 
16 min - 1/dm 2• 76% der Proben weisen eine 
Impulsrate zwischen 10 und 20 min - 1jdm 2 auf. 
Die Eigenaktivitat ist also um eine GroBen
ordnung hoher als die ausgesuchter Labor
schmelzen. Im Verlauf der Weiterverarbeitung 
(Entkupferung, Antimon-Raffination, Entsil
berung und Entzinkung) zeigten sich .keine 
signifikanten Anderungen der Eigenaktivitat 
mehr, weshalb auf die Tabellierung der 
Ergebnisse von drei MeBreihen an die~er 

Stelle verzichtet werden kann. Im Gegen
satz hierzu fanden Grinberg und Le Gallic <4 > 

nach der Antimon-Raffination eine starke 
Reduzierung der. Eigenaktivitat. Sofern ihre 
Messungen kurze Zeit nach der Raffination 
vorgenommen wurden, lieBe sich dieser Effekt 
durch die Mitabtrennung des noBi erklaren, 
das sich chemisch ahnlich wie Antimon verhiilt. 
(Unsere Proben wurden zu einem Zeitpunkt 
gemessen, nachdem sich 210Bi im Gleichgewicht 
mit 210Pb befinden muBte.) 

Bei der Auswertung der am Schachtofenblei 
erhaltenen MeBergebnisse (Abb. 1) fallt die 
relativ hohe maximale Impulsrate von 36 
min - 1/dm 2 auf. Die an der Laboratoriums
schmelze "Ain Arkos" (nach Tabelle 1 eines 
der Erzkonzentrate mit sehr hoher Aktivitat) 
gemessene Impulsrate betrug dagegen nur 24 
min - 1jdm2• Die Aktivitat des Schachtofenbleis 
kann demnach nicht allein a us den verarbeiteten 
Erzkonzentraten stammen. Wir haben deshalb 
je I 0 Einzelproben von Akkumulatoren- und 
sonstigem Bleischrott, der den Erzkonzentraten 
zugemischt wird, sowie eine groBere Anzahl 

Tabelle 3. Vergleich zwischen der Eigenaktivitiit verschiedener Erzproben und daraus erschmolzener 
Metallproben 

Impulsrate/Fliiche (min-1/dm 2) 

Probe Nr. Erzkonzentrat* Laborschmelze Hiittenschmelze 

Vassbo 33 12 2,1 -

Palca 671 6,2 0,5 4,5 
Venturosa 1504 5,8 0,5 -
Ain Arkos 1572 245 24 -
Polen - 14 1,3 -

* Impulsrate auf 100% Pb-Gehalt normiert. 
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Crude lead samples from the shaft furnace 
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ABB. 1. An Werkbleiproben gemessene Impulsraten, auf der Abszisse ist das Datum der 
Entnahme aus dem Schachtofen aufgetragen. 

von Proben verschiedener Zuschlagsstoffe unter
sucht und die gemessenen Impulsraten in Ta
belle 4 zusammengestellt. Die Proben lagen a1s 
gegossene bzw. gepreBte Scheiben vor. 

Die vorstehenden MeBergebnisse sollen ledig
lich zeigen, daB vor allem durch Schrottblei die 
Eigenaktivitat des Hiittenbleis nicht unwesent
lich erhoht werden kann. Fur die an den Zu
schlagsstoffen gemessenen lmpulsraten konnen 
neben den 288U-Folgeprodukten auch 40K und 
die 288Th-Folgeprodukte verantwortlich sein. 
Da eine quantitative Untersuchung wegen des 
haufigen Wechsels der Erzsorten bei kontinuicr
lichem Betrieb und der damit verbundenen 

Mischvorgange im Schachtofen kaum moglich 
erscheint, wurde aufweitereAnalysen verzichtet. 

SchlieBlich sollte noch erwahnt werden, daB 
das als Nebenprodukt in der Zinkhutte gewon
nene Blei eine besonders hohe EigenaktiviUit 
aufwies. An zwei Proben aus dem Seigerofen 
der Feinzink-Anlage wurde eine Impulsrate von 
280 bzw. 340 min - 1/dm 2 gemessen. 

PROBEN AUS ANDEREN 

VERHti'rruNGSVERFAHREN 

Ahnliche Ergebnisse zeigten Messungen an 
Durchschnitts-Proben aus zwei anderen deu
tschen Bleihutten. In heiden Fallen war die 

Tahelle 4. Atif die Fliiche bezogene Impulsraten von Bleischrott und verschiedenen 
Zuschlagsstoffen 

Material 

Akkublei 
sonstiger Bleischrott 
Eisenkonzentrate 
Kupfereisenstein 
Kalksteingrus 
Sand 
Schlacken-Granalien 
Koks 

Probenanzahl 

10 
10 
3 
7 
9 

2 
8 
2 

Impulsrate/Flache 
min-1/dm2 

57 his 140 
40 his 110 

120 his 170 
28 his 38 
46 his 66 
50 und 61 
97 his I 10 
37 und 46 
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Eigenaktivitat des Huttenbleis im Vergleich zur 
Aktivitat der verarbeiteten Erzkonzentrate uner
wartet hoch. Auch ein V ersuch, a us dem 
aktivitatsarmen Erzkonzentrat "Palca" in einem 
kleinen Huttenofen nach dem Tarnowitzv
erfahren ein reines Erzblei zu gewinnen, fuhrte 
nicht zu dem erwarteten Ergebnis (siehe Ta
belle 3, Spalte 5). Die Aktivitat dieser Sonder
schmelze war urn eine GroBenordnung hoher 
als die der entsprechenden Laborschmelze. So 
lag es dann nahe, nach einem saubereren Ver
fahren zu suchen, wozu sich die in Nordschwe
den ubliche Verhuttung im Elektroofen <6 > 

anbot. Bereits 1962 hatten wir an einer schwe
dischen Bleiprobe eine Impulsrate von 2,6 
min - 1 jdm 2 gemessen. Auch Proben a us den 
folgenden J ahren zeigten ahnlich niedrige 
Werte. Die Impulsraten von 5 Proben einer 
Charge "B 65" lagen zwischen 1,4 und 2,4 
min - 1jdm 2 • Vergleicht man hiermit die auf 

100% Pb-Gehalt normierte Impulsrate einer 
Probe des zugehorigen Erzkonzentrats "Laisvall 
1965" mit 40 min - 1 jdm 2 so erkennt man, daB 
das andersartige Verhuttungsverfahren offenbar 
der Grund fUr die hinsichtlich der Eigenaktivi
tat gute Qualitat dieses Bleis sein muB.* Ander
erseits durfte nach Tabelle 2 eine weitere 
Reduzierung der Eigenaktivitat zu erreichen 
sein, wenn das Erzkonzentrat der Grube Vassbo 
(12 min - 1jdm 2

) nach diesem Verfahren verar
beitet wurde. 

PRAKTISCHE AUSWIRKUNGEN 

Absch1iel3end soll noch kurz die Frage be
handelt werden, welche Anforderungen hin
sichtlich der Eigenaktivitat einer Bleiabschir
mung fUr empfindliche Strahlungsdetektoren 
gestellt werden mussen. In Abb. 2 sind zwei 
~ulleffekts-Spektren eines Szintillationszahlers 
mit einem NaJ(Tl)-Bohrloch-Kristall (Durch
messer 10 em, Hohe 10 em, mit 5 em dickem 
NaJ-Absorberlichtleiter) wiedergegeben. Im 
Inneren eines 15 em dicken Eisengehausest 
befindet sich noch eine 4 mm dicke zylindrische 

* Wie wir inzwischen erfahren haben, werden 

auBer 10% Ka1kstein und 1% Koks keine anderen 
Stoffe, insbesondere auch kein B1eischrott dem 
Bleikonzen trat zugesetzt <7 ). 

t hergestellt aus handelsi.iblichem Flachstahl, der 
geringfi.igig mit 6°Co kontaminiert ist. 
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ABB. 2. oben: Nulleffekt eines Szintillations

spektrometers, Kristall: NaJ(Tl) 4" 0 X 4"; 

Abschirmung 15 em Stahl + 4 mm Blei; 
B-Impulsrate des Bleis: ausgezogene Kurve 
52 min-1(dm 2 , gestrichelte Kurve4,5 min-1(dm 2 

unten: Durch Differenzbildung ergibt sich im 

wesentlichen das Spektrum der Eigenstrahlung 
der Abschirmung mit der hoheren ·Eigen-

aktivitat. 

Bleiabschirmung (Durchmesser etwa 11 em, 
Hohe 20 em), die in einem Fall aus handel
sublichem Blei mittlerer Eigenaktivitat ( 10 pCi/ 
g), im anderen Fall aus einer Sonderschmelze 
des peruanischen Erzkonzentrats. "Palca" (0,9 

pCifg) hergestellt war. 
Die Wahl des aktivitatsarmen Bleis hat eine 

Reduzierung des )Julleffekts in den Energie
bereichen 60-105 keV, 40-500 keV und 

40-960 keV auf 31%, 45% bzw. 56% bei 
der vorliegenden Anordnung zur Folge. Die 
auf die Flache bezogene ;3-Impulsrate des 
Palca-Bleis ist in Tabelle 3 mit 4,5 min - 1 jdm 2 
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angegeben. Dieser Wert, der einer spezifischen 
Aktivitat von etwa 1 pCifg entspricht, sollte bei 
Bleiabschirmungen fiir empfindliche Detektoren 
keinesfalls iiberschritten werden. 

Das in Abb. 2 auBerdem dargestellte Dif
ferenz-Spektrum, das naherungsweise als das 
Spektrum der Eigenstrahlung des handelsiib
lichen Bleis mittlerer Aktivitat angesehen wer
den kann, stimmt gut mit dem von R.I. Weller 
und Mitarbeitern <3 > erstmals veroffentlichten 
iiberein und zeigt dariiber hinaus die 47 keV-y
Strahlung des 210Pb. 

Zum SchluB danke ich den Herren Hiitten
direktoren Knackstedt, Goslar und Schiine
mann, Nordenham sowie Herrn Professor Feiser, 
Oker und Herrn Dr. Kraume, Goslar fiir anre
gende Diskussionen. Besonderen Dank schulde 
ich Herrn Dr. Siegert, Nordenham, der wesent
lichen Anteil am Zustandekommen dieser Arbeit 

I.R.P. VOL. 11-U 

hatte und dazu weit iiber 100 Proben zur Ver
fiigung stellte. 
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MONITORING FOR LEAD CONTAMINATION 

R.I. WELLER 

Department of Physics, Franklin and Marshall College, Lancaster, 
Pennsylvania, U.S.A. 

Abstract-One of the first accomplishments of the Sub-committee on Low-Level Contamina
tion of Materials and Reagents of the National Research Council, National Academy of 
Sciences, has been a study of the radioactive contamination of commercial lead. Twelve lead 
samples, ten from current commercial production and two "aged" specimens, showed a wide 
range of contamination levels. Yet, several of the commercial samples were comparable to the 
best aged leads available for low-level gamma shielding. The contaminant was identified as 
210Pb. Good correlation was observed in the measurements at three laboratories. The radio
active contamination in lead is caused by 210Pb which occurs in lead derived from ores geo
logically associated with uranium. Since the decay products have a high ratio of alpha to 
gamma radiation and since alpha counting is considerably less complex than gamma counting, 
the alpha technique is definitely indicated. 210Pb concentrations of 1 to 100 pCijg could be 
measured by means of the 110Po daughter. Therefore, lead samples may be monitored by alpha 
counting. A similar rationale is applicable to the beta radiation from 210Pb and its daughters. 
Therefore, beta counting must be considered as an alternate possible monitoring technique. 
Commercially available alpha and beta counters and techniques have been investigated to 
determine which of these would be applicable to a monitoring system, what counting times 
are required and what methods are most suitable. Apparatus on hand has been tested, and 
some apparatus was borrowed and purchased for evaluation. The results indicate that standard 
commercial equipment will provide adequate monitoring for lead contamination and so make 
practical the supply and acquisition of very-low activity lead. 

*Research sponsored by the U.S. Atomic Energy Commission. 

1393 



DISCUSSION 

F. DuHAMEL (France): 

La Commission dont vous avez parle et qui est 
chargee d'etudier la pollution du Rhin a-t-elle la 
possibilite de s'adjoindre un representant d'un pays 
fortement interesse ala pollution du Rhin et qui n'est 
pas membre de !'Euratom? 

P.R.EcHT: 

Rienne s'oppose ace qu'un representant d'un autre 
pays que !'Euratom puisse participer aux travaux et 
a l'etude. D'ailleurs, des le debut des etudes, les 
autorites suisses ont ete informees et certaines opera
tions de prelevement et de mesures ont ete accomplies 
en etroite collaboration avec la Suisse. 

H. jACOBS (Germa'!)l): 

Herr Dr. Maushart, Sie wiesen hin auf die Be
deutung der organischen Bestandteile im Schlamm in 
Bezug auf die Anlagerung der von Ihnen unter
suchten Nuklide. Gibt es Korrelationen zwischen 
den Verteilungskoeffizienten und den Vegetations
perioden. 

R. MAusHART (Germany): 

Wir haben einen J ahresgang des Verteilungsko
effizienten beobachtet. Ob er charakteristisch ist, 
liisst sich jedoch mit Sicherheit erst auf Grund von 
Messungen sagen, die sich tiber mehre Jahre 
erstrecken. 

G. BAGLIANO (Italy): 

Pourriez-vous nous donner une idee sur la dis
persion des resultats que vous avez obtenus? 

P. KAYSER: 

i..a dispersion des resultats de tous les points de 
prelevement du bassin du Rhin etait assez faible. En 
d'autres termes, les variations des resultats dans le 
temps, pour un meme point de prelevement, etaient 
du meme ordre de grandeur que les variations dans 
l'espace. · 

Ch. TRITREMMEL (Austria): 

durchgeftihrt. Dabei wurde eine wesentlich unter
schiedliche Ablagerung von Radionukliden im 
Schlamm vom normalen Flussboden und vom Boden 
im Bereich von Wehranlagen gefunden. Besonders 
war dies beim Radionuklid Cs137 der Fall. 

Frage: Wurden bei den Untersuchungen im Rhein 
auch Schliimme im Bereich von Wehranlagen unter
sucht und unterschiedliche Ablagerungsmengen von 
Radionukliden festgestellt? 

P. KAYSER: 

Les resultats des mesures ont montre que les acti
vites etaient generalement plus elevees en amont des 
barrages, bien que du point de vue sanitaire ces 
differences fussent peu significatives. 

P. M. BIRD (Canada): 

Could Mr. Terrill give us any indication of the cost 
per quart if this process is applied to smaller volumes 
than indicated in his presentation? 

J. G. TERRILL: 

It is our current belief that within the range of sizes 
that we are studying, namely, from 10,000 lb. to 
100,000 per 8-hr day, that the cost would not vary 
greatly per unit weight of milk. However, if the plants 
would be much smaller, we believe it would be more 
expensive to maintain the equipment in working 
order with the type of technical help required for its 
proper operation. We would not expect the cost to 
decrease greatly per unit weight of milk for larger 
plants because much of the cost is related to the 
materials used in the regeneration processes. 

P. SPAANDER (Netherlands): 

I should like to ask two questions: 
I. How did you succeed in keeping the calcium in 

the milk while removing the strontium from it? 
2. How can it be explained that there were coli

form organisms in the milk after pasteurization and 
after treating in such an excellent installation as you 
described? 

J. G. TERRILL: 

Im Reaktorzentrum Seibersdorf in Osterreich I. For the pH which removes a maximum amount 
wurden ebenfalls Schlammuntersuchurigen im Vor- ofstrontium-90 consistent with maintenance of milk 
fluter in Zusammenarbeit mit der IAEA-Wien in its normal form, it was necessary to develop a 
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regeneration solution which would assure an equili
brium with respect to the major milk cations. The 
factors affecting the optimum composition and a 
procedure for selecting the relative proportion of each 
salt are given in A. R. Landgrebe, L. F. Edmonson, 
and F. W. Douglas, Jr.: "Optimum Ration of 
Cations on Nuclear Sulfuric Acid Resin for Minimum 
Change in Composition of Resin-Treated Milk", 
Journal of Dairy Science (March 1963); and A. R. Land
grebe, L. F. Edmonson, and F. W. Douglas, Jr.: "The 
determination of the Apparent Equilibrium Constants 
of the Exchange Reactions of Sodium, Potassium, 
Calcium, and Magnesium with Amberlite IR-120", 
Journal of Agricultural and Food Chemistry 11 (March 
1963). 

2. Pasteurized milk with or without strontium 
removal treatment is milk from which the pathogens 
have been removed. Normal pasteurized milk in the 
United States still may contain E. coli and other non
pathogenic bacteria up to the levels indicated for the 
grades indicated as quoted from the Milk Ordinance 
and Code of the Public Health Service: "In all cases 
the milk shallshowefficientpasteurizationasevidenced 
by satisfactory phosphatase test, and at no time after 
pasteurization and before delivery shall the milk have 
a bacterial plate count exceeding 30,000 per milli
liter, or a coliform count exceeding 10 per milliliter, 
as determined in accordance with section 6: Provided, 
that the raw milk at no time between dumping and 
pasteurization shall have bacterial plate count or 
direct microscopic clump count exceeding 400,000 
per milliliter". 

j. SHAPIRO (U.S.A.): 

Do you have any hot particle problems from this 
cratering experiment; i.e. particles that could produce 
injury if inhaled or retained on the skin? 

R. L. KATHREN: 

There should be no internal hazard created by the 
release of "hot" particles. I would expect such 
particles to be relatively large and therefore well 
above the respirable range; moreover, if any, these 
would tend to settle rapidly and close to or within the 
crater. Normal health physics practice on re-entry is 
adequate. 

Y. FEIGE (Israel): 

Did you consider depth distribution of fall-out in 
the ground, or assume a surface plane source? 

R. L. FRENCH: 

If I understand your question, the answer would be 
that we assumed the ground surface to be perfectly 
smooth. we did not consider ground roughness 
effects. 

D. BLANC (France): 

Le sujet me semble extr~mement important, et je 
regrette vivement le manque de temps. J e voudrais 
poser deux questions: 

I. Quels radio-elements ant ete utilises dans ces 
mesures? 

2. QueUe a ete la duree des mesures, et quelle 
valeur statistique possedent-elles? 

NGUYEN BA CuoNo: 

Nous avons etudie la radio-activite de l'eau de 
pluie: 

- en {3 totale en France 
- et en Sr90 aux Etats-Unis 

pendant les periodes suivantes: 
- pour la France: 

de Mars 1962 a Mai 1963 
de Jan vier 1964 a J uin 1965 

-pour les Etats-Unis: 
de Septembre 1961 a Aout 1963 
de Septembre 1963 ajuin 1965 

K. ZARNoWIEcKI (Poland) : 

Haben Sie Aktivitii.tsdifferenzen im Blei ver
schiedener Reinheitsgrade bemerkt? 

W. KoLB (Gennarv>): 

Wir haben Hti.ttenweichblei, Feinblei und andere 
handelsiibliche Qualitiiten aus verschiedenen Hiitten 
untersucht und keine Abhii.ngigkeit der Aktivitii.t vom 
Reinheitsgrad gefunden. Dies ist auch nicht anders 
zu erwarten, solange fiir die Aktivitat uberwiegend 
ein Bleiisotop verantwortlich ist. 



THE 1965 RECOMMENDATIONS OF ICRP 

F.D.SOWBY 

International Commission on Radiological Protection, 
Sutton, Surrey, U.K. (ICRP) 

Abstract-In 1965 the ICRP adopted the text of an entirely revised edition of its basic 
recommendations; this has recently been published as ICRP Publication 9. * The new recom
mendations are intended to replace those published in 1959, which were amended and revised 
in 1962. While the new publication results from an extensive review that the Commission has 
been carrying out during the past three years, most of the basic principles previously formu
lated by the Commission remain essentially unchanged; the new recommendations are intended 
as a clarification of the fundamental bases of radiation protection. Some of the more important 
modifications that have been introduced will be discussed, including the following: the concept 
of the dose limit (or maximum permissible dose) in relation to an acceptable risk; the distinction 
between dose limits for controlled situations and action levels for unforeseen and unplanned 
conditions; new emphasis on a year as the period over which the dose limit is assessed; the 
new recommendation for the raising of the amount permitted in a quarter of a year to one-half 
of the annual limit; doses to be permitted for planned special exposures; dose limits for members 
of the public, and the concept of the critical group; accidental and emergency exposure of 
radiation workers and of the public; categories of exposure-adults exposed in the course of 
their work, and members of the public. 

*Recommendations of the International Commission on Radiological Protection. ICRP Publication 9, 
Pergamon Press ( 1966). 
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A QUANTITATIVE ESTIMATION OF THE HAZARDS 

INVOLVED IN WORK WITH RADIONUCLIDES 

TB. FRANKE, G. HERRMANN and W. HUNZINGER 

Health and Safety Division, 
European Company for the Chemical Processing of 

Irradiated Fuels (Eurochemic), Mol, Belgium 

Abstract-The damage caused to the critical organ by accidentally incorporated radio
nuclides is taken as a quantitative measure of the hazard associated with those radionuclides. 
If the damage itself is assumed to be proportional to the dose equivalent, then the hazard is the 
product of: (1) the total amount of radioactivity handled, (2) the dose equivalent to the 
critical organ after a single intake of one unit of radioactivity and (3) the incorporated fraction 
of the total activity handled. 

The ficit two factors require no particular discussion. For the third factor it is assumed that 
the accidental intake is by inhalation. Because a derivation of a quantitative figure for this 
factor is not possible, a statistical investigation of accidents that have already occurred has been 
started. The accidental inhalations have been classified according to different characteristics 
of the operations: type of ventilation, physical state, temperature, etc; The preliminary results 
show that it is possible to obtain average figures for the inhaled fraction of the total activity 
handled during specified operations. The figures lie almost within one order of magnitude and 
are independent of the type of accident. The knowledge of these figures permits either the 
hazard or the maximum permissible quantities of radioactive material to be handled to be 
derived quantitatively. 

INTRODUCTION information required, is greatly discouraging. 
Everybody handling radioactive material, Two publications, one by Duhamel et al. <8 > and 

particularly unsealed sources, is interested in one by Morgan et al. <4 > however, define a hazard 
knowing the risk involved in an operation. The figure and calculate it for all radionuclides. With 
Health Physicist who is asked for advice is the aid of these figures the hazard involved in a 
given the task of somehow correlating all cir- particular operation can be deduced relative to 
cumstances of the operation with the possibility the hazard in a similar operation employing a 
of injuring, disabling or shortening the life of different amount of another nuclide. It is evi
the operator. His advice should be in practical dent that these tables of the relative hazard of 
terms, for instance by stating an upper limit radionuclides solve the problem only partly. 
of activity to be handled during a specified Apparently, the most advanced solution is 
operation, or by recommending that the pro- given by the International Atomic Energy 
cedure should be carried out in a glove box Agency (IAEA), <5> recommending maximum 
instead of a fume cupboard, or by recommend- activities of radionuclides to be handled in dif
ing that respirators should be worn, and so on. ferent types of laboratories, subdividing all 

Well-known figures for maximum permissible radionuclides into four classes of radiotoxicity, 
concentrations or body burdens, <1> for radio- and differentiating between five types of opera
toxicity classes, <2> for permissible dose equiva- tion. Considering for instance the maximum 
lents, etc. might greatly encourage the Health permissible concentrations of all radionuclides 
Physicist in his attempt to solve this problem. in air, which cover a range of8 orders ofmagni
But in fact, the tide of figures, proposals, and tude, it is surprising to see that, according to the 
recommendations, which do not give all the IAEA, the maximum recommended amount of a 
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slightly radiotoxic nuclide to be handled in a 
particular laboratory is only 1000 times more 
than the maximum recommended amount of a 
very highly radiotoxic nuclide. The scale of 
toxicity is not as wide as the range of maximum 
permissible concentrations in air or of body 
burdens. 

DEFINITION OF THE HAZARD 

Generally speaking, the hazard resulting from 
work with radioactive material can be con
sidered in two different ways: first, the hazard 
resulting from exposure to radiation during the 
normal course of the operation, and secondly, 
the hazard resulting from an accidental expo
sure if the operation does not follow its expected 
course. An efficient service of Applied Health 
Physics ensures that during normal operation 
neither the external nor the internal radiation 
exposure of an operator will exceed the permis
sible levels, and therefore that the dose equiva
lent received will "carry, in the light of present 
knowledge, a negligible probability of severe 
somatic or genetic injuries". <1> The usual radia
tion dosimetry and survey provide sufficient 
data for any corrective action necessary if there 
is unexpectedly high exposure during normal 
operation. 

Accidental exposures, however, should also 
be considered in such a way that all necessary 
measures are taken in advance to keep the 
hazard within limits. We restrict the meaning 
of the word "hazard" to the probability of 
injury to the operator if an accident happens 
and, in this paper, to the somatic and genetic 
injury resulting from accidental internal expo
sure to radioactive materials. We do not intend 
"hazard" to mean the probability of an accident 
happening. In this connection, however, it is 
important to consider the average number of 
accidents that an operator will experience during 
his life. Over many years of operation of nuclear 
establishments in the United States, <6 > Austra
lia <7> and Sweden <8> the accident frequency is 
no higher than 2 incidents involving radiation 
or radioactive materials per million working 
hours. Comparing this figure with the approxi
mately 0.1 million hours worked by an operator 
during his life, it follows that only every fifth 
radiation worker has a chance of being involved 
in an incident, and that the probability of a 

radiation worker having two work accidents is 
negligible. For the purpose of calculating maxi
mum amounts of radioactive material to be 
handled, one can therefore adopt an exposure 
of 25 rem as acceptable in any accident. <1> 

Evaluation of the hazard should be based on 
the largest hazard associated with operations 
involving radioactive materials, i.e. the hazard 
from a single intake by inhalation. In fact, most 
accidental exposures reported so far have been 
due to inhalation of airborne radioactive mate
rial. Other accidental incorporations of radio
active material, such as those through wounds, 
will be considered in a later paper according to 
the same principles as those applied to acci
dental inhalations. Provided that the amount 
of the radionuclide accidentally inhaled and 
its chemical and physical fonri are known, the 
dose equivalent to the critical organ can be 
derived at once. For instance, it can be taken 
directly from the tables published by Dolphin 
et al., <9 > who calculated the dose equivalents 
delivered to the critical organs during· 50 years 
after a single intake. 

Derivation of the dose equivalent to the criti
cal organ as a result of an accidental inhalation 
is most important, because it gives a direct 
measure, in terms of rem, of the consequences 
of the accident as far as internal radiation expo
sure is concerned, and hence gives a direct mea
sure of the hazard. Thus, this figure for the 
hazard has a meaning, which is easily defined. 
It has a unit and a dimension. It follows that 
the hazard from a particular operation with 
radionuclides is the product of three factors: 

-tota.l amount of activity handled (Ci), 
-dose equivalent to the critical organ after 

a single intake of a unit of activity (remJCi), 
-inhaled fraction of total activity handled, 

1FT AH (dimensionless). 

The last of the three factors, that fraction of the 
total activity handled which is finally inhaled 
accidentally, is obviously the most difficult one 
to assess. 

INHALED FRACTION OF THE TOTAL 

ACTIVITY HANDLED 

In general, the inhaled fraction of the total 
activity handled depends on a great number 
of circumstances which can be called the 
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characteristics of an operation. These charac
teristics of an operation include: 

-the fraction of radioactive material present 
which becomes accidentally airborne, 

-the volume of breathing air polluted acci
dentally, and the extent of the pollution, 

-the ventilation rate of the area where the 
accident occurs, 

-the length of exposure of the operator 
affected, and, 

-the effectiveness of any protective mea
sures, such as respirators worn at the time 
of the accident. 

The knowledge of these factors together with 
the breathing rate of the operator is sufficient 
for a figure to be derived quantitatively for the 
inhaled fraction of total activity handled during 
the operation under consideration. 

The last three factors just mentioned-venti
lation rate, length of exposure, and filter effi
ciency-are assessed, or assumed, in a quite 
straightforward way. The first two factors, 
however, depend on a great number of circum
stances, including dilution of the activity 
handled with inactive material, chemical form 
and physical properties of the radioactive com
pound, temperature, and so on, all of which 
can be defined for any particular operation. In 
addition, the type of accident, which is by defini
tion unpredictable, might substantially influence 
the magnitude of the first two factors. An ex
plosion or other violent reaction accompanied 
by the production of large volumes of gases 
might well lead to a heavier air pollution than 
even a large spill. 

By carefully considering all these parameters 
and trying to make no unjustified assumptions, 
it has not been possible to derive quantitatively 
a figure for the inhaled fraction of the activity 
handled, even for the most simple operation 
imaginable. 

Therefore, a statistical investigation of acci
dents which occurred in laboratories and which 
resulted in detectable amounts of radionuclides 
being inhaled has been started. From these 
accidental inhalations, the inhaled fraction of 
the total activity handled has been classified 
according to combinations of two out of six 
characteristics of the operation which led to the 
accident. Concerning the containment, a dis-

tinction has been made between glove boxes, 
ventilated areas, and areas not artificially ven
tilated. Concerning the physical form of the 
radionuclide present, the distinction is only 
between solid material and aqueous solutions, 
both at ambient temperature. A last characteris
tic is given by elevated temperatures like those 
involved in distillations, brazing, etc. The pre
liminary results from 16 cases are shown in 
Table 1. 

From this table, only rough quantitative 
conclusions can be drawn about the order of 
magnitude of the inhaled fraction of radio
nuclides. It is to be hoped that more accidents 
which have already happened will be reported 
in sufficient detail for them to contribute to the 
statistics. When more cases are known the 
types of operation distinguished in the table 
might, of course, be classified in more detail. 
For instance, operations in ventilated areas 
could be subdivided into those carried out on 
laboratory benches and those carried out in 
fume cupboards; the ventilation rates of these 
two working places normally differ by two orders 
of magnitude. A special type of operation in
volving inflammable material might also be 
included, and so forth, if it appears that the 
results of accidents warrant the distinction. 

CONCLUSIONS 

There is only one conclusion one can draw 
from the present figures, that this approach to 
hazard evaluation looks encouraging. We be
lieve that in continuing to collect the relevant 
data of accidents which have occurred in radia
tion laboratories, and to classify them as in the 
above table but with much more closely defined 
conditions, one would arrive at an average figure 
for the inhaled fraction for each closely defined 
type of operation. It should be noted that this 
average figure will be independent of the type 
of accident, and will have a variance. This 
variance will·depend on the relative frequency 
with which the different types of accidents 
have happened during operations in these closely 
defined conditions and on their consequences. 
Predictions based on these results cannot apply 
to operations widely different from those covered 
by the statistics, even though they may come 
within the specified conditions. 

The practical use of these figures can be best 
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Table 1. Inhaled Fraction of Total Activiry Handled (1FT AH) for Accidents Involving some 
Types of Operation 

Glove boxes 
Ventilated Non-vent. 

areas areas 

Solid compound 1 X 10-7 (1)* 3 X I0-8 (3) 7 X I0-7 (7) 

Ambient temp. 1 X 10:-8 (2) 2 X I0-7 (4) 2 X 10-6 (20) 
4 X I0-7 (5) 
2 X I0-7 (15) 
1 X 1Q-6 (19) 

Aqueous sol. 5 X I0-7 (6) 
Ambient temp. 4 X I0-7 (8) 

2 X 10-a (9) 

Elevated 7 X 10-6 (10) 
temperatures 1 X I0- 5 (11) 

3 X 10-6 (12) 
2 X w-• (13) 
1 X I0- 5 (16) 

*Numbers in brackets denote number of accident (see appendix). 

explained by an example. Assume that the 
statistics yield a figure of (1 ± 0.5) X I0-7 for 
the inhaled fraction in accidents during opera
tions involving aqueous solutions at ambient 
temperature in a ventilated area. Assume fur
ther that such an operation is carried out with 
10 mCi of 80Sr, for which the dose equivalent 
to the critical organ has a value of 3.8 X 107 

rem/Ci. Multiplying these three figures, as 
explained above, yields a hazard for this opera
tion of 

H = (4 ± 2) x 10-a rem 

This figure means that as a result of any 
accident during an operation in these conditions 
the operator's skeleton would probably receive 
a dose equivalent of 40 ± 20 mrem. 

Similarly the opposite question of the maxi
mum working limit of activity to be handled 
can be answered. Assuming the same type of 
operation and allowing for an accidental dose 
equivalent of 25 rem in the following 50 years, 
it follows that the maximum amount to be 
handled should be smaller than 6 Ci 80Sr. 

It is obvious that this type of analysis does 
not produce figures for the probability of an 
accident occurring, but it can predict the conse
quences in terms of dose equivalent. This infor
mation should not be neglected-if it is available. 
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Characteristics of Operations and Activiry Accidentally Inhaled 

Case 
Radio- Activity Operation Place 

Protective Description Activity Reference 
nuclide handled measures of accident incorporated 

1 238Pu 28 Ci no operation glove box half-mask explosion of 3 X 10-a Ci 10 
respirators glove box 

2 U9Pu 100 Ci glove box explosion of 1 X w-• Ci ll 
glove box 

3 239Pu 6 X 10-s Ci cryogenic laboratory explosion of 2 X IO-lo Ci 11 

metal operation container 

4 li7Cs 3 Ci unpacking laboratory broken 5 X I0-7 Ci 12 

powder container 

5 90Sr 0.95 Ci laboratory rupture of 4x I0-7 Ci 13 

SrC03 
a window 

powder 
6 FP 0.1 Ci laboratory rupture of 5 X 10-a Ci 12 

solution container 

7 90Sr 7 Ci unpacking room without broken 5 X w-• Ci 14 

SrTi03 
ventilation container 

powder 
8 ••ZrfNb 2 X IO-• Ci unspecified laboratory spilling 8 X I0-9 Ci 12 

chemical work 

9 90Sr 3 Ci laboratory spilling 5 X 10-a Ci 12 

solution 
10 FP 1 X ro-• ci distillation laboratory splashes 7 X I0-8 Ci 12 

solution 
11 FP 5 X w-• Ci distillation laboratory splashes 5 X I0-9 Ci 12 

solution 
12 106Ru 3 X 10-s Ci evaporation laboratory I X 10-a Ci 12 

solution 
13 1B7Cs 5 X w-• ci brazing laboratory I X I0-7 Ci 12 

solid (900°C) 
14* 192Jr 10 Ci sawing of laboratory accidentally 0.3-1.0 X 12 

metal source capsule sawed into Ir I0-8 Ci 

15 2sspa 6.6 Ci unpacking laboratory rupt. container I0-8 Ci 15 
16 u•Eu I0- 3 Ci heating hood spill of 10-a Ci 16 

powder powder 
17* 22aRa 50mCi ruptured 1-3 X 10-7 Ci 17 

RaS04 capsule 
18* 90Sr I0- 3 Ci preparation of laboratory faulty 5 X 10-<D Ci. 18 

chloride source from experimental 
solution aqueous solution technique 

19 137 Cs 0.35 Ci handling of storage inadvertent 3 X I0-7 Ci 8 
con tam. room uptake 
container 

20 s•Br 1 Ci tracer (powder) open air broken 1-3 X 10-a Ci 8 
NIJ4.Br studies in sea container 

*Not 1ncluded 1n Table 1~ because the characteriStics of the opera bon are uncerta1n. 



CLASSIFICATION DES RADIONUCLEIDES DU POINT 

DE VUE DE LEUR TOXICITE RELATIVE 

P. GAIRON et Y. FEIGE 

Soreq Nuclear Research Centre, 
Yavne, Israel 

Resum.e-Toute classification des nucleides radio-actifs non-scelles d'apres leur toxicite 
relative, depend des unites employees. En plus de l'activite (exprimee en pC), le poids (en p.g) 
et le nombre d'atomes radio-actifs (N) ont servi de criteres pour evaluer la toxicite relative des 
isotopes radio-actifs. Certains auteurs sont arrives a des formules permettant de calculer les 
concentrations maximales admissibles dans l'air (CMA,.) en se servant de l'activite specifique 
(pCfp.g) comme fonction poids afin de refleter dans une certaine mesure aussi bien les classifica
tions suivant l'activite que celles d'apres le poids. 

Nous proposons afin d'etablir les quantites maximales admissibles dans le corps, un tableau 
classant les radionucleides d'apres la comparaison de ces deux classifications. Ce tableau super
pose un code de hachure a une representation graphique a deux dimensions; les deux classifi
cations sont ainsi maintenues intactes, tout en mettant en relief les restrictions pratiques 
rencontrees en utilisant l'une ou !'autre exclusivement. 

Toute representation bidimensionnelle est encore incomplete et d'autres classifications 
peuvent ~tre deduites selon le couple de parametres que l'on choisit parmi les quatre ou plus 
qui apparaissent dans Ia formule de nocivite. Un avantage de notre methode reside dans Ia 
possibilite d'en etendre !'application a d'autres composes toxiques, m~me non radio-actifs, 
et de permettre ainsi d'evaluer quantitativement les risques quand il y a danger simultane de 
contamination radio-active et chimique. 

INTRODUCI'ION 

Plusieurs criteres ont ete proposes pour classi
fier les radionucleides du point de vue de leur 
toxicite relative. Aucune de ces classifications 

. n'a ete universellement acceptee. (l) 

Pour determiner le danger relatif des sources 
radio-actives non-scellees et evaluer les "Quan
tites Maximales Admissibles" dans le corps on a 
le choix entre trois systemes d'unites: l'activite 
(en p.C), le poids (en p.g) ou le nombre d'atomes 
radio-actifs. Les classifications qui en resultent, 
presentent des interets differents: la classifica
tion d'apres l'activite est generalement preferee 
et c'est elle, la plupart du temps, qui est pre
sentee dans les tableaux <9

• 
3 >; la classification 

d'apres le poids a son importance pratique dans 
les laboratoires de radiochimie et la classification 
d'apres le nombre d'atomes radio-actifs peut 
avoir un certain interet pour les personnes tra
vaillant aux accelerateurs et a la production 
d'isotopes. 

Le systeme d'unite choisi peut avoir une in
fluence sur la place relative des radionucleides 
dans la classification. Les classifications d'apres 
le poids et le nombre d'atomes radio-actifs etant 
semblables, il faut comparer l'une de celles-ci 
avec la classification suivant l'activite pour 
obtenir une information plus complete sur 
les dangers relatifs presentes par les radio
nucleides. 

Dans le present travail nous avons choisi de 
comparer la classification d'apres le poids et la 
classification d'apres l'activite. Nous proposons 
un tableau qui reunit les merites des deux classi
fications et en meme temps, revele les restrictions 
pratiques rencontrees dans !'utilisation de l'une 
ou l'autre exclusivement. <4• 

6 > De plus, il est 
possible d'inclure dans ce tableau des elements 
stables toxiques, permettant ainsi d'evaluer 
quantitativement les risques d'intoxication 
quand des produits radio-actifs ei des poisons 
chimiques sont presents simultanement. 
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1408 P. GAIRON et Y. FEIGE 

METHODE DE CLASSIFICATION 

Les Quantites Maximales Admissibles (QMA) 
pour les 225 isotopes presentes dans le rapport 
du deuxieme Comite de l'/CRP<6> ont ete cal
culees en p.C, en p.g et en nombre d'atomes 
(tableau 1 de (4)). Ces valeurs s'etendent de 
0,05 p.C a 1000 p.C pour l'activite, de 10-10 

p.g a 1012 p.g pour le poids, et de 106 a 1028 atomes 
radio-actifs. Chacun de ces intervalles est divise 
en 6 groupes de la maniere suivante: pour l'ac
tivite les groupes vont en croissant par facteurs 
de 10 et pour 1e poids et le nombre d'atomes, 
par facteurs de 1000 (tableau 1). 

2. Ceux qui se trouvent au-dessus de la diag
ona1e et pour lesquels le numero du groupe
poids est inferieur a celui du groupe'-activite, 
c'est-a-dire qu'ils apparaitront dans un groupe 
plus restrictif quand ils sont classes suivant le 
poids. 

3. Ceux qui se trouvent en-dessous de la 
diagonale et qui apparaitront dans un groupe 
plus restrictif quand ils sont classes suivant 
l'activite. 

Un code de hachure permet la distinction 
entre les groupes et entre les classifications (fig. 
I). Chaque rectangle de la grille a ete hachure 

Tableau 1. Limites des groupes de toxicite pour les valeurs des QMA. 

Numero Limites 
de groupe en 1-'C 

1 ~0.1 

2 0.2-1 
3 2-10 
4 20-100 
5 200-1000 

>5 

En representant les QMA de chaque radio
nucleide par les numeros des groupes dans les
quels ils se trouvent pour chaque classification, 
on forme un tableau a 3 colonnes (tableau I de 
(4)) ou 90% des radionucleides ont le meme 
numero de groupe dans 1es classifications suivant 
le poids et le nombre d'atomes, (les 10% qui 
restent ont des numeros de groupe voisins, pres 
de la limite qui separe des groupes adjacents), 
alors que la classification suivant l'activite, est 
essentiellement differente. Ceci tient a ce qu'il 
faut tenir compte de parametres independants 
tels que la periode, la selectivite biologique, etc. 
Les radionucleides et leurs numeros de groupe 
suivant le poids et l'activite sont donnes dans 
le tableau 2. 

Le tableau 3 represente une grille ou les 
radionucleides seront places d'apres leurs 
numeros de groupes. Dans cette grille on peut 
distinguer trois categories· de radionucleides: 

1. Ceux qui se trouvent sur la diagonale et 
pour lesquels les numeros des deux groupes sont 
identiques. 

Limites Limites en 

en 1-'g nombre d'atomes 

~ IQ-8 ~ lQlO 

2 X 10-8 - 10-s 2 X lQlO _ 1QU 

2 X IQ-s- 1 2 X IQll _ IQl& 

2 
2- 103 2 X lQl& _ IQ19 

X IQS- IQ8 2 X lQl&- IQU 

>2 X 108 >2 X IQU 

d'apres le plus petit des deux numeros de 
groupe. La hachure designe ainsi le groupe dans 
la classification .la plus restrictive. Cette con
ception est preferee, en general, dans les recom
mandations de Physique de Sante (fig. 2). 

Fm. 1. Code de hachure pour · groupes de 
toxicite. 



Nucleide 

Actinium 

Americium 

Antimoine 

Argent 

Arsenic 

Astatine 
Barium 

Berkelium 
Berylium 
Bismuth 

Brome 
Cadmium 

Calcium 

Californium 

Carbone 
Cerium 

Cesium 

Chlore 

Chrome 

CLASSIFICATION DES RADIONUCLEIDES 

Symbole 
& poids 

atomique 

Ac 227 
228 

Am 241 
243 

Sb 122 
124 
125 

Ag 105 
110m 
111 

"As 73 
74 
76 
77 

At 211 
Ba 131 

140 
Bk 249 

Be 7 

Bi 206 
207 
210 

212 
Br 82 
Cd 109 

115m 
115 

Ca 45 
47 

Cf 249 
250 
252 

c 14 

Ce 141 
143 
144 

Cs 131 
134m 
134 
135 
136 
137 

Cl 36 
38 

Cr 51 

Tableau 2. 

Groupes de toxicite des radionuclBides pour les QMA 

Groupe de toxicite 

Classification en N le'd uc 1 e 
Poids Activite 

2 1 Cobalt 
1 1 
3 1 
3 1 
2 4 Cuivre 
2 3 Curium 
3 4 

2 4 
3 3 
2 4 
3 5 Dysprosium 

2 4 

2 4 Erbium 

2 4 
I 1 Etain 
2 4 

2 3 Europium(h) 

2 2 (y) 

2 5 
2 2 
3 3 Fer 
1 1 
I I Fluor 

2 3 Gadolinium 
3 4 

2 3 Gallium 

2 3 Germanium 

2 4 Hafnium 

2 3 Holmium 
3 1 Hydrogene 

2 1 Indium 

2 1 
4 5 
2 4 

2 3 lode 
2 3 
3 5 
2 4 
3 4 
5 5 
2 4 
3 4 Iridium 
5 4 
1 3 
3 5 Lanthane 

Symbole 
& 'ds pOI 

atomique 

Co 57 
58m 
58 
60 

Cu 64 
Cm 242 

243 
244 
245 
246 

Dy 165 
166 

Er 169 
171 

Su 113 
125 

Eu(h) 152 
(y) 152 

154 
155 

Fe 55 
59 

F 18 

Gd 153 
159 

Ga 72 
Ge 71 

Hf 181 

Ho 166 
H 3 
In 113m 

114m 
115m 
115 

I 126 
129 
131 
132 
133 
134 
135 

Ir 190 
192 
194 

La 140 

1409 

Groupe de toxicite 

Cl 'fi ti ass1 ca on en 
Po ids · Activite 

3 5 
2 5 
2 4 
3 3 
2 3 
2 1 
3 1 
2 1 
3 1 
3 1 
1 3 
2 3 
2 4 
2 3 
3 4 
2 3 
2 3 
3 4 
3 3 
3 4 
3 5 
2 4 
I .4 
3 4 
2 4 
1 3 
2 4 
2 3 . 

2 3 
3 5 
1 4 
2 3 
2 4 

>5 4 
2 2 
5 3 
2 2 
1 2 
1 2 
1 2 
1 2 
2 4 
2 3 
2 3 
2 3 
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Tableau 2 (suite). 

Groupe de toxicite Groupe de toxicite 
Symbole Symbole 

Nucleide & poids Classification en Nucleide & poids Classification en 
atomique Poids Activite atomique Poids Activite 

Lutetium Lu 177 2 4 Protacti- Pa 230 2 1 
Manganese Mn 52 2 3 nium 231 3 1 

54 3 4 233 2 4 
56 1 3 Radium Ra 223 1 1 

Mercure Hg 197m 2 3 224 1 1 
197 2 4 226 3 1 
203 2 3 228 2 1 

Molybdene Mo 99 2 3 Rhenium Re 183 3 4 
Neodyme Nd 144 >5 1 186 2 4 

147 2 3 187 >5 5 
149 1 3 188 2 3 

Neptunium Np 237 4 1 Rhodium Rh 103m 2 5 
239 2 4 105 2 4 

Nickel Ni 59 5 5 Rubidium Rb 86 2 4 
63 4 5 87 >5 5 
65 1 3 Ruthenium Ru 97 2 4 

Niobium Nb 93m 3 5 103 2 4 
(Columbium) 95 2 4 105 1 3 

97 , I 3 106 2 .3 
Or , Au 196 2 4 Samarium Sm 147 >5 1 

198 2 4 151 4 4 
199 2 4 153 2 4 

Osmium Os 185 2 3 Scandium Sc 46 2 3 
191m 2 4 47 2 4 
191 2 4 48 2 3 
193 2 3 Selenium Se 75 3 4 

Palladium Pd 103 2 4 Silicium Si 31 1 3 
109 2 3 Sodium Na 22 2 3 

Phosphore p 32 2 3 24 1 3 
Platine Pt 191 2 3 Soufre s 35 3 4 

193m ·2 r"4 ). Strontium Sr 85m 1 4 
197m 1 ·3 85 3 4 
197 2 3 89 2 3 

Plomb Ph 203 2 4 90 3 3 
210 3 2 91 1 3 
212 1 1 92 1 3 

Plutonium. Pu 238 3 1 Tan tale Ta 182 2 3 
239 3 1 Technetium Tc 96m 1 4 
240 3 1 96 2 3 
241 3 2 97m 2 4 
242 4 1 97 5 4 

Polonium Po 210 2 1 99m 2 5 
Potassium K 42 1 3 99 4 3 
Praseo- Pr 142 2 3 Tellure Te 125m 2 4 

dyme 143 2 4 127m 2 3 
Prometheum Pm 147 3 4 127 2 4 

149 2 4 129m 2 3 
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Tableau 2 (suite) 

Groupe de toxicite 
Symbo1e 

Nuclei de & poids Classification en 
atomique Po ids Activite 

Tellure (suite) Te 129 1 3 
131m 2 3 
132 2 3 

Terbium Tb 160 2 4 
Thallium Tl 200 2 4 

201 2 4 
202 2 4 
204 3 3 

Thorium Th 227 1 I 
228 2 I 
230 4 I 
231 2 4 
232 5 I 
234 2 3 

Nat. Th 5 I 
Thulium Tm 170 2 3 

171 3 4 
Tungstene w 181 3 4 

185 3 4 
187 2 4 

Il peut cependant y avoir un interet pratique 

a envisager la classification qui suggere un 

degre de danger moindre, sans cependant perdre 
de vue la conception precedente. C'est ainsi 

que dans la figure 3 les deux classifications 

apparaissent simultanement; toutefois la pre

ponderance est donnee au groupe le moins 
restrictif. La figure 3 est en fait, une superposition 

de deux tableaux: l'un, appele "Classification en 

Poids" comporte, dans les Regions I et II, 
les radionucleides qui etaient dans la figure 2, 

au-dessous de la diagonale et sur celle-ci; l'autre, 

appele "Classification en Activite", com porte 

dans les Regions III et II, les radionucleides qui 
etaient dans la figure 2, au-dessus de la diagonale 

et sur celle-ci. La Region II, identique dans ces 

deux tableaux, sert d'axe a la superposition. 

Les rectangles hachures de la figure 2 sont 

incorpores dans la figure 3 dans la region carac
terisee par le plus grand de leur deux numeros 

de groupe. Le code de hachures est applique de 

Groupe de toxicite 
Symbo1e 

Nucleide & poids Classification en 
atomique Poids Activite 

Uranium u 230 1 1 
232 2 1 
233 4 l 
234 4 1 
235 5 1 
236 4 l 
238 5 1 

Nat. U 5 1 
Vanadium v 48 2 3 
Ytterbium Yb 175 2 4 
Yttrium y 90 2 3 

91m 1 3 
91 2 3 
92 1 3 
93 1 3 

Zinc Zn 65 3 4 
69m 1 2 
69 1 2 

Zirconium Zr 93 5 4 
95 2 4 

97 2 3 

maniere a devoiler instantanement les niveaux de 

danger dans les deux classifications: la hachure 

exterieure au rectangle indique les conditions 

les moins restrictives; la hachure a l'interieur 

du rectangle rappelle les conditions les plus 
restrictives et la classification. 

Pour comparer des radionucleides qui se trou
vent dans les Regions I et III il faut les trans

poser dans la Region qui nous interesse. Cela se 
fait en determinant la ligne dont Ia hachure cor

respond a celle du rectangle a trans poser. 

La figure 3 peut etre generalisee afin d'inclure 

des elements stables mais toxiques chimique
ment. Dans le tableau 4 les QMA de quelques 

elements stables toxiques ont ete calculees, a 
partir de leur concentrations maximales admis
sibles dans l'air, (?) a I' aide de la formule sui

vante: 

W _ (CMA)a X ( Tbiol.) x (fa) 

- I0-4 X (fs) 
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FIG. 2. Representation a deux dimensions de 1a toxicit~ des radionuclcSdes. 

Tableau 3. Grille donnant les numbos des groupes de toxicite 

p.C 

5 (1,5) (2,5) (3,5) (4,5) . (5,5) (>5,5) 

4 (1,4) (2,4) (3,4) (4,4) (5,4) ( >5,4) 

3 (1,3) (2,3) (3,3) (4,3) (5,3) ( > 5,3) 

2 (1,2) (2,2) (3,2) (4,2) (5,2) ( > 5,2) 

1 (1,1) (2, 1) (3,1) (4, 1) (5,1) ( > 5,1) 

,l I I I I I 
>5 

~0 1 2 3 4 5 p.g 
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FIG. 3. Tableau compose pour toxicite relative des radionucleides. 

ou W est la QMA exprimee en p.g, Tbioi. la 
periode biologique en jours, (CMA)a la con
centration maximale admissible dans l'air en 
mg/m3, fa la fraction de radionucleide dans 
l'organe critique par rapport a la quantite 
absorbee dans les poumons, et j 2 la fraction de 
radio,nucleide dans l'organe critique par rapport 
a la quantite presente dans tout le corps. Ces 
elements ont ete incorpores dans la figure 3 sur 
les lignes correspondant a leur QMA dans la 
Region I (Classification en Poids). 

DISCUSSION 

La figure 3 a ete composee pour classer et 
comparer les radionucleides, en meme temps 
que pour permettre une evaluation grossiere 

du danger qu'ils representent. Les niveaux de 
danger ont ete etablis en fonction des quantites 
maximales admissibles dans le corps plutot qu'en 
fonction des concentrations maximales admis
sibles dans l'air, vu que ces dernieres sont sus
ceptibles de changer avec le progres de nos 
connaissances et avec les conditions de travail. 
Les facteurs secondaires, comme la grosseur des 
particules, le temps de travail, et l'habilete per
sonnelle des employes, sont a prendre en con
sideration et peuvent faire varier dans de 
grandes proportions les quantites que l'on peut 
rrianipuler. 

Les radionucleides pour lesquels les QMA 
depassent 1000 p.C ne sont soumis a aucune 
limitation. Dans la figure 3, Ia ligne du groupe 
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Tableau 4. Numbos de groupes de toxicite en poids de quelques elements toxiques stables a partir de 
leur (CMA)a 

Tb X fa w Numero du groupe de toxicite 
Element CMAa* _f_2_ 

(mg) dans la classification en poids 

Be 0.002 45 0.9 4 
Ozone 0.2 10.5 21 5 
F 0.2 606 1212 5 
P jaune 0.1 162 162 5 
Cl (gaz) 3 21 630 5 
V (fumee) 0.1 11 11 5 
Mn 0.002 5.1 0.1 4 
As 0.5 75.5 380 5 
Br 7 6 420 5 
Cd 0.1 50 50 5 
Sb 0.5 10.3 51.5 5 
Te 0.1 5.7 5.7 5 
I (gaz) 1 104 1040 5 
Hg 0.1 6.3 6.3 5 
Pb 0.1 423 423 5 

• Valeurs tiriees de Moeschlin<7>. 

> 5 est vide. On peut en consequence, renoncer 
a limiter les radionucleides du groupe > 5 
de Ia "Classification en Poids", bien que certains 
d'entre eux auraient appartenu a des groupes 
plus eleves dans la classification en activite. Des 
habitudes correctes de travail suffiront a eviter 
Ia penetration dans le sang de 1g de radionu
cleide. Ceci concerne les radionucleides suivants: 
14'Nd, 14

7Sm, 11&In, 87Rb, et 187Re. D'un autre 
point de vue, il est convenu de ne pas limiter 
!'utilisation des radionucleides dont l'activite 
specifique est inferieure a 0,002 p.Cfg (le double 
de l'activite specifique du Potassium nature!). 
En ce qui concerne la contamination interne, , 

le seuil peut etre eleve a 0, I p.Cfg, ce qui sup
prime les limitations sur les radionucleides 
suivants: 87Rb, 116ln, uur, 1"Nd, lf7Sm, 1B7Re, 
237Th, Th nat., 238U, U nat., c'est-a-dire, tous 
les radionucleides du groupe > 5 dont il a ete 
question plus haut, ainsi que quelques emet
teurs-a a longue periode du groupe 5 de la 
"Classification en Poids". 

Certains auteurs preferent determiner le 
danger de sources radio-actives non-scellees sous 
forme de concentrations maximales admissibles 
dans !'air ou dans l'eau. Des tables de CMAa 

ont ete etablies par Duhamel et La vie <8 > et ont 
ete presentees sous forme graphique. Leur fonc

tion de danger 
1 

H = -v::;:( C==:'M;:::::A::;:;:)=u =X=::( C;:=M:=:A=::;)=c 

peut etre mise sous la forme 

H = v'(CTij 
(CMA)c 

Cfg etant l'activite specifique, ce qui fait ap
paraitre l'activite specifique comme facteur de 
correction dans la formule de danger classique 

1 . fli 
H = (CMA)c" Cette correcuon a pour e et 

d'accroitre !'influence de l'activite specifique, 
parametre qui n'est represente dans la formule 
classique que par l'intermediaire de la periode 
effective dans !'expression de la (CMA) d'apres 
le developpement suivant: 

l0-7qfi 
(CMA)a = Tfa en p.Cfcm 3 

la periode effective : 

T= Tb X Tr _ n 
Tb -;- Tr I -:-- Tb/ Tr 
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En conclusion, il n'est pas surprenant qu'une 
representation a deux dimensions d'une relation 
qui contient au moins quatre parametres inde
pendants, soit incomplete, et que les resultats 
dependent des deux parametres choisis parmi 
les quatre. Malgre les interets pratiques de cha
cune de ces representations, aucune ne peut 
etre consideree comme ideale et definitive. Une 
classification plane ne peut etre tout au plus 
qu'une projection dans un sous-espace a deux 
dimensions d'une fonction qui serait univalente 
dans un espace a cinq dimensions. Notre rep
resentation est une tentative pour obtenir une 
dimension supplementaire a !'aide du partage 
du tableau en deux regions et de la superposition 
des hachures. 
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la peri ode radio-active: 

d'ou 

Tr = 1.308 x lOS 
A X (Cfg) 

(CMA)a = I0-7 X q Xfa 

!axn 

X [ 1 ...:... A X Tb X (Cfg)] en Cjcms 
. 1.308 X 108 p. 

La formule de Duhamel et Lavie donne une 
evaluation plus basse du degre de danger des 
radionucleides a longue periode ( ce qui est en 
accord avec !'experience); par contre, I' evalua
tion du degre de danger des radionucleides a 
courte periode croit syst6:natiquement avec 
l'activite specifique. 

Morgan et al. <9 > ont introduit des facteurs 
limitants comme la concentration de poussiere 
dans l'air, la grosseur des particules, des facteurs 
de dilutions, etc. . . . Leur fonction de danger 
comporte une fonction poids a borne superieure 
egale a 10 fois la limite du Radium 226 pris 
comme unite de danger. 

2,92 X 10-u ~ (Cfg) 
H= (CMA)c 

ou ~ est defini comme suit: 

{

Cfg, 
~ (Cfg) = 

10, 

quand (Cfg) ~ 10 

quand (Cfg) > 10 

(On pourrait l'exprimer sous une forme continue 
a un ordre de grandeur pres de la maniere 

suivante: ~ (C{g) = 
1 

-:- 1
1
~(g{C)") 

Morgan obtient ainsi une evaluation encore 
plus basse du degre de danger des radionuc
leides a periode longue sans cependant elever 
!'evaluation du degre de danger des radionuc
leides a periode courte. 

Morgan et al. <10> et Duhamel et La vie ont 
obtenu des resultats semblables pour les radio
nucleides a activite specifique comprise entre 
10-2 et 10'Cfg. A l'exterieur de cet intervalle, 
les radionucleides a longue periode (Cfg < 10 -a) 
eta courte periode ( C{g > 1 04) sont classes mains 
dangereux dans la classification de Morgan, ce 

qui, dans la plupart des cas, est en accord avec 
l' experience. 

Notre classification conduit a des resultats 
comparables. Nous obtenons un abaissement 
dans !'evaluation du degre de danger a l'aide 
du rearrangement de ceux des radionucleides 
pour lesquels la classification en poids conduit 
a un degre de toxicite plus bas que la classifica
tion en activite. Ceci concerne en premier lieu 
les radionucleides a periode longue et a activite 
specifique inferieure a 10- 2 Cfg dont il a ete 
question plus haut a propos de la classification 
de Morgan. 

Cette methode conserve sans alteration, les 
classifications d'apres le poids et l'activite, sans 
necessiter un rearrangement mathematique. 

Il est interessant de rappeler que les quantites 
maximales admissibles pour les differents radio
nucleides sont, par definition, les valeurs qui, 
d'apres nos connaissances actuelles equivalent a 
un danger d'egale contamination. Ces valeurs 
sont sensees representer la toxicite relative des 
isotopes. En se servant de ces valeurs pour 
evaluer le danger de contamination on est en 
fait en train de remonter a la formule dont elles 
ont ete derivees. La quantite maximale admis
sible est donnee par 

2,8xi0- 3 mR 

q = j, [~ EF(RBE)n] 
en p.C, 

q X A X Tr , 
ou par W = 

1 
en p.g, d'ou 

1.308 X OS 

W= 2.8 X I0- 3 mRA Tr 

j, [~ EF(RBE)n] 1.308 X lOS 

Pour determiner le danger relatif d'apres 

l' . . ' 1 1 . d l . act1v1te - a conna1ssance e p us1eurs para-
q 

metres independants est necessaire: 

R = la dose admissible dans les tissus 
(100 mrem pour tout le corps 
ou 300 a 600 mrem suivant la 
sensibilite radio-active de l'organe 
critique), 

m/J2 = la concentration dans l'organe cri
tique, 

[~ EF(RBE)n] = l'energie effective. 
Le danger relatif d'apres le poids introduit, en 
plus, le poids atomique de !'element ainsi que 
sa periode radio-active. 



ESTIMATION OF RADIATION PROTECTION GUIDES: 

INTERSPECIES CORRELATIONS* 

C. R. RICHMOND and j. E. FURCHNER 

Los Alamos Scientific Laboratory, 
University of California, 

Los Alamos, New Mexico 

Abstract-Values recommended for maximum permissible concentration (MPC) of radio
nuclides in air and water and for retention by the body and its component tissues are com
monly based on data obtained from acute tracer studies in rodents. Conceptually, however, 
conditions of chronic exposure for human subjects are embodied in MPC calculations. Un
fortunately, studies on retention of many radionuclides by human subjects are impossible or 
impracticable, even though the development of ultrasensitive human counters represents a 
significant contribution to the problem. Metabolically speaking, a 70-kg mouse ot rat is 
sometimes regarded as a standard man. 

One approach to resolving this problem is to find interspecies correlations in radionuclide 
metabolism and ways of extrapolating to MPC values for man. During continuous ingestion 
of a constant amount of a material, an equilibrium level may be reached within the body. 
This level is predictable from acute administration studies. The integral of the effective reten
tion function (limits of zero to infinity) is proportional to equilibrium level and has dimensions 
of multiples of the daily intake. The integral is also proportional to radiation dose. 

Interspecies correlations of the formE= aXb, which relate equilibrium levels (E) obtained 
for mice, rats, dogs, monkeys, and men to grams body weight (X), have been developed for 
tritium water (HTO), 22Na, uMn, uzn, 88Rb, lS1J, and 137Cs. The proportionality constant 
b differs for each element. In each case, values obtained directly from human studies agree 
well with values for man derived from the correlation. Equilibrium levels as a function of 
body surface, body weight, and metabolic rate using the power function (with and without the 
log transform) and a first-degree polynomial were also considered as models. The polynomial 
relating equilibrium level to bpdy surface best describes cesium metabolism and accounts for 
shorter turnover times observed in children. 

INTRODUCTION 

Radiation protection guides for human beings 
are sometimes based on data obtained not from 
man but from laboratory animals. The proper 
choice of species or, more properly, the appli
cability of data obtained from one animal to 
man is sometimes referred to as the "species 
problem". At least two avenues of investigation 
related to the field of radiation protection are 
concerned with this problem. The first is that 
of determining reparable and irreparable dam
age components following radiation exposure. 

*Work performed under the auspices of the U.S. 
Atomic Energy Commission. 

The rate at which damage is repaired varies 
among species and tends to decrease as body 
weight increases. <1> The second, which we 
will consider in this paper, is that of estimating 
maximum permissible concentrations (MPC's) 
for various radionuclides. 

One biological parameter used in calculating 
MPC values is the effective residence time 
for a specific radionuclide within the body or 
within a specific organ. More precisely, we 
want to know how much of a material will be 
present within the system when equilibrium 
conditions are reached between intake and 
excretion. Equilibrium levels are estimated 
from measurements of effective turnover of the 

1417 
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element in question by using radionuclides or 
from a knowledge of the relation between daily 
intake (or output) and total body content of 
the stable species of the element. <2 > Ideally, 
the necessary experimental data should be ob
tained from man, but this is not always practic
able or prudent. Alternatively, metabolic cor
relations among mammalian species that relate 
the equilibrium body burden to some physio
logical parameter such as body weight can be 
used as a first approximation when human data 
are inadequate or totally lacking. <3

" 7> For con
venience, the adaptation of the interspecies cor
relation, as used in this paper, to the ICRP 
method of calculating MPC values is presented 
in an appendix. 

This report summarizes interspecies correla
tions established at our Laboratory for tritium, 
sodium, rubidium, cesium, zinc, iodine, and 
manganese. We also present several physiolo
gical parameters other than body weight as the 
basis of relating equilibrium burdens inter
specifically. Factors that can shift the position 
of a given species within the correlation are also 
discussed. 

METHODS AND MATERIALS 

The laboratory animals used in the studies 
reported here were RF strain mice, Sprague
Dawley strain rats, beagle hounds, and macaque 
monkeys. Female mice were used because of 
fighting among males; otherwise, attempts were 
made to use only male animals. The dogs and 
mice were selected from animals bred at our 
Laboratory; rats and monkeys were secured 
from commercial suppliers. Only mature ani
mals in apparent good health were used. Ro
dents were approximately 90 days old before 
use. Dogs and monkeys must be l t to 2 years 
old. Two difficulties with rats are that growth 
continues and weight increases throughout the 
experimental period, and there is a high inci
dence of respiratory difficulty. We are now in 
the process of replacing the albino rat with a 
longer-lived rodent (Mystromys albicaudatus) that 
seems to be quite free from respiratory problems 
and that shows only a small weight change with 
age. 

Commercial diets are used for all animals. 
Because the data reported here were collected 
over several years, several suppliers have been 

used. All species but monkeys are currently 
fed diets from a single supplier.* The animals 
are fed the rations ad libitum without dietary 
supplements. Water is always available. 

Tritium water (HTO) was given orally (dog 
and man) or parenterally (mouse, rat, rabbit, 
monkey, and horse). For each species the vol
ume of water containing the tritium was small 
compared to the volume of the body water 
reservoir. The total radiation dose delivered to 
the human subjects was of the order of 200 mrad, 
assuming homogeneous distribution of tritium 
throughout the body and using the observed 
effective half-life. At 2, 3, and 4 hr after admin
istration and at appropriate subsequent times, 
the concentration ofHTO was measured in pure 
water obtained from the blood of each species 
but man. Urine was the source of body fluid 
for human subjects. 

At each blood sampling time, 20 f'l of blood 
were drawn into a Sahli hemoglobin pipette 
from a small incision in the tail vein of rodents 
or from the marginal ear vein of rabbits and 
were immediately mixed with 1 m1 of normal 
saline. After mixing and centrifugation, 0.5 m1 
of clear supernatant was pipetted into 24 m1 of 
scintillator solution. One-ml aliquots of pure 
water were obtained from blood samples re
moved from dogs, monkeys, and horses and 
from urine samples voided by the human sub
jects by using a vacuum distillation procedure 
modified after Cooper et al. <8 > To avoid any 
possible isotope fractionation effects, each sam
ple was distilled to dryness. All samples were 
stored at 4°C for 1 hr prior to tritium assay in a 
scintillation detector. Composition of the scin
tillator solution and details of the assay are given 
elsewhere. <9> The tritium activity of each sam
ple obtained from whole blood (mice, rats, and 
rabbits) was converted to f'Cifml body water 
by multiplying by an appropriate dilution factor 
and correcting for the water content of blood 
at termination of the experiment. Blood water 
was measured in samples of whole blood dried to 
constant weight at 100°C. 

In the other experiments reported here, 
gamma-emitting radionuclides were adminis
tered and assayed by means of whole-body (in 
vivo) counting techniques. Both the whole-body 

*Wayne, Chicago, Illinois. 
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counting procedures for the 47T steradian geo
metry detectors (liquid scintillator variety) and 
the automatic data reduction and analytical 
methods have been reported in detail. (lo, 11> 

Use of large-volume detectors reduces errors 
arising from translocation of the radionuclide 
within the animal during the experiment. For 
the gamma-emitting nuclides considered in this 
paper, the individual doses per animal were of 
the order of 1 p.Ci or less. 

RESULTS AND DISCUSSION 

Tritiated water (HTO) 

Retention of HTO (per ml body water) was 
described for each species by a simple exponen
tial function, 

Rt =a exp (-kt), (1) 

in which a is the initial concentration of HTO 
in the body water, k is the rate constant in 
reciprocal days, and tis days. The rate constant 
is related to biological half-life (Tb) and average 
residence time (r) for a hydrogen atom within 
the body by the following: 

k = In 2 = ~. (2) 
TIJ T 

Values of TIJ ranged from average values of 1.1 
days for mice to 9.5 days for human subjects. 
These data were presented in detail elsewhere. <4 > 

Figure 1 shows an interspecific correlation 
between log of daily water loss and log of body 
weight for seven species. Average daily water 
turnover was calculated from k and body water 
reservoir volume ( W) for the individual animals 
comprising the sample. W was determined by 
the dilution principle using the intercept a of 
eq. (1) as the equilibrium specific activity of 3H 
in body water during early mixing. 

One can calculate total daily water turnover 
from a knowledge of the size and turnover of 
the exchangeable water pool. The derivative 
of the retention function, which corresponds 
to excretion rate, is: 

dRt 
- dt =a (k) exp (-kt). (3) 

If the volume of the body water pool ( W) is 
substituted for the tritium concentration in eq. 
(3), one can then determine the instantaneous 

0 ~~----~2------~3------74----~5~--~6 

LOG BODY WEIGHT (GRAMS) 

FIG. 1. Interspecies correlation between log 
daily water loss and log body weight (in g) for 
7 mammalian species. The regression equation 
is: log water loss= -0.4188 + 0.8180 log X. 

rate of water loss by setting t equal to zero as 
follows: 

_ dRt = W. (k). 
dt 

(4) 

The regression line, which was fit by the 
least-squares method, and the 95% confidence 
limits are given. The correlation coefficient (r) 
between the variables is 0.993. The regression 
equation is: 

logwaterloss =- 0.4188 + 0.8180logX, (5) 

and the standard error of the slope constant 
(Sb) is ± 0.0129. A value of± 0.122 was ob
tained for the standard error of estimate (S.) for 
the regression line. 

It is clear from the value of parameters r, 
Se, and SIJ that a high degree of confidence may 
be placed on. the regression equation relating 
body water turnover to body weight. The value 
of the slope constant indicates that body water 
turnover is proportional to the 0.82 power of 
body weight. Relative to body weight, larger 
mammals have a slower turnover of body water 
than smaller ones. 

Figure 2 shows the equilibrium factor (E) 
for tritium water as ·a parabolic function of 
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body weight (in g) for 12 mice, 12 rats, 4 rabbits, 
5 dogs, 5 monkeys, and 8 human subjects. Age, 
sex, body weight, and equilibrium factor are 
given in Table 1 for each human subject. Using 
a parabolic model (i.e. y = axb), the best com
puter fit to the 46 data points is: 

(6) 

As indicated by the exponent, E increases not 
in direct proportion to body weight but as the 
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FIG. 2. Interspecies correlation between equili
brium factor (E) and body weight (in g) for 
mice, rats, rabbits, monkeys, dogs, and men 
given tritium water. The regression equation 

is: E = 1.24 xo.so67. 

-t04 

0.2057 power of body weight. As shown in the 
appendix, E is equal to the mean residence 
time for the atom within the body. Thus, 
because retention of tritium water by the body 
is a monotonic process (for all practical pur
poses), the ordinate values in Fig. 2 are equiva-

lent to mean residence times, ( 1 ~b 2 )- Values 

of E tend to increase with age as well as with 
body weight for the human subjects. All 3 
subjects aged 16 or younger fall below the curve. 
Of the 5 adults, all but 1 fall above the curve. 
If we solve eq. (6) for 7 X 10' g, we obtain a 
value of 12.35 forE, which corresponds to a Tb 
value of 8.6 days. From data given in Table 1 
we can calculate a mean Tb value of 8.4 days 
for all 8 subjects. For the 5 adults, with an 
average body weight of 6. 7 X 104 g, the average 
experimentally determined Tb was 9.5 days. 

Figure 3 shows equilibrium values obtained 
from the individual animals plotted as a function 
of body surface. The best computer fit to the 
data points is: 

E = 10.42 xo.BS18. (7) 

As in eq. (6), no logarithmic transformation of 
the variables was made prior to fitting the data. 
Equilibrium factor E is proportional to body 
surface (in m 2) raised to the 0.28 power. The 
intercept (10.42) is the value of E when body 
surface is 1 m 9

• However, as can be seen in Fig. 
3, when body surface becomes very small, E 

Table I. Age, Sex, Weight, and Equilibrium Factor (E) for Human 
Subjects given Tritium Water by Mouth 

Subject 
Sex 

Age Weight 
E* No. (yr) (kg) 

I M 43 72.3 13.82 
2 M 14 64.1 10.94 
3 M 10 49.5 8.93 
4 M 24 61.2 15.12 
5 M 23 89.8 14.11 
6 F 16 48.2 9.07 
7 F 36 58.2 11.66 
8 F 45 55.0 13.39 

* Multiples of the daily intake. 
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FIG. 3. Interspecies correlation between equili
brium factor (E) and body surface (in m 2) for 
mice, rats, rabbits, monkeys, dogs, and men 
given tritium water. The regression equation 

is: E = 10.42 XM818• 

approaches zero. An interspecific relation de
rived by von Schelling <12> was used to convert 
body weight to body surface. 

Equilibrium factors shown in Figs. 2 and 3 
were also fi,t as a function of several physiological 
parameters in the normal plane using a first
degree polynomial. The computer-obtained 
regression equations that correlate E with body 
weight, body surface, and metabolic rate are 
given in Table 2. Body surface and metabolic 
rate were calculated ·from the body weight 

of each animal using the equations of von 
Schelling<12> and Brody. <13> 

The average (MPC)w value for continuous 
intake, calculated from equilibrium factors 
obtained from the eight human subjects (Table 
1), was 8 x 10-2 p.Ci 3H/ml, as compared with 
a value of 5 x 10 -z now listed by the ICRP. <2> 

If one substitutes a value of 7 X 104 g in the 
interspecies correlation based on grams body 
weight ( eq. 6), the resultant equilibrium factor 
(E) is 11.15. The value of (MPC)w is then 
calculated by substituting E in the equation, 

(MPC)w = E: S' (8) 

where q is 2 x 103 p.Ci and S is 2200 ml/day 
(see eqs. (Al) to (A4) in the appendix). 

If human data were not available, the inter
species correlation and subsequent (MPC)w 
estimation would be based on the data obtained 
solely from laboratory animals. Table 3 gives 
regression equations for E as a function of body 
weight and body surface with and without data 
from the human subjects. All values of E and 
(MPC)w are reasonably similar. Data extra
polated from animals to man yield essentially 
the same values of E and (MPC)w as those 
obtained from the correlation that includes the 
human data. 

Cesium 

Figure 4 shows the interspecies relation be
tween E and body weight (in g) for 74 animals 
(21 mice, 35 rats, 4 monkeys, 7 dogs, and 7 
human subjects) given radiocesium. Table 4 
gives age, weight, and equilibrium factor for 

Table 2. Interspecies Correlation between Equilibrium Factor (E) and Several 
Physiological Parameters for Mice, Rats, Rabbits, Dogs, Monkeys, and Men 

given Tritiated Water by Mouth 

Independent Interspecies Correlation 
variable (X) correlation coefficient 

Body weight (g) 4.30 + 0.00013 X 0.574 
Body surface (m•) 3.91 + 5.22 X 0.679 
Metabolic rate 
(calf day) 3.92 + 0.006 X 0.677 
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Table 3. Comparison of Equilibrium Factor (E) and (MPC)w Values for Tritium 
Water in Man using Interspecies Correlations of the Form E = aXb with and 

without Data from Human Subjects 

Independent Interspecies (MPC)w 

variable (X) correlation E* (p.Ci/ml) 

Body weight (g)t 1.24 xo.2067 11.15 8.1 X lO-ll 

Body weight (g)t 1.43 xo.1881 11.40 7.9 X lO-ll 

Body surface (m 2)t 10.42 xo. 2818 12.31 7.4 X lO-ll 

Body surface (m 2)t 9.75 xo.2649 11.32 8.0 X lQ-2 

ICRP< 2> - - 5.0 X lQ-2 

From 7 human subjects** - - 8.0 X lQ-2 

*Value of interspecies correlation calculated for a person with a body weight of 
7 X 104 g or a body surface of 1.8 m 2• 

t Man included in the derivation of the interspecies correlation. 
t Man omitted from the derivation of the interspecies correlation. 
**Using observed turnover values in equation used by the ICRP.< 2> 

See eq. (Al) in the appendix. 

each male subject. The best computer fit to the 
data given in Fig. 4 is: 

Cesium interspecies correlation 
2.300+02 . 

E = 0.23 X0
•6914• (9) 

2.070+02 

1.840+02 
. 

Thus, E varies as the 0.5914 power of body 
weight. The exponent indicates a closer propor
tionality between E and body weight for cesium 
than in the case of tritium water (eq. 6). Equa
tion (9) also predicts a value of 0.23 forE when 
body weight is 1 g. No logarithmic transforma
tion of the variables was made prior to fitting 
the data. 
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FIG. 4. Interspecies correlation between equili
brium factor (E) and body weight (in g) for 
mice, rats, monkeys, dogs, and men given 
radioactive cesium. The regression equation 

2 35 77.3 
3 37 57.0 
4 27 68.2 

5 28 75.4 
6 34 70.3 
7 53 61.2 

I 

*Multiples of the daily intake. 

164.60 
144.09 
187.26 
191.05 
217.98 
161.96 

is: E = 0.23 X0•
6914

• 

Figure 5 shows the interspecies relation be
tween E and body surface (in m 2) for the same 
animals. In this case, the best computer-derived 
regression equation is: 

E = 97.35 X 0
•
8618

• (10) 
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Fm. 5. Interspecies correlation between equili
brium factor (E) and body surface (in m 2) for 
mice, rats, monkeys, dogs, and men given 
radioactive cesium. The regression equation 

is: E = 97.34 xo.85ls. 

The coefficient indicates a value of 97.35 for E 
when body surface is unity. Figure 5 shows, 
however, that for body surfaces approaching 
zero, E approaches zero. 
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FIG. 6. Interspecies correlation between equili
brium factor (E) and body weight (in g) for 
mice, rats, monkeys, dogs, and men given 
radioactive cesium. The regression equation 

is: E = 10.88 + 0.0023 X. 
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The cesium data were also fit using a first
degree polynomial. Figure 6 shows the inter
species correlation between E and grams body 
weight. The best computer-derived fit is: 

E = 10.88 + 0.0023 X, (11) 

with a correlation coefficient of 0.962 . 
If E is fit as a function of body surface (Fig. 7), 

the best regression equation is: 

E = 6.64 + 85.59 X, (12) 

with a correlation coefficient of 0.981. 
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FIG. 7. Interspecies correlation between equili
brium factor (E) and body surface (in m 2) for 
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radioactive cesium. The regression equation 

is: E = 6.64 + 85.59 X. 
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Table 5 compares ( MPC) w values obtained 
from the 7 human subjects with the value cur
rently listed by the ICRP. <2 > The average value 
obtained from our sample is about one-third 
that recommended by the ICRP. Values for 
(MPC)w, calculated from interspecies correla
tions shown by Figs. 4 through 7, are in each case 
0.8 X 10 _, p.Ci 137Csfml. Values of 7 x 10' g, 
or 1.8 m 2

, are used in solving the regression 
equations for E. The value of (MPC)w is then 
calculated by substituting E in eq. (8) (see also 
eqs. (Al) to (A4) in appendix). The respective 
values of q and S are 30 p.Ci and 2200 mlfday. 
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Table 5. Maximum Permissible Concentration of 137Cs 

in Water [(MPC)w] for Continuous Exposure when the 

Whole Body is considered as the Critical Organ 

Source of value 

ICRP< 2> 

Subject 1 
Subject 2 
Subject 3 
Subject 4 
Subject 5 
Subject 6 
Subject 7 
Average T for 7 subjects 

(MPC)w* 

(p.Ci/ml) 

2.0 X 10-4 

0.9 X 10-• 
0.7 X 10-4 

0.8 X 10-4 

0.6 X 10-4 

0.7 X 10-4 

0.6 X 10-4 

0.8 X 10-4 

0.7 X 10-4 

3.15 X I0-4 q·f2 

*(MPC)w = T·fw[l- exp (- 0.693tfT)]' 

where q equals 30 p.Ci, j 1 and fw both equal 1, t 
equals 50 yr, and effective half-life ( T) is determined 
individually for each subject. 

Table 6 shows values of E and (MPC)w cal
culated for a standard man (i.e. 7 X 104 g or 
1.8 m 2) from interspecies correlations. When 
man is not included in the correlation, an 
equilibrium level of 87 or 83 is calculated, 
depending on the choice of body weight or 
surface as the independent variable. When man 
is included in the data used to calculate the 
correlation, the calculated equilibrium levels 

are higher by about a factor of 2, and the 
resulting (MPC)w values are reduced by a factor 
of 2. Extrapolation to man results in underesti
mating E and overestimating (MPC)w. When a 
first-degree polynomial is used (Table 7), extra
polation to man on the basis of body weight 
results in an overestimation of E; the reverse is 
true when body surface is used as the indepen
dent variable. Good agreement exists between 
interspecies correlations based on body surface 
in Table 7, whether human data are included 
(E = 161) or excluded (E = 142). The average 
value forE obtained from the 7 human retention 
studies is 1 71. 

For predictive purposes, the interspecies cor
relation of the form E = a + bX, where X is 
body surface in m 2

, yields equilibrium values for 
man that agree best with human experimental 
data. 

Figure 8 shows the interspecies relation be
tween E and basal metabolic rate for the radio
cesium data. The best computer fit to the data 
IS; 

E = 0.44 X0
•
8082

, (13) 

in which X is calories/day. The basal metabolic 
rate was calculated from each animal's body 
weight according to Brody. <18 > The relation 
between E and specific metabolic rate ( calories/g 
body weight · day) is given in Fig. 9. The 
computer-derived equation, 

E = 48.37 x-a.uaa, (14) 

Table 6. Comparison of Equilibrium Factor (E) and (MPC)w Values for 137Cs in 

Man using lnterspecies Correlations of the Form E = aX0 with and without Data 

from Human Subjects 

"' 

Independent Interspecies 
E* 

(MPC)w 

variable (X) correlation (p.Ci/ml) 

Body weight (g)t 0.23 xueu 167 0.8 X lQ-4 

Body weight (g): 1.66 xo.3650 87 1.6 X lQ-4 

Body surface (m 2)t 97.35 xo.sm 161 0.8 X 10-• 
Body surface (m 2)t 63.81 Xo.&lOO 83 1.6 X 10-4 

*Value of interspecies correlation calculated for a person with a body weight of 
7 X 104 g or a body surface of 1.8 m 2 • 

t Man included in the derivation of the interspecies correlation. 
t Man omitted from the derivation of the interspecies correlation. 
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Table 7. Comparison of Equilibrium Factor (E) and (MPC)w Values for 181Cs in 

Man using Interspecies Correlation of the form E = a + bX with and without 

Data from Human Subjects 

Independent Interspecies E* (MPC)w 
variable (X) correlation (p.Cifml) 

Body weight (g)t 10.88 + 0.0023 X 172 0.8 X 10-4 

Body weight (g); 9.37 + 0.0031 X 226 0.6 X 10-4 

Body surface (m 2)t 6.64 + 85.59 X 161 0.9 X 10-4 

Body surface (m 2)! l 7.47 + 74.84 X 142 1.0 X 10-4 

*Value of interspecies correlation calculated for a person with a body weight of 
7 X 104 g or a body surface of 1.8 m 2• 

t Man included in the derivation of the interspecies correlation. 
! Man omitted in the derivation of the interspecies correlation. 
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indicates that E decreases as specific metabolic 
rate increases. Smaller animals produce more 
calories/g body weight · day as the result of a 
higher metabolic rate. Therefore, at least for 
many elements which are not deposited in nono. 
labile pools such as bone matrix, equilibrium 
levels are at least partially determined by meta
bolic ·rate. Higher metabolic rates result in 
faster biological turnover and in lower equili-

brium. burdens. Consequently, one would pre
dict faster turnover of these materials in the 
young of one species as compared with adults 
with lower metabolic rates. Recent studies 
indicate that this is true for cesium. <14• 15> The 
Federal Radiation Council uses a value of 
30 days as the biological half-life of 137Cs in 
infants. <18 > 
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FIG. 9. Interspecies correlation between equili
brium factor (E) and specific metabolic rate 
(in calories/day/g) for mice, rats, monkeys, 
dogs, and men given radiocesium. The re-

gression equation is: E = 48.37 x·s.uaa. 
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At this point we should -examine some of 
the factors that can alter the position of a 
species within the correlation. First, any agent 
that affects metabolic rate may influence the 
turnover and change the equilibrium factor. 
Included in this category are environmental 
temperature, age, and certain drugs. A second 
factor is diet. Simple exchange of the tracer 
with its stable form or with a physiologically 
similar element appears to govern turnover for 
some elements. Increasing water intake, there
fore, will accelerate tritium turnover. Also, 
increasing the intake of potassium will accelerate 
the loss of cesium, which has similar physio
chemical properties. A third factor is that of 

Zinc 

Zinc, unlike tritium and cesium, is not com
pletely absorbed from the gastrointestinal tract. 
Figure 1 0 shows the interspecies correlation 
relating log E to log body weight (in g) for 
66Zn given orally to 12 mice, 6 rats, 3 dogs, and 
4 human subjects. The regression line calcu
lated from the average E value for the mice, 
rats, and dogs is: 

logE= 0.1903 + 0.3833log X. (15) 

The rather large range for the human data is 
due mainly to differences in gastrointestinal 
absorption rather than to differences in turn-
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FIG. 10. Interspecies correlation between equilibrium factor (E) 
and body weight (in g) for mice, rats, dogs, and men given 66Zn. 
The regression equation is: logE= 0.1903 + 0.3833 log W. 

specific binding agents. For example, certain 
natural foodstuffs act as ion exchangers in the 
lumen of the gut, thereby preventing initial ab
sorption or recycling across the gut wall. (17, 1s) 

Specific ion binding within the gut is the 
basis of recent work in which ferric ferrocyanide 
was used to reduce radiocesium burdens in 
animals and man. <19

"
21 > The equilibrium level 

can be reduced by 60% in the rat by ferric 
ferrocyanide feeding. <

20> 

The fibrous, potassium-rich food consumed 
by cows probably acts to accelerate cesium 
turnover. It is known that the biological half
life for cesium in cows <22> and in goats, <23 > both 
ruminants, is shorter than would be expected 
on a body weight basis. In both species fecal 
loss exceeds urinary loss for cesium; the reverse 
is true for nonruminant mammals. 

over. The effective retention parameters ob
tained for the human subjects were used to 
calculate (MPC)w values for continuous occupa
tional exposure using the basic equation from 
the ICRP Report of Subcommittee II (eq. Al). 
Values of60 p.Ci and unity were used for q and 
j 2, respectively. The effective half-life of the 
last component of the retention function was 
used for T, and its intercept was used for fw. 
Values for the 4 subjects were 2.4, 1. 7, 3.4, 
and 4. 7 X lO _, p.Ci 86Znfml. Although zinc is 

concentrated largely in bone, the range of its 
hard electromagnetic radiation makes assump
tion of the whole body as the critical organ rea
sonable. An (MPC)w value of2.4 X 10 _, p.Cifml 
was calculated for 86Zn using values of 60 p.Ci 
for q, 112 forE, and 2200 ml for S. Details of 
this work are available. <6 > 
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Iodine 

The interspecific correlations for orally in
gested iodine are given in Fig. II for biological 
retention of non-radioactive iodine and for 
effective retention of 1811. It is apparent that 
biological retention data afford a more accurate 
extrapolation to measured human values than 
effective retention. If equilibrium levels are, 
in fact, a function of metabolic rates, the rela
tion between biological equilibrium levels and 
body weights follows. Short-lived isotopes tend 
to decrease the value of the slope constants of 
the interspecies relation derived from biological 
retention data. Nevertheless, it is the effective 
retention that is of interest in estimating MPC 
values for any particular radionuclide. Extra
polation of the 181J effective retention data to 
7 X 104 g bod,y weight gave a value of 4. 7 forE, 
whereas human retention data gave a value 
of 2.4. If the human data are used to establish 
the interspecific relation, then the value for E 
for 7 X 104 g is 3.4. 

These values of E are derived from whole-body 
retention data. Although the thyroid is the 
critical organ for 1311, whole-body retention is 

paralleled by thyroid retention and may be used 
as an approximation of thyroid retention. 
(MPC)w may then be calculated from 

(MPC)w = fwq-: S' (16) 

where E and S have the same meaning as in 
eq. (8),j11 is the fraction in the organ of reference 
of that in the total body, andfw is the fraction of 
that ingested that is retained in the critical 
organ: 0.2 and 0.3, respectively. <2 > The value 
of q is 0.7. <2 > Values for (MPC)w were 4.5 X 

10- 5
, 6.3 X lO -•, and 8.8 X lO - 5 f'Ci 1311/ml, 

respectively, when E values of 4.7, 3.4, and 2.4 
are used in eq. (16). The value now listed 
by the ICRP, 2.0 X 10-•, agrees best with that 
obtained from the interspecies extrapolation to 
man given in Fig. 11. These data are available 
in more detail. <8 > 

Manganese 

The relation between body weight and E 
for 12 mice, 9 rats, 3 monkeys, and 4 dogs is 
shown in Fig. 12. The data were derived from 
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Fra. 11. Interspecies correlation between equilibrium factor (E) 
and body weight (in g) for mice, rats, monkeys, dogs, and men 

given 181!. The regression equations are: 
logE= -0.4145 + 0.2434log X (for 131!) 

and 
logE= -0.5059 + 0.3735 log X (for stable iodine). 
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whole-body retention measurements following 
a single oral dose of 64Mn. Details of this work 
appear elsewhere. <7> Extrapolation of the data 
shown in Fig. 12 to 7 X 104 g body weight gives 
a value of 2.8 as an estimate of E for man. The 
value for q, when the whole body is considered 
to be the critical organ, is 40 p.Ci. <2 > Using 
2200 ml as the daily water intake (S) and sub
stituting both values in eq. (8), a value of 
6 X 10-3 p.Ci/ml as the (MPC)w for continuous 
intake of 64Mn is obtained. This agrees well 

• E. F. • 0.2205(80DY WE16HTio.auo 

•MONKEYS 

0 

DOGS . 

Fw. 12. Interspecies correlation between equi
librium factor (E) and body weight (in kg) for 
mice, rats, monkeys, and dogs given 64Mn. 
The regression equation is: 

E = 0.22 + 0.2286 log W. 

11.0 

with the value of 8 X 10-a currently listed by 
the ICRP. <2 > 

Sodium 

The interspecies relation between the log of 
biological half-life and log of body surface (in 
m 2

) for 12 mice, 6 rats, 4 dogs, 4 monkeys, and 
3 human subjects was reported in 1958. <3 > This 
method of presenting the data was complicated 
by the presence of three components in the 
curve describing retention by the whole body. 
Later, <24 > logE was related to grams body weight 
by the following equation: 

logE= 0.1139 + 0.2400 log X. (17) 

The value of E, calculated from the human data, 
was 17.85. From eq. (17) a value of 18.91 
can be calculated for a 7 X 1 04-g man. The 
calculated MPC value using E values of either 
17.85 or 18.91 is approximately 2.6 X 10-4 p.Ci 
22Nafml, and agrees well with the 4.0· x 10-4 

currently listed by the ICRP< 2 > for the whole 
body. 

Rubidium 

Preliminary results for 86Rb were given else
where. <34> In general, E increased as body 
weight increased in a manner similar to that 
observed for cesium . 

Strontium 

Analysis of our experimental data for 86Sr 
and 90Sr given to five mammalian species is 
incomplete. However, the reader is directed 
to recent work by Fujita and Iwamoto <35 > in 
which long-term retention of strontium in hu
mans is predicted from small-animal experi
mental data. These authors, who also noted 
species similarities in retention patterns, suggest 
that retention patterns obtained from small 
animals are "epitomes" of human retention 
patterns. 

USE OF HUMAN DATA IN CALCULATING 

MPCVALUES 

Liden, < 28 > in a summary of cesium metabolism, 
noted that biological half-lives reported . from 
Finland, Sweden, and Russia are clustered in 
the 50- to 80-day range, while values from 
England fall into the 80- to 11 0-day range and 
German values average 140 days. The scatter 
of values reported from the United States is 
large, but most fall into the 100- to 130-day 
range. Liden speculates that. perhaps real 
differences in cesium metabolism exist for people 
living and working in various parts of the world 
as the result of differences in climate, dietary 
habits, working habits, etc. For example, 
Eskimos in the Anaktuvuk Pass, Alaska area, 
have resting metabolic rates (room. air 35°C) 
that average about 35% higher than non
Eskimos. <37 > The results of this paper indicate 
that the observed variation may be at least in 
part due to differences in metabolic rate. These 
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observations suggest a consideration of which 
human data, if available, should be used to 

calculate radiation protection guides such as 
MPC values. Perhaps extrapolations to man 
on the basis of interspecies correlations can 
also supply estimates of variability one might 
expect to find for human subjects because of 
variables such as metabolic rate. 

SUMMARY 

Whole-body retention data obtained from 
mice, rats, monkeys, dogs, and in some cases 
men were used to calculate equilibrium factors 
(E) for continuous intake of tritium water (HTO) 
137Cs, 65Zn, 131J, 64Mn, 22Na, and 86Rb. This 
was done by integrating the effective retention 
functions obtained experimentally between the 
limits of zero and infinity. The values of E 
for the different species were then fit as a func
tion of grams body weight, m 2 body surface, or 
metabolic rate in calories/day. Maximum per
missible concentrations for continuous intake 
(MPC)w were then calculated using the proper 
value for man in the interspecies correlation. 

For tritium water and radiocesium, both of 
which distribute throughout the entire body, 
(MPC)w values calculated from the interspecies 
correlations agreed extremely well with data 
obtained directly from human subjects. A 
comparison of linear and parabolic models was 
also made for HTO and radiocesium. Either 
model gave good fits to the experimental data. 
For predictive purposes, however, the parbolic 
model is best for HTO data and the linear model 
is best for radiocesium data. Metabolic rate 
provides the best independent variable for 
correlations for both HTO and radiocesium. 

Interspecies correlations are also given in 
varying detail for 65Zn, 131!, 64Mn, 22Na, and 
88Rb. Zinc and iodine are good examples for 
materials which do not distribute throughout 
the entire body. The parabolic model, with 
log transformation of the variables, was used. 
In each case, predicted values of E for man 
agree9. well with observed or reported values. 

The partial dependence of turnover and, 
therefore, E on metabolic rate helps to explain 
shorter turnover times observed for radio
cesium. in children as compared with adults, 
as well as· suggested latitudinal differences in 
reported turnover times. 
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APPENDIX 

An equilibrium level will be established within 
an organism for any physiologically soluble ele
ment that is ingested at a constant rate for a 
sufficiently long time. This point of metabolic 
homeostasis is one at which the RBE dose 
rate to the critical organ* reaches a maximum 
value for that particular radionuclide intake 
level. Prior to reaching equilibrium, daily intake 
of the radionuclide exceeds daily output; after 
reaching equilibrium, intake and output are 
essentially equaL The time required to reach 
equilibrium is determined by the parameters 
that describe retention of the radionuclide by 
the organism. Therefore, the maximum per
missible body burden ( q) is that quantity of a 
radionuclide that will deliver the permissible 
RBE dose rate to the critical organ. Likewise, a 
maximum permissible concentration (MPC) for 
an ingested radionuclide is the amount per 
day that will result in the critical organ re
ceiving the permissible RBE dose rate when 
equilibrium conditions are reached. 

If we know values for q and for effective 
half-life (T), then MPC of a radionuclide in 
water (for a 40-hr· work week) can be estimated 
as follows: 

(MPC) _ 9.2 X 10-' qf,. ( 
w- Tfw [1 - exp- (0.693tjT)]' Al) 

as given in eq. (8) of ref. 2. The quantitiesfw 
andf,. are fractionation constants which become 
unity if, for simplicity, we consider the whole 
body as being the critical organ. The numerical 
constant in the numerator is obtained by divid
ing In 2 by 750 (the latter assumed to represent 
the effective daily water intake). Thus, the 
step preceding eq. (8), in the derivation of the 
MPC equation, <2> is: 

(MPC)w = 0.693 q J,. 
T · S · fw [I - exp- (0.693tJT)]" 

(A2) 

*As defined in ref. 2. 

For continuous exposure, the daily intake (S) is 
2200 m1 and the numerical constant in eq. (AI) 
becomes 3.15 x lQ-4. . 

At equilibrium, for cases where the whole 
body is the critical organ, eq. (AI) reduces to: 

(MPC) = 0
·
693 

q (A3) 
w r·sr1 -or 

At this point, we can substitute a factor 
(equilibrium factor E) for T/0.693 in eq. (A3): 

(MPC)w = ..!L. 
E·S 

(A4) 

Re-arrangement of eq. (A4) is as follows: 

q = (MPC)w · E · S, (A5) 

which indicates that the maximum permissible 
body burden (q) is equal to the product of the 
maximum permissible radionuclide concentra
tion (p.Ci/ml), the volume ingested daily (ml/ 
day), and an equilibrium factor. For eq. (A5) 
to be dimensionally correct, E must have dimen
sions of days. E can be obtained by integrating 
between the limits of zero and infinity, the 
effective retention function (Rt) which describes 
retention by human subjects following a single 
intake of the radionuclide: 

E = J: (Rt) dt. (A6) 

Reference 28 describes this step in more detail. 
The equilibrium factor is proportional to the 

area bounded by the retention function and has 
the dimension of dependent variable times days. 
E can also be estimated for humans· by extra
polating similar values obtained from laboratory 
animals on the basis of some physiological para
meter such as body weight or surface. 

The equilibrium factor is calculated for 
single administration tracer experiments as 
follows. Let us assume a single daily intake (I) 
of a radionuclide that is subsequently lost from 
the body in an exponential manner governed 
by the rate constant k. Then retention at any 

time (Rt) is: 

Rt =I exp ( -kt), (A7) 
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and, by integration, 

a a 

f (Rt) dt =If exp (-kt) dt 
l l 

I = _ [e-kt1 _ e-kt2]. 

k 

If limits 1 and 2 are zero and infinity, respec
tively, 

f (Rt) dt = ~ [1 - 0]. (A8) 
0 

Because the mean residence time ( T) for the 

r.a.P. vot.. u-w• 

average atom is the reciprocal of the rate con
stant, eq. (A8) becomes: 

ao f 0 (Rt) dt = IT = E. (A9) 

Thus, the dimensions of E become days if I is 
considered one daily intake. Therefore, the 
equilibrium factor (E) as substituted in eq. (A4), 
is the mean time that the atoms under study 
remain within the body. 

Equation (A4) is not limited to conditions 
where the whole body is considered to be the 
critical organ. However, it is imperative to 
use an equilibrium factor that relates to the 
same critical organ as does q (see ref. 28 for 
more detail). 



PROBLEMES POSES PAR LA FIXATION DE NIVEAUX 

DE CONTAMINATION ADMISSIBLES POUR DES 

COMPOSES ORGANIQUES MARQUES. ESSAI 

D'EVALUATION POUR LA THYMIDINE TRITIEE ET LA 

METHIONINE TRITIEE 

P.G.BEAU 

· Departement de la Protection Sanitaire, CEA, Centre d'Etudes Nucleaires, 
Fontenay-aux-Roses (France). 

Res11111i--La surveillance dans les locaux au sont preparees ou utilisees des molecules 
marquees repose habituellement sur des normes etablies pour !'element marqueur. II est bien 
connu qu'une telle pratique represente une approximation grossiere qui a priori doit parfois 
sous-estimer le risque. · 

De nombreux composes marques au tritium etant prepares, il nous a paru utile d'essayer 
de fonder ces normes sur le metabolisme de la molecule. 

Nous avons tente de faire une telle evaluation pour deux molecules biologiques: la thymidine 
tritiee et la methionine tritiee. 
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THE FEDERAL RADIATION COUNCIL: ITS 

RESPONSIBILITIES AND ACTIVITIES 

c. c. PALMITER 

Federal Radiation Council, 
Washington, D.C. 

Abstract-Prior to 1959 there was no official agency within the Executive Branch of the 
United States Government assigned the responsibility for the formulation of radiation protection 
standards or guidance for all Federal agencies. Each agency was free to formulate whatever 
standards it deemed appropriate within the bounds of its radiation protection responsibilities. 
Consequently, the programs and responsibilities of many agencies and departments tended 
to impinge and overlap. Radiation protection regulations and practices generally were based 
on the recommendations of the National Committee (now Council) on Radiation Protection 
and Measurements (NCRP). Although the NCRP was a leading authority in this field and 
was in part sponsored by the U.S. National Bureau of Standards, it was not an official agency 
of the government. 

At the direction of the President of the United States, a study was carried out on the radiation 
protection activities within the Federal Government. As a result it was decided that basic radia
tion protection standards and guidance involved health, economic, social and ethical considera
tions of such· a nature that the person or persons making the decision represented by that 
guidance should be publicly accountable. Consideration was given to vesting that function 
in one of the several agencies with radiation protection responsibilities. However, none was 
found with the necessary breadth of responsibility or jurisdiction to establish .such policies 
for the entire Federal Government. Consequently, the President approved the recom
mendation that he be advised by a Federal Radiation Council on radiation matters directly or 
indirectly affecting health, including guidance for Federal agencies in the establishment and 
execution of programs of cooperation with the individual states comprising the nation. 

The author describes some of the problems and some of the benefits that have developed 
from the creation of the Federal Radiation Council which serves as a forum where all considera
tions can be brought together to establish and recommend to the President a national policy 
on radiation protection. 

THE development and implementation of of its radiation protection responsibilities. Con
radiation protection standards may differ from sequently the programs and responsibilities of 
one nation to another. The form and content many agencies and departments tended to 
of these standards depend to a large extent impinge and overlap. Radiation protection 
upon the specific needs of the nation, its involve- regulations and practices generally were based 
ment in the uses of atomic energy, and the on the recommendations of the National Com
various agencies within that nation that have mittee (now Council) on Radiation Protection 
radiation protection responsibilities. and Measurements (NCRP). Although the 

Prior to 1959 there was no official agency NCRP was a leading authority in this field 
within the Executive Branch of the United and was in part sponsored by the U.S. National 
States Government assigned the responsibility Bureau of Standards, it was not an official 
for the formation of radiation protection stan- agency of the government. 
dards or guidance for all Federal agencies. Each In 1959, at the direction of the President of 
agency was free to formulate whatever stan- the United States, a study was carried out on 
dards it deemed appropriate within the bounds the radiation protection activities within the 
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Federal Government. As a result it was decided 
that basic radiation protection standards and 
guidance involved health, economic, social and 
ethical considerations of such a nature that the 
person or persons making the decision repre
sented by that guidance should be publicly ac
countable. Consideration was given to ves'ting 
that function in one of the several agencies 
with radiation protection responsibilities: how
ever, none was found with the necessary breadth 
of responsibility or jurisdiction to establish such 
policies for the entire Federal Government. 
Consequently, the President approved the re
commendations that he be advised by a Federal 
Radiation Council on radiation matters directly 
or indirectly affecting health, including guidance 
for Federal agencies in the establishment and 
execution of programs of cooperation with the 
individual states comprising the nation. 

The Council consists of the heads of those 
Federal agencies having major responsibilities 
in atomic energy and radiological health activi
ties. They are the Secretaries of Health, Educa
tion, and Welfare; Defense; Labor; Commerce; 
Agriculture; and the Chairman of the Atomic 
Energy Commission. The Special Assistant to 
the President for Science and Technology par
ticipates in the deliberations of the Council 
and also acts as its advisor. Staff work of the 
Council is carried on by a professional staff 
responsible for developing recommendations and 
proposals for consideration by the Council. In 
addition, the Council is required by law to 
consult with the National Academy of Sciences, 
the NCRP, and qualified experts in the field 
of biology and medicine and in the field of 
health physics. 

The Federal Radiation Council is concerned 
primarily with the development of national 
policy in the field of radiation protection. Im
plementation of this policy requires cooperation 
between various Federal agencies and their 
counterparts at other levels of government. The 
Council is interested in developing a general 
framework within which such cooperation can 
be carried out. It does not issue or approve 
regulatory rules. These are issued by the Fede
ral agencies according to their statutory authority 
within the policy framework recommended by 
the Council and approved by the President. 

The President has approved twenty-one re-

commendations developed by the Federal Radi
ation Council, and lhe Council has published 
reports concerning the recommendations; it 
also has prepared reports on other aspects of 
radiation which are summarized here. 

Report No. 1 provided a general philosophy 
of radiation protection for Federal agencies, 
introduced the term Radiation Protection 
Guide (RPG), and provided numericai values 
for the guides for the whole body and certain 
organs of radiation workers and for the whole 
body of individuals in the general population 
as well as an average population gonadal dose. 
These guides were generally compatible with 
similar values recommended by the NCRP and 
ICRP. 

Report No. 2 extended the basic RPG's for 
normal peacetime operations, as issued in Re
port No. 1, to include specific numerical guides 
for organ doses to the. thyroid, bon~, and bone 
marrow for the general public. It also recom
mended that the radiological health activities 
of Federal agencies, in connection with environ
mental contamination by radioactive materials, 
be based on a graded series of appropriate ac
tions related to ranges of intake of radioactive 
materials by exposed population groups. 

Reports 3, 4, and 6 were concerned with 
inventories of radionuclides in the environment 
resulting from the testing of nuclear devices 
and levels of population exposures. The reports 
concluded that the health risks from radioactivity 
in foods were ·too small to justify protec-tive 
actions to limit intake of radionuclides by di.et 
modifications, or by altering the normal distri
bution and use of food, particularly milk and 
dairy products. 

In reports 5 and 7 the Council provided 
Protective Action Guides (PAG) for accidental 
exposures of the population from iodine-131, 
strontium-89, strontium-90, and cesiu:m-137. 
The PAG is defined as "the projected absorbed 
dose to individuals in the general population 
which warrants protective action. following 
a contaminating event". The projected dose 
is the dose that would be received in the future 
by individuals in the population group from 
the contaminating event if no protective action 
is taken. A protective action is an action or 
measure taken to avoid most of the exposure 
to radiation that would occur from future 
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ingestion of foods contaminated with radioactive 
materials, and is appropriate when the health 
benefits associated with the reduction in expo
sure to be achieved are sufficient to offset the 
undesirable features of the protective actions. 

The brevity of this summary has not allowed 
me to discuss in detail the socioeconomic or 
political implications which are evident in the 
Council's recommendations. The responsibility 
for establishing radiation protection guidance 
depends on so many factors that it has been said 
it is remarkable that any appropriate ·guides 
can be formulated under the complex conditions 
of our society. 

In this regard, I would like to respond to 
Professor W. V. Mayneord in his Rock Carling 
Fellowship Monograph of 1964, "Radiation and 
Health". I consider his monograph to be an 
exceptional contribution to the field of radiation 
protection. The point raised concerns part of the 
definition of the Radiation Protection Guide, 
which is defined as "the radiation dose which 
should not be exceeded without careful conside
ration of the reasons for doing so; every effort 
should be made to encourage the maintenance 
of radiation doses as far below this guide as prac
ticable". Professor Mayneord asks: "Who is 
going to do the considering, and what reasons 
might be advanced?" 

In the United States the Federal Radiation 
Council serves as a forum where all considera
tions can be brought together to establish and 
recommend to the President a national policy on 
radiation protection. On the basis of conserva
tive assumptions, radiation protection standards 
must be established by a process of balancing 
biological risk and the benefits derived from 
those activities related to sources of radiation. 
Such a balance cannot be made on the basis of a 
precise mathematical formula; it must be a 
matter of informed judgment on such factors as 
health and safety, feasibility of action, economic 
impact, the needs of the people, and the reasons 
for accepting exposure to radiation. The prob-

lem then is to find the best possible compromise 
between these conflicting considerations in 
order to develop the most appropriate guides 
possible. 

Under these assumptions there can be no 
single "permissible" or "acceptable" level of 
exposure, without regard to the reasons for 
permitting the exposure. The radiation dose to 
the population which is appropriate to the bene
fits derived will vary widely depending upon the 
importance of the reasons for exposing the pop
ulation to a radiation dose. For example, once 
weapons te~>ting in the atmosphere has taken 
place, the dose to be permitted in lieu of such 
alternatives as depriving the population of essen
tial foodstuffs might also be quite different from 
levels used in the planning phases for normal 
peacetime operations. As another example, for 
radiation workers emergency situations will 
almost certainly arise which make exposures 
in excess of those applicable to normal opera
tions acceptable. 

I must agree with Professor Mayneord that 
there have been social confusion and alarm 
when, at brief intervals, concentrations of 
radioactive materials in the environment have 
resulted in radiation doses approximating those 
of our RPG's and that the advice of Proverbs 
XI: 14, "In the multitude of counsellors there 
is safety," may apply to safety of the counsellors 
too; however, I suggest we consider an addi
tional thought from Proverbs XV: 22, "Without 
counsel plans go wrong, but with many advisers 
they succeed.'' 

It is not an easy task to determine the benefits 
and risks in the field of radiation protection. It 
takes careful consideration of more than pure 
scientific infmmation. To this end, I feel as 
Professor Mayneord does: I hope we are not 
misunderstood, and that we in the United 
States, as well as various national and inter
national bodies, may all act as advisers and 
counsellors so that our mission for radiation 
safety may succeed throughout the world. 



PRACTICAL PROBLEMS IN THE APPLICATION OF 

RADIATION PROTECTION STANDARDS IN THE FIELD 

OF PUBLIC HEALTH 

HANSON BLATZ* 

New York University Medical Center, 
New York City Office of Radiation Control, 

325 Broadway, 
New York, New York 10007 

Abstract-The growth of the nuclear age has been rapid, and enlightenment about the bio
logical effects of radiation has followed. To protect ourselves, a wide variety of standards, 
recommendations, guides, laws and regulations has evolved. They were naturally first de
veloped by those using radionuclides and machines producing ionizing radiation. They were 
then the only persons with knowledge of such matters. 

Now that public health agencies are rightfully assuming more of the responsibility for this 
new and growing public health problem, they find that they have inherited many established 
standards and rules formulated by authors who lacked experience in public health administra
tion. Standards and rules are often inconsistent with public health tradition (which in some 
respects may not be bad), and in many cases difficult if not impossible to administer adequately 
within the framework of most public health agency resources and personnel. 

UNTIL about ten years ago, the hazard of radia
tion exposure was considered primarily in 
terms of occupational exposure. It is true that 
some efforts were made to minimize the exposure 
of patients during the medical application of 
radiation, but it was largely by miscellaneous 
committee recommendations which could be 
followed on a voluntary basis by those who were 
interested. _ 

Although radioactive fallout from nuclear 
weapons has been recognized since 1945, it was 
not until about 1955 that it received widespread 
consideration as a possible public health prob
lem. The anxiety, expressed by many, stimu
lated studies by several national and inter
national committees <1> of the total population 

· radiation exposure from various sources and 
also of the known biological effects of radiation. 
All of the reports indicated that the greatest 

* Assoc. Professor of Environmental Medicine, 
New York University Medical Center-Director, 
Office of Radiation Control, New York City Depart
ment of Health. 

and probably the most rapidly growing public 
health problem involving radiation was associa
ted with the medical use of X-rays. Although 
the health and safety aspects of all atomic energy 
activities were being most vigorously regulated, 
little official recognition was being given at that 
time to the non-atomic energy applications of 
radiation, notably in the fields of medicine and 
academic research. 

Because of public concern about fallout and a 
sharply increased interest in X-ray exposures, 
public health agencies began to enter the field 
of radiation protection. In attempting to es
tablish workable standards that could be en
forced, and to keep them reasonably consistent 
with existing recognized standards of good prac
tice, they found themselves faced with an incon
sistent dichotomy of standards. In the atomic 
energy field, they inherited a set of meticulously 
detailed radiation regulations designed to be 
enforced by a system (as described by Recht<•>) 
employing "almost military discipline ... and a 
tight and efficient system of surveillance". In 
the non-atomic energy uses of radiation, there 
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existed a set of loosely worded committee recom
mendations intended for voluntary compliance. 
In fact, the authors of some such recommen
dations reminded us in the preface of the report 
that the recommendations were not intended 
to be used as official regulations. On the other 
hand, they were the only existing standards 
suitable for adoption and were widely accepted. 
It is interesting to note that although the authors 
of both the atomic energy regulations and the 
more general radiation recommendations and 
standards have included many leading scientists 
in the field of radiation, few contributors appear 
to have had experience in the field of public 
health. It is perhaps for that reason, among 
others, that many standards and procedures 
established for the protection of the public 
against radiation exposure are quite incom
patible with most other public health practices 
developed as a result of a century of experience. 

When we compare the health hazards of 
chronic exposure to radiation with those of 
many other agents, we see that there are close 
similarities. In the case of radiation, we are 
concerned primarily with carcinogenic, genetic 
and non-specific aging effects. As in the case of 
many other health hazards, we consider them 
in terms of occupational exposure, residential 
risks (such as air, water and food pollution) 
and possible accidents. 

Although we are much better informed about 
the effects of radiation, probably because of a 
stimulated public interest, we do know much 
about other agents having similar effects. <3 > Tars 
and oils, carbon tetrachloride and benzol are 
known to be carcinogenic. Many pesticides 
and food additives are also suspect. The use of 
estrogenic hormones to improve the quality of 
domestic fowl for human consumption has 
been restricted because of the carcinogenic 
potential. 

Many chemical agents have been found to 
cause genetic mutations. They include formal
dehyde, epoxides, phenol, mustard gas, caffeine, 
ethyl alcohol and theobromine (found in cocoa). 
It is true that the genetic effects of chemicals 
on mammals are not as well understood as in 
the case of radiation. A relative lack of public 
and consequently official interest has inhibited 
extensive research. 

It has become obvious that public health 

agencies should assume the responsibility for 
protecting the public against the hazards of 
radiation sources not otherwise under the con
trol of atomic energy agencies. In certain cases, 
where atomic energy radiation problems have 
clearly entered the domain of public health, 
e.g. the possible contamination of water, food 
or air from fallout, radioactive wastes or nuclear 
accidents, health agencies should assume com
plete control of the public health aspects if 
they are prepared to do so. A strong case has 
been made for the transfer of all health protec
tion responsibilities from atomic energy agencies, 
because of a possible conflict of interest. Such 
agencies have a mandate to promote the use of 
nuclear energy and its byproducts. It has been 
argued that the determination of any necessary 
public health protection restrictions on nuclear 
development and use should not be the respon
sibility of the same agency promoting its develop
ment and use. In practice, however, it is 
observed that any imbalance that may exist 
between efforts to promote atomic energy and 
efforts by the same agencies to protect the pub
lic appear to indicate a degree of overregulation, 
when compared to society's efforts to protect 
the public against comparable health hazards. 
This may result from a sensitive awareness by 
atomic energy agencies of the conflict, and a 
desire to avoid possible criticism of not pro
tecting the public adequately. 

The great amount of detail in most atomi~ 
energy health and safety regulations is well 
known to most of this audience. It covers a 
variety of units of measurement and dose· 
expression, various permissible levels of radia
tion and dose rates for different classes of indi
viduals and in different areas, details of radiation 
surveys, personnel monitoring, record keeping, 
reporting, caution signs and labels, employee 
instructions and notices, storage, waste disposal, 
contamination control, transportation and many 
other matters. The meticulous detail with 
which our U.S. at.omic energy rules have been 
developed can be indicated by the fact that the 
printed rules covering routine matters of radio
logical health, exclusive of such special items 
as criticality hazards, or reactor design and 
siting, constitutes a substantially greater volume 
of printed matter than our entire New York City 
Health Code which was developed to protect 
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eight million people against every health hazard 
known to man, including radiation. 

There is no intention of criticizing the careful 
development of refined and detailed standards. 
It should be pointed out, however, that when 
each detail is considered to be a legally enforce
able regulation· subject to inspection, record 
keeping and enforced correction, the burden 
upon both the regulatory agency and those 
regulated becomes very great. From what is 
known of efforts to control atomic energy related 
radiation hazards in other countries, the U.S. 
practice is not unique, as Dr. Recht has inferred 
in the paper previously cited. 

If we now consider the existing standards and 
rules for the use of X-ray equipment, we observe 
that they appear to have been intended primarily 
for large well-staffed hospital X-ray depart
ments. The I.C.R.P. X-ray report<'> has several 
recommendations employing references to the 
"head of the department" and "the expert 
knowledge of the staff". Experience in our 
country and in many developing countries shows 
that most medical X-ray equipment is located 
in physicians' offices or small clinics and hos
pitals not staffed with the highly trained radio
logists and physicists upon whom many existing 
protective recommendations depend for their 
administration. It is in such small installations 
where the greatest deficiencies in equipment 
and use are usually found. 

If radiation and radioactive contamination 
are considered a public health problem, which 
now seems to be a generally accepted premise, 
it seems obvious that the ultimate control and 
the establishment of control principles should 
be the responsibility of public health agencies. 
The World Health Organization has made a 
strong plea to that end. <5> It appears that this 
policy has not been followed previously because 
persons with training and exp~rience in atomic 
energy, radiation and radiation effects were not 
available to health agencies. In many countries, 
health responsibility was given to atomic energy 
agencies by statute, probably because health 
agencies were not prepared to assume the res
ponsibility. 

For most radiation protection workers, whose 
experience has usually been limited either to 
atomic energy programs or to large medical 
center radiation control programs, a brief out-

line of the manner in which public health agen
cies usually operate to control health hazards is 
in order. In most establishments subject to 
public health inspection, the staff and employees 
are likely tobe well trained in the appropriate 
technology, whether it be food processing or 
restaurant management. They usually know 
little however about the technical aspects of 
health protection. Health agencies usually have 
a program director in each special field who is a 
highly trained expert in his particular health 
speciality. Although the field workers who are 
in constant communication with the establish
ments under control are usually highly skilled 
technicians in the processes they survey and in 
the health standards they employ, they are not 
usually investigative scientists. 

For these reasons public health standards must 
be as simple as possible and clearly expressed in a 
manner that will permit uniform interpretation 
and administration, without undue hardship 
to anyone and with little risk of a lapse in effect
tiveness. In other words, the precise determina
tion of whether any individual has or has not 
been exposed in violation of a code should not 
constitute a scientific research project as is often 
the case for some existing radiation protection 
rules. This obviously requires a certain degree 
of compromise with the precise scientific evi
dence, by the establishment of arbitrary measur
able working limits. Experience has proven this 

to be necessary in virtually every other health or 
safety regulation that exists, whether it pertain 
to foods, drugs, fire prevention or motor vehicle 
safety. The alternative requires a staff of 
investigative scientists that appears to have 
formed in some atomic energy regulatory pro
grams. 

To cite examples, several typical principles of 
radiation protection that present formidable 
problems, when a public health agency tries to 
adopt them for use are: 

I. Permissible Doses 

Most standards are written in terms of a 
specified cumulative radiation dose to a par
ticular organ or system of organs (viz., the 
gonads or the blood forming system). This 
is quite scientific and very precise, but it would 
be much like specifying that food should contain 
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no more lead contamination than would result 
in a concentration of over 100 J.tg of lead per 
gram in the consumer's kidneys. It requires an 
experienced investigator to determine whether 
such criteria have been met. 

Dunster <8> has described the I.C.R.P. per
missible dose recommendations <7> as "indis
pensable, infallible and to some extent incom
prehensible". If Dunster, who is one of our 
most distinguished and experienced scientists 
in the field of radiation protection, finds them 
somewhat incomprehensible, it is not difficult 
to understand the uncertainty with which a 
public health worker faces this new problem. 

2. Occupational Category 

In the I.C.R.P. Standards, a distinction is 
made between the maximum permissible doses 
of occupationally exposed persons (5 remfyear) 
and other workers in the vicinity of controlled 
areas (1.5 rem/year). In the United States 
N.C.R.P. Standards, the same general distinc
tion is made, except that those in the environs 
are not described as workers and their dose is 
limited to 0.5 remfyear. In fact, the occupa
tional limit is not actually 5 remfyear but 
follows the relationship of 5(N-18) based upon 
past exposure history. 

No valid argument can be presented to refute 
the reasoning nor scientific justification for arriv
ing at various grades of permissible doses. The 
uncertainties in the biological data upon which 
the limits are based, however, and the errors 
inherent in field measurements, as well as in the 
translation from radiation measurement to cri
tical organ dose are all great. The proliferating 
uncertainties regarding the actual critical organ 
doses usually far exceed the numerical distinc
tions employed in classifying workers and others 
into permissible dose categories differing by 
factors of only 3 or 10. 

3. X-Ray Installation Shielding Recommendations 

This category, both the international recom
mendations <7 > and our own national recom
mendations in the United States provide for 
considerable speculation about the manner in 
which any particular piece of X-ray equipment 
is to be used and its adjacent spaces occupied. 
Assumptions must be made of the expected 

operating kilovoltage and workload, the direc
tions in which the beam is likely to be pointed, 
the degree of occupancy of any adjacent space 
and also the occupational category of persons 
likely ·to be there. Strangely enough, certain 
recommendations appear to permit a con
siderably higher exposure of persons not classi
fied as radiation workers than those who are 
considered occupationally exposed. For ex
ample, rest and lounge rooms to be used by 
occupationally exposed personnel must be 
shielded to a greater degree than similar rooms 
to be· used by personnel not classified as occu-
pationally exposed to radiation. · 

A distinction is made between persons in 
controlled areas and persons outside of controlled 
areas, with a difference in permissible exposure 
by a factor of either three or ten, depending upon 
whether those persons are considered workers 
or not. Experience in atomic energy establish
ments has shown that it is feasible in such places.. 
to designate areas where certain persons may 
or may not be permitted access. A tight system 
of security with guards at every point of entrance 
often permits the close surveillance of such 
matters. In a busy hospital X-ni.y department 
or in the offices of a physician, at least from our 
observations in the United States, it is most diffi
cult to delineate areas that might he controlled or 
uncontrolled and to restrict radiation workers, 
clerical and administrative workers, patients, 
and patients' escorts, and to distinguish betwe!m 
those who should be permitted to enter con
trolled areas and those who must be excluded. 
In the case of our own atomic energy establish
ments, the guard at the entrance requires that 
any person authorized to enter wear a personnel 
monitoring dosimeter, with the user's name and 
identification recorded. In the case of most 
medical installations this is quite impractical. 

It would seem that in medical installations, 
where there is likely to be considerable un
certainty about each person's radiation expo
sure category and also a lack of control of the 
movement of individuals, there is the least 
justification for the current speculation about . 
radiation levels that may be permitted to exist 
in any room. 

A reasonable evaluation of the relative degree 
of radiation protection according to each indi
vidual's permissible dose is troublesome. The 



PROBLEMS IN THE APPLICATION OF RADIATION PROTECTION STANDARDS 1443 

employment of personnel monitoring devices 
is convenient only for regular employees. In 
the case of diagnostic X-rays, measurements are 
particularly subject to error because of energy 
and geometry reasons. 

It is suggested that the structural shielding 
designs be based upon the maximum workload 
of the machine and that the X-ray beam be 
mechanically restricted to a few needed direc
tions as it is now done for teletherapy machines. 
All adjacent areas could easily and adequately 
be shielded for any degree of occupancy by 
any category of person. The added shielding 
cost would be slight by comparison with the 
high cost of modern X-ray installations. The 
degree of certainty about radiation exposures 
would be vastly improved. 

4. Control of the Size and Direction of Diagnostic 
X-Ray Beams 

If we consider published reports of population 
exposure to man-made radiation, it is evident 
that medical patients receive most of it. When 
we study technical reasons for excessive or 
unnecessary exposure, one category is widely 
agreed upon to exceed all others in magnitude 
of excessive population dose. It comprises X
rays that strike a patient's body but serve no 
diagnostic purpose. In other words, the expo
sure resulting from failure to collimate the X-ray 
beam down to at least the size of the film being 
used, constitutes the greatest amount of useless 
human exposure to man-made radiation. 

In spite of the prime importance of this prob
lem, health agencies that seek to solve it are 
virtually powerless to do so under today's stan
dards. In the case of most other technical or 
scientific apparatus, where it is necessary to 
direct a beam of any kind at a target, mechani
cal means are invariably built into the appara
tus. For the purpose of deliberately aiming an 
X-ray beam of high intensity at a human target, 
most X-ray equipment lacks even a simple aim
ing device. The beam size is therefore usually 
enlarged to about three to five times the neces
sary size in order that the film not be missed 
because of poor aiming. Most collimators pro
duce a round beam, whereas they should at 
least be rectangular to match the film or pre
ferably be shaped exactly to fit the organ or 

area being examined. Modern technology, if 
properly applied, could certainly attain that 
goal. 

When we, in public health agencies, observe 
the manner in which radiation protection is 
usually administered in national atomic energy 
programs, we know that we could not expect 
to devote the time of such highly trained special
ists to the detailed investigation of possible 
sources of radiation hazards without a sub
stantial change in health agency customs and 
policies. When we analyze the problem fur
ther, it appears that a considerable amount of 
effort is often devoted to the collecting, recording 
and analyzing of data that might better be 
classified as scientific research or legal docu
mentation rather than public health administra
tion. 

Many other public health enforcement activi
ties consist of observing that someone is doing 
something wrong, instructing him to do it 
differently and, for serious offenses, noting what 
action was taken. The notation is for the purpose 
oflearning about habitual offenders. 

There is some difference of opinion about the 
trend away from this simple straightforward 
approach in many regulatory activities today. 
In the opinion of some it is to be deplored. 
There are officers whose function it is to insure 
that a certain level of efficiency is maintained, 
but to be able to prepare their evaluations, they 
must be supplied with statistics. The number 
of inspections per man-day, the number and 
classification of corrected deficiencies per inspec
tion, etc., must be collected and tabulated. The 
result is a significant increase in the required 
record keeping. Meticulous records are also kept 
to furnish evidence of compliance or non-com
pliance in case of controversy. The overall 
need for the legal enforcement of health regula
tions is quite rare and the needed records for 
those few cases can be accumulated after efforts 
at persuasion have failed. 

SUMMARY 

To summarize, the following conclusions and 
recommendations are made: 

1. The protection of the public against radio
active contamination and radiation exposure 
is basically a public health problem and should 
be administered by public health agencies 
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as soon as they are prepared to assume . the 
responsibility. 

2. The standards and rules regarding radia
tion protection should be coordinated and sim
plified so that they be made more compatible 
with existing public health practices. In regu
lations, greater emphasis should be placed on 
arbitrary permissible environmental radiation 
levels rather than on accumulated doses to 
various human organs of different categories 
of persons, since the latter is virtually impossible 
to measure routinely with an acceptable degree 
of accuracy. 

Much of the detail embodied in atomic energy 
oriented radiation regulations should be eli
minated. A considerable part of the detail 
appears to have been introduced for legal record 
keeping reasons, to provide evidence of compli
ance or non-compliance. Some records seem 
to be employed for scientific data collecting 
reasons. If employers wish such records for 
their own needs, they may be accumulated, 
but only those actually necessary to demonstrate 
a reasonable degree of current compliance 
should be mandatory. 

4. For medical X-ray installations, simpler, 
uniform and more readily checked standards 
should be set, particularly for structural shielding 
and to guarantee adequate beam collimation, 
the two demonstrated sources of most excessive 
or uncertain exposure. 
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A PROPOS DE L'ARGUMENTATION DE L'ETABLISSEMENT 

DES NORMES DES GAZ RADIO-ACTIFS INERTES 

N. G. GOUSSEV, 0. A. KOTCHETKOV, L. M. MIKHAILOV, A. D. TOURKINE, 
E. S. TROUKHMANOVA et V. P. PHILIPOVITCH 

lnstitut de Biophysique du Ministere de la Sante Publique de l'URSS. 

ResUDJ.e--jusqu' a present on a defini Ies normes des gaz radio-actifs inertes (GRI) du type 
des isotopes Ar, Kr, Xe en etablissant leurs concentrations maximum admissibles (CMA) 
dans !'air des locaux de travail et dans !'atmosphere des localites. Conformement aux recom
mendations de la CIPR (Commission Internationale de Protection contre les Radiations< 1> la 
CMA est determinee dans ce cas selon la dose de radiation /3, y externe qu'une personne 
recevrait si elle etait entouree par un nuage hemispherique infini de GRI. 

On montre dans ce rapport que, dans le cas du rejet des GRI par le tube de ventilation 
dans la direction de propagation du panache, il n'y a pas de concordance stricte entre Ia con
centration des gaz inertes dans Ia couche d'air au niveau de la terre et la dose calculee de 
radiation y externe. C'est pourquoi l'etablissement des normes des isotopes Ar, Kr et Xe dans 
l'air atmospherique doit se faire non pas d'apres Ia CMA, mais d'apres la dose annuelle de 
radiation y externe produite par le panache des gaz radio-actifs a la surface de la terre. Dans 
ce cas, le rejet maximum admissible I,Cifunite de temps, represente la grandeur principale 
control able. 

Dans l'air des locaux de travail l'etablissement des normes est fait d'apres la CMA mais, 
dans Jes formules de calcul, il est necessaire de prendre en consideration les limites de volume 
des salles et le fait que le danger d'irradiation, pratiquement, se determine completement par 
le champ de radiation de particules {3 et d'electrons de conversion. 

DANs ce rapport sont presentes les resultats 
de calcul et les resultats experimentaux d'une 
etude concernant les questions d'etablissement 
des normes des GRI (gaz radio-actifs inertes). 

1. RELATION ENTRE LA DOSE A LA 

SURFACE DU SOL ET LE REjET DES GRI 

On sait que la dose de radiation externe 
provenant des GRI* depasse considerablement 
la dose de radiation interne correspondante, au 
cas oil Ia personne irradiee se trouve dans une 
salle de volume limite. 

Si des GRI se trouvent dans l'air atmosphe
rique leur effet d'irradiation se determine essen
tiellement par la dose de radiation y externe, 
creee par le panache de gaz radio-actifs a la 
surface de la terre; la contribution des radia-

*On considere toujours les isotopes Ar, Kr, Xe. 

tions f3 est negligeable. Dans ce paragraphe, 
on presente les donnees experimentales et 
theoriques concernant la relation entre la dose 
de radiation y externe a la surface de la terre 
et la grandeur mesurant le rejet des GRI. 

1. Relation thiorique entre la dose a la surface du 
sol et le rejet des GRI 

Considerons la source d'ejection des GRI, 
ayant la forme d'un tube, de hauteur Herr, dont 
la base se trouve au centre du systeme rectan
gulaire de coordonnees (x, y, z). 

Nous prenons pour direction positive de l'axe 
x la projection de I' axe du panache sur la surface 
de la terre, c'est-a-dire sur le plan xy (fig. 1). 

L'intensite moyenne de la dose flJ(p) de 
rayons y creee par le panache de GRI a la 
distance p de la source de rejets, etant suppose un 
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y 

FIG. 1. Geometrie de Ia source de radiations. 

mouvement uniforme du panache le long de 
l'azimut cfo, peut etre calculee par la relation 

... 
J &J(p, cfo)d cfo 

~(p) =0 ,:_ ---... 

avec: 

J d cfo 
0 

0 0 -00 0 

Q(x,y, z) e-Mr B(p-tr, E,, Z)dz, 

rs 
(I) 

K 1 = constante y de !'isotope donne, 
rad X cm2/heure X Ci;<2> 

p. = coefficient lineaire d'attenuation 
des rayons y dans l'air; 

r = v(x- p cos cp) 2 + 
(y- pcos cp) 2 + (z - Zo) 2 

distance entre l'elt~ment de 
volume du panache dv et le 
point ou se fait Ia detection 
de Ia dose; 

B(p.r, E, Z) = "build-up factor", c.-a-d.-fac
teur d'accumulation de dose de 
rayons y dans l'air. Dans les 
calculs, il est represente par 
Ia somme de deux fonctions ex
ponentielles B(p.r, E, Z) = 
Ae-"1 llr + (I - A)e-"z Pr; 

Q(x,y, z) = fonction decrivant Ia distribu
tion des GRI dans le volume du 
panache. 

Alors la formule pour la determination de la 
dose annuelle moyenne de radiation y a la 
surface du sol !!)(p) sera 

!!)(p) = 9(p):Ta. t radfan (2) 
:To 

'?j(p) = intensite de la dose determinee 
par la formule (1), en Rfheure; 

.r = intensite de Ia source d'ejection, 
Cifsec; ejection normee: .r o = 
lCifsec; 

a. = part de vent-heures pour Ie 
rhumb considere; 

t = quantite totale de vent-heures 
pour les 8 rhumbs, en heuresfan . 

Pour faire Ies calculs on a pris le type de fonc
tion Q(x,y, z) de la partition de Ia concentration 
des GRI dans le volume du panache conforme
ment a l'ouvrage de D. L. Laikhtmann <8> 

Q(x,y, z) 

Y' i 1-. 
= :To e- 2(0,2 x'·')' ( Z Hell) Z 

y2 77(0,2 X
0

•
1

)
8 (1 + m + ~)K1 X 

X JB- E 

m + E + 1 

[ 

( Z Heft) 
0 

+ ~ + •> ] X 

X (I + m + E)2 0 ~ zm+ •-1 
2 u1 

x exp - (3) 

[ 

Zl+m+ • + Hetfl+m+ • l 
x (I + m + E) 2 ~Zm+•-1 

Avec: :To= 1 Cifsec-intensited'ejectionnor
mee; 

u1 = vitesse de vent au niveau fixe Z, 
mfsec (1m~ Z ~ 7m); 

K 1 = coeff.cient d'echange vertical tur
bulent au niveau Z; 

Hetf = hauteur effective du tube, 
m = parametre caracterisant le profil 

de la vitesse de vent (il depend 
de la stratification de !'atmo
sphere et des rugosites de Ia surface 
sous-jacente); 
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e: = parametre caracterisant la strati
fication de !'atmosphere. !Yl re
presente la fonction de la dif
ference des temperatures ( ~t) et 
de la vitesse du vent ( U1) au 
niveau fixe zl (e: = 0 a I'equilibre 
indifferent,-0,3 < € < - 0, I 
a la stratification instable et 
0,1 < € < 0,3-a la stratification 

stable) ; IB - € [- - - - ] 

m+e: -1 
integrale de Bessel. 

A l'aide des formules (1-3) on a calcule les 
. doses annuelles de radiation y a la surface de la 
terre pour des hauteurs definies du tube de 
ventilation et les differentes conditions meteoro
logiques. 

Les resultats des calculs et les donnees experi
mentales sont indiques sur les figures 2 et 3. 

1.2. Co"elations expirimentales entre la dose de radi
ation a el le rej'et des GRI 

Les mesures ont ete effectuees dans les con
ditions naturelles pendant les annees 1963 a 
1965. Comme source d'ejection continue de 
Ar41 on utilisait un tube de hauteur Heft= 91 m. 
Quelques centaines de dosimetres integrateurs 
construits a base de verres thermoluminescents 
etaient places dans les differentes directions a des 
distances de la source allant jusqu'a 20 km. Les 
dosimetres etaient installes a des hauteurs de 
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FIG. 2. Distribution experimentale ( normalisee) 
des isodoses. 

a 3 m au-dessus du sol. Chaque expos1t10n 
durait un an et on a fait des observations pendant 
deux annees. L'erreur dans la determination 
de la dose etait de l'ordre ± 20%. 

En meme temps on menait les observations 
concernant !'ejection des GRI et les conditions 
meteorologiques. Pour la determination du fond 
de radio-activite naturelle, des detecteurs de 
rayonnement etaient installes a des distances de 
40 a 70 km de la source de rejet. 

Les n!sultats experimentaux avec les donnees 
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de calcul pour deux aires de vent, sont presentes 
sur les figures 2 et 3. Sur la figure 3 la distance 
de la source de rejet p km, est portee le long de 
l'axe des abscisses, et la grandeur normee de 
la doseD (p, Jo) = D 1, radfan{Jo, Cifan-le 
long de l'axe des ordonnees. 

La figure 3 montre un bon accord des don
nees experimentales et des resultats des calculs 
faits pour les conditions meteorologiques reelles. 
La pire divergence atteint ± 70%. Cette di
vergence provient des erreurs de determination 
de la grandeur totalisant les rejets ( ± 30%), 
des erreurs de mesure sur la dose a la surface 
du sol(± 20%) et des erreurs de determination 
des parametres meteorologiques ± 20%. 

La figure 3 montre que la courbe de change
ment de la dose avec la distance a un caractere 
harmonique: la dose de radiation y s'attenue 
graduellement avec !'augmentation de la dis
tance. 

On sait que la valeur de la concentration des 
gaz (ainsi que des aerosols) au niveau du sol 
suit une autre loi: la courbe de dependance de la 
concentration des GRI au niveau du sol avec 
la distance a son maximum a la distance de 
4 a 40 fois la longueur du tube. Cette circon
stance indique qu'on doit faire le pronostic du 
facteur principal de I' action radio-active des 
GRI non selon la concentration au niveau du 
sol, mais a partir de la dose de radiation y 

externe a la surface de la terre; cette dosees 
determine a son tour par trois parametres 
principaux: ejection, distance et conditions 
meteorologiques. Ces donnees creent en prin
cipe la possibilite de determiner la valeur 
d'ejection maximum admissible f avec la queUe 
la dose maximum admissible sur la localite sera 
obtenue a la distance p de la source. 

2. RELATION ENTRE LA DOSE D'IRRADIATION 

DU CORPS ENTlER ET LA CONCENTRATION 

DES GRI DANS L'ATMOSPHERE DES LOCAUX 

DE TRAVAIL 

Dans les recommandations de la CIPR <1> le 
calcul des CMA des gaz radio-actifs inertes dans 
!'atmosphere de locaux de travail est fait de la 
meme fac;on que le calcul pour l'air atmo
spherique, c.-a-d. selon les formules valables 
pour un nuage etendu infini et sans tenir compte 
de !'absorption des particules f3 dans les couches 
tegumentaires des organes critiques. 

Dans ce paragraphe, on presente les resultats 
experimentaux et theoriques concernant hi. 
determination de la relation entre la dose pro
fonde et la CMA des GRI. Ces experiences et 
calculs ont ete realises en tenant compte des 
differences existant entre les doses maximum 
admissibles de certains organes critiques par
ticuliers, de !'existence d'unecouche protectrice 
(tegumentaire) dans chacun d'eux, de la limi
tation du volume des salles impliquant que 
l'equilibre des rayonnements n'est pas realise 
pour les photons y, ni meme pour les particules {3. 

2 .1. Relation theorique entre la dose profonde dans le 
tissu et la concentration des GRI dans !'atmosphere des 
locaux de travail 

II est rationnel de considerer le volume emet
teur (local de travail) comme un hemisphere 
absorbant de rayon Ro, a la base duquel se 
trouve, au centre un objet expose a !'irradia
tion. II faut envisager separement la dose de 
radiation y externe et la dose de radiation {3. 
La dose de radiation y (~ 

1
), dans le centre de 

!'hemisphere, se determine par une integration 
etendue a tout le volume de !'hemisphere de 
rayon Ro selon une concentration des GRI de 

Q, mCifcm3 

~y = 2rrQt ""'Ky, i (1 - e-"tR), (4) 
L.... [J-t 

avec: K 
1

, i = constante differentielle y pour 
l'energie Et, de !'isotope donne, 
rad x cm2fheure. mCi;<2> 

p.t = coefficient lineaire d'attenuation 
des photons y dans l'air, cm-1

; 

t =temps. 

On peut negliger la distribution des doses 
profondes dans les premieres couches ainsi que 
la difference en valeurs numeriques de "R" 
et "rad" dans les tissus biologiques. 

On sait que la distribution en profondeur des 
doses absorbees de particules f3 issues d'une 
source uniforme infiniment epaisse est bien de
crite par la formule de Lowinger. <4> Pourtant 
on rencontre souvent en pratique des cas ou les 
conditions de l'equilibre radio-actif pour les par
ticules f3 ne sont pas realisees. Dans ces cas le 
calcul des doses profondes de particules f3 avec 
un spectre continu de radiations peut etre rea
lise par !'integration de la fonction de dose 
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z 

FIG. 4. Coordonnees pour le calcul de la dose 
absorbee de particules fJ dans les tissus bio

logiques. 

d'une source ponctuelle, etendue a tout le 
volume de !'hemisphere, lequel est equivalent 
au volume de la salle. 

La formule de depart pour le calcul de la 
dose absorbee par une particule {3, !!JJ Jh sera 

vt 
h arc cos 0 ctv 

!!JJ p1 (t) = ""i>:J d ,P J sin ~d ~ J (L)s 

o o tsec.:' 

zn arc cos t/R R 

+ f d ,P f sin ~d ~ J-1- el-v" x= d x, 
(vK) 

o o tsec.:' 

(5) 

Les parametres geometriques ,p, ~ et R sont 
indiques par la fig. 4, le parametre (R) con
tenant le rayon de !'hemisphere et l'epaisseur 
d'absorbeur t, mgfcm2

; pb = densite de tissu 
biologique, gfcm3

; les coefficients -r, K, c, v, x 
sont definis conformement a l'ouvrage de 
Lowinger. <4> 

On a ecrit la formule (5) en supposant que 
les matieres de la source et de l'absorbeur sont 
identiques. Pour tenir compte de la difference 
des densites et des pouvoir d'arret de l'air et 

du tissu nous introduisons la notion de relation 
equivalente: 

Reqv = [-
t + R- t Lo], 

Pb p,. La 
(6) 

ou l'epaisseur de tissu t et le rayon R = Ro + t 
sont exprimes en gfcm2

, les densites de tissu 
biologique (po) et d'air (p,.) en gfcm3 et les 
parcours maximum des particules f3 dans le 
tissu biologique (Lb) et dans l'air (La) en em. 

En faisant !'integration de la relation (5) avec 
utilisation de la formule (6) et en introduisant 
les facteurs de conversion necessaires nous ob
tenons la formule definitive liant !!JJ 6 (radfsec) 
avec la concentration Q des GRI dans l'air: 

!!JJ 6 = Q E TJ { c2 
[ 3 - e1-7 

avec: 

et 

- v; ( 2 + ln ~) J 

+el-v(t+u> (I + vu) }• (7) 

q; p = intensite de la dose absorbee a 
la profondeur t, radfsec; 

Q = concentration du gaz radio-actif 
inerte, mCi/cm8

; 

E = energie moyenne des particules {3, 
Mev I desin tegration; 

Pb L~> 
u = (R -t) -; 

p,.La 

3,7.107 desintegra~ion 1,
6

.10 -a erg 
sec. mC1 Mev 

2.100 erg 1,293.10-8 ~ 
g. rad cm3 

= 
230 

rad. cm3
, desintegr. 

sec. mCi. Mev 

[ 
vt vt ( c)] Le terme 3 - e1

-"; - c 2 +In ;t =0, 

c 
sit~-

v 

La formule (7) ne permet pas de calculer 
la dose produite par des electrons de conversion. 
A cause de cela, pour une espece donnee de 
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radiation, nous utiliserons les resultats des tra
vaux de Radzievski et Osanov<6> qui ont montre 
qu'en presence d'une source infiniment epaisse 
se trouvant au contact d'un fantome plat 
equivalent au tissu, la distribution en profondeur 
des doses absorbees produites par des electrons 
peut etre calculee par la formule suivante: 

f!h (t) ;;;; J R~) [I - p(E)] N(E) 

(B) 

(8) 

8 max 

ou N(E) = S(E)-1 J n (E) dE 

E 

est appele "spectre passant", c.-a-d. densite de 
flux d'electrons atteignant la surface du fantome 
equivalent au tissu; 

R(E) = parcours des electrons a l'energie E 
dans la matiere du fan tome; 

p (E) = facteur energetique de retro-diffusion 
(dans les milieux a faible numero 
atomique du type de tissu biologique: 
p(E) ~ 1); 

S (E) = dEfdx-pouvoir d'arret des electrons 
dans l'air; 

n (E) = spectre energetique des electrons emis 
par unite de volume (ou de masse) 
de la source. 

La formule (8) a ete appliquee pour le calcul 
des doses profondes d'electrons de conversion 
avec n (E) ,....., 8 (E- Eo) ou fonction delta, Eo 
etant l'energie des electrons de conversion. 

Les moyens decrits ci-dessus ont ete utilises 
pour le calcul des doses absorbees produites par 
des particules fJ des electrons de conversion et 
des photons y pour des groupes differents d'or
ganes critiques, y compris: 

-la couche basale d'epiderme de peau 

t = 7 mgfcm2 

-le tissu musculaire et graisseux t = 100 
mg/cm2 

-le cristallin t = 300 mgfcm2
• 

Les resultats des calculs et les donnees experi
mentales sont indiques sur la figure 5. 

1"\ 

10
1 

'l ~ Ar41 

~6. \. 

y 

~ 

,\ 

" 
;...,. 

:;_ ." ·"-
i ~ Krss 

... 

" ., 
Xe 133 1\ 

I '\ 

_l 

_\ 

2 

50 100 150 200 250 300 

mgfcm2 

Fm. 5. Variation de doses profondes avec le 
profondeur. - calcul;. points experimentaux. 

2.2. Controle experimental de la distribution des doses 
profondes dans le fantome 

En vue de controler la distribution des doses 
profondes de particules fJ et d'electrons de 
conversion nous avons effectue deux series 
d'experience. 

Les essais de la premiere serie concernaient 
la distribution des doses profondes creees par 
Ar41, Kr81 et Xe188 dans une chambre hermetique 
de dimensions 240 X 240 X 200 em. La con
centration des gaz radio-actifs et l'uniformite 
de leur distribution dans le volume etaient con
trolees par un radiometre pour gaz radioactifs. 
Une chambre d'ionisation a geometrie plane 
(fig. 6) servait de detecteur. Cette chambre 
d'ionisation placee au centre du fond inferieur 
de la chambre hermetique avait un volume de 
1 litre et l'epaisseur de la couche d'air etait de 
2 em. Nous avons utilise comme absorbeurs 
equivalents au tissu, des filtres de polyethylene 
d'epaisseur differente (dans Ia premiere serie 
d'experience) et du papier paraffine (dans la 
seconde). 

La seconde serie experimentale a ete effectuee 
avec des emetteurs de faible energie en par
ticules fJ (014) et en electrons de conversion 
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FIG. 6. chambre d'ionisation pour la mesure 
des doses profondes de particules p. 
1, armature de la chambre; 2, pellicule de 
terlon metallisee, d'epaisseur 3,5 mg/cm 2 ; 

3, electrode collectrice; 4, depot de carbone 
pour l'aplanissement du champ electrique dans 
Ie volume utile de la chambre; 5, ecran metal
lique; 6, source de haute tension (300 V.) 

(Xe131m). Les mesures ont ete r6alisees par le 
m~me detecteur dans une chambre hemi
spherique de diametre 70 em. 

Les resultats des experiences et des calculs 
concernant la distribution des doses profondes 
sont presentes sur la figure S, oil le long de l'axe 
des abscisses est portee l'epaisseur de l'absorbeur 
t, mgfcm1

, et le long de l'axe des ordonnees 
l'intensite de la dose &J ( t), radfsec, normalisee 
par rapport a la concentration de gaz dans un 
volume radiant, Q, curiefl. 

La precision des donnees experimentales est 
egale a± lOa IS%. Surla figureS on petit voir 
un bon accord des resultats de !'experience et 
du calcul. Les resultats presentes ci dessus nous 
donnent Ia possibilite de trouver un rapport 

entre une dose maximum admissible (DMA) 
pour chacun des organes critiques et les gran
deurs correspondantes des concentrations maxi
mum admissibles (CMA) des GRI dans !'atmo
sphere des locaux de travail. 

Les resultats de ce calcul pour une salle hemi
spherique de rayon Ro = Sm. sont donnes dans 
le tableau 1 oil se trouvent aussi les CMA recom
mandees par la CIPR. <1) 

Le tableau 1 montre que les valeurs des 
CMA, calculees dans le present travail sur
passent de 10 a SO fois celles recommandees 
par la CIPR. II est necessaire de noter que dans 
tous les cas cites on a trouve comme organe 
critique Ia couche basale de l'epiderme de la 
peau (DMA = 0,6 remfsemaine), la contribu
tion principale a la dose (plus de 90%) etant 
conditionnee par les particules {3 tandis que la 
contribution des photons y est petite. 

CONCLUSIONS 

l. Pour l'etablissement des normes des GRI 
dans !'atmosphere on doit se baser non sur les 
CMA au sol, mais sur Ia dose d'exposition 
creee par un panache de gaz radio-actifs a la 
surface de la terre en prenant en consideration 
la hauteur du tube de rejet, la rose des vents et 
les autres parametres meteorologiques. On doit 
choisir une direction de plus grande repetition 
des vents. Un facteur controlable est !'ejection 
maximum admissible des GRI par le tube de 
ventilation J, Ci/an. 

2. La courbe des doses en fonction de la dis
tance, P.t(p), n'a pas de maximum et par 

Tableau I. CNA des gaz radio-actifs inerts dans ['atmosphere de locaux travail Q, Cifl. 

Rapport Rapport 
CMA, Ci/l des CMA des CMA 

Auteurs CMA, Ci/1 Auteurs 
Isotopes Isotopes 

Auteurs CIPR CIPR Auteurs CIPR CIPR 

AR'1 5.10-8 2.10-9 25 Kz-~~o l.IQ-8 - -
Kr77 1.10-• - - Kr91 l.lQ-8 - -
Kr"Gm l.IQ-7 6.10-9 16 XeUlm 4.10-7 2.10-8 20 
Kr"• l.IQ-7 1.10-8 10 Xe183 5.10-7 1.10-8 50 
Kr"7 1.10-• l.IQ-9 10 Xe135 8.10-B 4.10-9 20 
Kr"B 6.10-B - - Xe137 6.10-9 - -
Kr"9 1.10-8 - - Xeiss 2.10..:8 - -
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consequent les formules connues de calcul des 
concentrations des GRI a la surface du sol en 
fonction de la distance ( ou ce maximum existe a 
une distance de 4 a 50 fois la hauteur du tube 
de rejet) ne peuvent pas etre utilisees comme 
critere de securite radiologique. 

3. Les resultats de calcul obtenues dans ce 
rapport coincident bien avec ceux de !'experi
ence: l'erreur d'evaluation de dose sur une 
localite se trouve dans les limites de ± 60 a 70% 
en prenant en consideration les erreurs causees 
par tous les facteurs y compris ceux de la meteoro
logie. 

4. L'ejection maximum admissible f, Cifan, 
peut etre determinee par la relation suivante: 

f, Cifan = g DMA, 

ou DMA est une dose maximum admissible, 
etablie pour un groupe de population en 
question, rad/an; 

g = f ?;• Ci/~n est un facteur de normali
~o p, rad an 

sation, qu'on peut trouver pratiquement ou 
theoriquement par une courbe du type expose 
a la figure 3. 

Dans ce rapport, nous avons obtenu les 
valeurs suivantes d'ejections maximum admis
sibles de Ar41 pour une hauteur efficace de tube 
de ventilation, Heff = 91 m, DMA = 0,17 radf 
an et la distance p = 1500 m (voir la table ci
dessous). 

L'ejection maximum admissible des autres gaz 
radioactifs inertes sera determinee par la diffe
rence du rendement et de l'energie des radia
tions y en comparaison avec Ar41• Pour les 
autres hauteuts (H) du tube de ventilation, qui 
different de la valeur prise dans ce rapport 
notamment Hexp = 91 m, !'ejection maximum 
admissible, f' peut etre calculee par la relation 
suivante: 

Rhmb U, mfsec a 

N 2,7 0,155 (15,5%) 
NO 

I 
3,5 1,175 (17,5%) 

5. Les resultats du calcul des doses profondes 
d'une source infinie ( ou il y a eql.lilibre de 
rayonnement de particules fi) coincident bien 
avec ceux de !'experience. La divergence est 
± 15 a 20%. Sil n'y a pas d'equilibre de rayon
nement c.-a-d. si la dimension des salles de 
travail est inferieure a 2 ou 3 longueurs de libre 
parcours de particules, hi formule (7) n'est 
plus exacte. 

La distribution en profondeur dans le cas 
des electrons de conversion obeit a Ia formule 
(8). 

6. Le calcul des CMA des GRI dans !'atmo
sphere des locaux de travail doit etre effectue en 
tenant compte des DMA pour les organes 
critiques particuliers, de !'absorption des par
ticules fi par les tissus superficiels, et de Ia geo
metrie du volume radiant. Les calculs et les 
experiences presentes dans ce rapport indiquent 
que les CMA des GRI dans l'air des locaux 
de travail peuvent surpasser de 10 a 50 fois les 
CMA recommandees par la CIPR. (1) 

7. Le principe que nous avons utilise ici pour 
etablir les normes des GRI dans !'atmosphere 
ainsi que dans !'atmosphere des locaux de 
travail, peut etre utilise aussi pour certains 
isotopes radio-actifs tels que C11, 0 15, ou, N13 et 
quelques autres. 
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DISCUSSION 

D. NACHTIGALL (Euratom): 

Ich mochte Herrn Sowby bitten, den Punkt 16 auf 
Seite 4 der ICRP-Publication 9 zu interpretieren. 
Dieser Punkt enthalt die Empfehlung, bei Bestrahlung 
der Augen einen modifizierenden Faktor einzuftihren, 
der beispielsweise ftir schnelle Neutronen 3 und fiir 
thermische Neutronen etwas kleiner als 2 ware. Das 
wiirde bedeuten, dass die maximal zulassigen Fluss
dichten ftir Neutronen urn diese Faktoren verringert 
wiirden. Dieses wiederum hatte weitreichende Folgen 
fiir die Messung des Neutronendosisaquivalentes mit 
den sogenannten rem-<:ountem. 

F. D. SoWBY: 

The method of interpolation has been left open to 
allow the maximum degree of flexibility for the design 
of instruments. 

Hub. WIJKER (Netherlands): 

Are the limits recommended for planned special 
exposures also meant for rescue operations where 
human lives are involved? 

F. D. SoWBY: 

The Commission's recommendation (in paragraph 
100) is that for life-saving procedures; it will not be 
possible to specify dose limits, since the acceptability 
of the dose will depend on the importance of the 
objective. 

Hub. WIJKER: 

It may be important to consider whether the 
decision to surpass the limit has to be taken by the 
man who will do the rescue, or can he be ordered ? 
And the limit to which it can be surpassed (75 R or so?). 

F. DuHAMEL (France): 

mesurer le danger physique relatif des radio-elements, 
par le rapport de la quantite minimum detectable 
dans le corps humain grace aux moyens couramment 
utilises, a la quantite mrucimum admissible corres
pondante. 

A. BRODSKY (U.S.A.): 

Although the scheme for classification of radio
activity incorporating the specific activity of the pure 
nuclide as a factor may be interesting and have special 
applications, it can be very misleading to classify the 
inherent radiotoxicities by these methods for general 
purposes. In most practical cases, the specific activity 
of the pure nuclide is so high that probabilities of 
intake would be independent of the specific nuclide 
mass, but would instead depend on the various factors 
given by Dr. Hunzinger. This is an extremely im
portant matter, so I would like to refer you to my 
detailed discussion in an article in the American 
Industrial Hygiene Association journal, May 1966, and in 
recent comments to a committee of the American 
Standards Association under Dr. Dade Moeller
whose committee is giving this subject a serious re, 
evaluation. The approach by Dr. Hunzinger and his 
colleagues toward collecting estimates of fractions of 
material inhaled in accidents is most worthwhile, and 
I wonder if he can continue on a worldwide basis. It 
would be particularly worthwhile if Dr. Hunzinger's 
group could send questionnaires to the people 
knowledgeable in the details of each accidental release 
as it occurs to ensure the gathering of all the pertinent 
data needed to determine likely probabilities of in
take, such as total quantity involved in the accident, 
total quantity escaping enclosures or vessels involved, 
and best estimates of air concentrations and total 
quantities inhaled. 

W. HUNZINGER: 

Au sujet des facteurs a prendre en consideration We would welcome any reports of radiation inci-
pour !'evaluation des dangers des radio-elements, je dents to be brought to our knowledge. The informa
suis d'accord avec M. Hunzinger mais, concernant le tion required should include: 
cas particulier de laboratoires possedant une excel- -Amount and nuclide handled; 
lente surveillance continue, je voudrais faire une - Characteristics of the operation carried· out 
remarque. Depuis la publication de nos travaux (ventilation, containment, temperature, chemical 
signales par M. Feige nous nous sommes interesses and physical form ofthe material handled); 
specialement a ce cas particulier et notre conclusion- - Short description of the incident; 
encore tout a fait provisoire-est que l'on pourrait -Amount of nuclide accidentally inhaled. 

1455 
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J. PoMAROLA (France): 

Nous n'avons pas assez de temps pour discuter de Ia 
probabilite pour qu'une personne soit impliquee dans 
un incident et je pourrai peut-~tre en discuter ensuite 
avec le Dr. Hunzinger s'il le veut bien. Mais je 
desire lui poser la question suivante: Les evaluations 
des quantites inhalees, au cours des incidents, sont
elles obtenues a partir des prelevements atmo
spheriques ou bien des prelevements biologiques ou 
bien encore a partir de ces deux moyens simultane
ment? 

W. HUNZINGER: 

The evaluation of the activity inhaled was carried 
out by whole body counting in most of the cases. 

B. A. J. LISTER (U.K.): 

I should like to refer to a programme of experi
ments which we are carrying out at Harwell in which 
accidents are simulated in glove-boxes and fume cup
boards containing plutonium oxide or fluorescent 
powder. The fractions of the material inhaled have 
been assessed using personal air samplers worn by the 
operators who were, of course, wearing respiratory 
protection. 

The fraction inhaled depends of course on the type 
of accident and often dramatically on the precise 
position of the operators, but the figures found in the 
Harwell experiments are in quite good agreement 
with those presented by Dr. Hunzinger. 

F. w. SPIERS (U.K.): 

Has Dr. Richmond attempted to fit data in the bio
logical half-times of Cs187 in children and infants to 
his inter-species data? We have some recent data, for 
example, on biological half-times in infants from 
birth to six months which give values of 10 to 14 days 
for Cs137, compared with values of about 7 days for 
potassium. 

c. R. RICHMOND: 

Data reported from several sources concerning 
retention of cesium by infants and children do indeed 
tend to follow the correlations shown for both body 
weight and body surface. As regards your statement 
on the trabeculation of dog bone, I agree entirely. 
However, the purpose of the interspecies correlation 
is to attempt to relate the differences which are seen 
interspecifically by some formulation which can be 
used to extrapolate to human values. The point, 
however, is an excellent one. 

L. FrTOUSSI (France): 

Avec votre permission, M. Le President, je voudrais 
demander a M. Beau de bien vouloir faire quelques 

commentaires au sujet de son rapport presente en 
titre. En particulier j'aimerais connaitre les resultats 
de son evaluation concernant les niveaux de con
tamination admissible pour les deux composees 
organiques citees dans le resume de son rapport: la 
thymidine et la methionine tritiee. 

P. G. BEAU: 

Nous avons calcule deux niveaux de contamination 
interne par inhalation et par ingestion pour la 
methionine tritiee a !'aide d'un modele simplifie du 
metabolisme de cette molecule, car ce dernier est tres 
complexe (c'est le cas de la majorite des molecules 
marquees). Nous obtenons des normes plus severes 
que celles employees actuellement pour l'eau tritiee 
(cf. abstract). En ce qui concerne la thymidine 
tritiee, on ne connait chez l'homme, d'une maniere 
quantitative, que les produits finaux du metabolisme 
(HTO et BAIBA) et les etapes intermediaires au 
niveau cellulaire, dans les organes, sont mal connues, 
d'ou la difliculte d'etablir une norme d'organe. 

Hub. WIJKER (Netherlands) : 

A comment on the point raised in. the discussion 
concerning specific activity. For some years we have 
used three different specific activities in our laboratory: 
un = activityper gram of nuclide (also referred to as 

pure specific activity); 
a8 = activity per gram of element (elemental specific 

activity); 
um = activity per gram of material in which the 

nuclide is homogeneously or nearly homo
geneously distributed, e.g. per gram of solvent 
(material specific activity). 

(Reported to the Nederlandse Vereniging voor 
Stralingshygiene on its session of February 1962.) 

E. w. jACKSON (U.K.): 

If I understand the speaker, he is recommending 
that dose received should be used as a criterion and 
not the downwind concentration of released radio
active gas. Is not, however, this dose proportional to 
this concentration and since in practice, in the field, 
it is the concentration that is measured, would it not 
be easier to multiply these concentration ·values by a 
constant? Also regarding the extensive mathematical 
work that has been done by the author, could I ask 
whether this theoretical work carries the subject much 
further than has been done by Pasquill in the U.K.? 

N. G. GoussEv: 

First I shall answer the question on the inert radio
active gases in the atmospheric air. As I have already . 
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mentioned, the character of the curve of gamma 
irradiation dose as a function of distance from the 
source differs essentially from the curve of the down
wind concentration dependence upon distance. For 
instance if the plume of radioactive gases goes high up 
or to one side of the detection point, the downwind 
concentration would be equal to zero, yet the gamma 
irradiation dose can be considerable. 

Therefore a constant coefficient to be used for the 
transition from concentration to dose does not exist, 
although it is possible that such a correlation exists at 
great distances from the source (more than two kilo
meters). It exists also for closed spaces-in working 
establishments. Let us note that in this case the radia
tion hazard of inert radioactive gases is determined by 
the external ll-radiation dose on skin. The contribu
tion of the gamma irradiation dose may not be taken 
into account if the concentrations do not exceed 
permissible values. 

In all cases, rooms in working establishments as 
well as an open locality, the external irradiation dose 
exceeds considerably the internal irradiation dose 
caused by radioactive gases, this difference may be 
more than 100. 

As to. the works of Pasquill concerning the atmos
pheric diffusion, I believe they may be used for 
calculating y-irradiation doses from radioactive gases 
at a point in space. 

A. P. HuLL (U.S.A.): 

By way of documenting the speaker's remarks with 
regard to the relative importance of gamma and beta 
radiations from plumes containing inert radioactive 
gases, I should like to indicate some of our data at 
Brookhaven National Laboratory. The Brookhaven 
Graphite Research Reactor emits 20,000 Ci per day of 
Ar41 from a 100 m stack. At 0.5 km from the stack a · 
ground level monitoring station in a prevailing down
wind direction indicates an average dose of about 

5 mRfwk, although the instrumentation indicates the 
plume is seldom at ground level this close to the stack. 
At slightly more than 1.0 km, near the predicted point 
of ground level maximum concentration, the dose 
attributable to Aru is about 1.5 mRfwk. At 2.5 km 
it is about 0.75 mR/wk. We have recently installed a 
station at 6 km for another purpose, but will be 
measuring the Aru at this location also. 

N. G. GouSSEv: 

Your investigations, Dr. Hull, are very interesting 
and it would be useful to compare them with the 
results of our work. We have conducted our experi
ment during a period of two years, using a large 
number of thermoluminescent dosimeters with the 
exposure duration of one year. Your measurements 
seem to involve a shorter period of time-they rather 
characterize the dose rate for one week. The extra
polation to the integral annual dose may thus lead to 
great errors because of the difference in meteoro
logical conditions. In comparing the experiments 
with the theoretical data it must be noted that both 
0. G. Sutton's formula and D. L. Leichtmann's one 
(the latter is used in our work) cannot give the correct 
response about the law of dose distribution as a func
tion of distance from source. 

These formulae give the value of the downwind 
concentration of a radioactive gas at a given site; in 
this case, as it is known, the curve of the dependence 
of downwind concentration on distance to the stack 
shows a peak. The height of this peak and its distance 
from the source depend on the stack height and 
meteorological conditions. In the experiments con
cerning measurements of the integral dose such a 
peak was not observed-the dose declines gradually 
as a function of distance. Thus the gamma-ray integral 
dose on a locality is not always proportional to the 
downwind concentration. 



DOSE DISTRIBUTION FUNCTIONS FOR NEUTRONS 

AND GAMMA-RAYS IN ANTHROPOMORPHOUS AND 

RADIOBIOLOGICAL PHANTOMS* 
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Health Physics Division, 
Oak Ridge National Laboratory, 

Oak Ridge, Tennessee 

Abstract-A right circular cylinder, 30 em in diameter and 60 em in height, was assumed to 
be composed of standard soft tissue, and dose as a function of penetration depth was computed 
for plane beams of incident neutrons. Data are presented for monoenergetic neutrons of 
various energies up to 14.0 MeV as well as for the neutron spectrum from the Health Physics 
Research Reactor (HPRR). The calculations were of a Monte Carlo nature using a slightly 
revised version of Snyder's linear energy transfer (LET) code.<1> New LET curves were ob
tained for C, N, 0, B, Be, protons, tritons, and alpha particles, and recently obtained values 
of cross sections for these same elements were used with the code.<~> Many previous theoretical 
treatments of similar problems tended to ignore inelastic scattering reactions due to (I) the 
complexity of coding, (2) the difficulty of obtaining appropriate inelastic cross sections, and 
(3) inadequate "fast memory" capacity of many computational machines. Results of these 
calculations were compared with ( l) those for the infinite slab 30 em thick in the National 
Bureau of Standards (NBS) Handbook 63, (2) those obtained for a burro cadaver exposed to 
the neutron spectrum from the HPRR,< 3> and (3) those presented by Auxier et al.,<'> in their 
description of a belt containillg various radiation detection devices to be used in the determina
tion of the orientation of persons exposed to unscheduled criticality excursions. 

THE Monte Carlo Linear Energy Transfer 
(LET) code used by Snyder in previous work <1 • 5> 
has been modified and extended so that a more 
realistic treatment of various exposure situations 
is now possible. New stopping-power data<•> 
have been obtained for ions of C, N, 0, B, Be, 
protons, tritons, and alpha particles, and are 
shown in Fig. 1. These curves are similar to 
those previously used by Snyder<1> for ions of 
C, N, 0, and protons, except the low energy 
tail is now assumed to fall as the inverse power 
of velocity rather than the inverse power of 
energy. The code has been extended to include 
neutron inelastic scattering reactions in which 
the emitted neutron is assumed to come off 
isotropically in the center of mass system. For 

*Research sponsored by the U.S. Atomic Energy 
Commission under contract with the Union Carbide 
Corporation. 

elastic scat'tering, preliminary calculations were 
made for incident neutron energies of 7 and 14 
MeV. An energy cutoff of 2.5 MeV was used 
to determine the maximum influence of the 
assumption that all reactions were of an iso
tropic nature. The phantom is shown at the 
bottom ofTable 1, and the results of the calcu
lations are as shown in the table. Although 
the errors due to the assumption of isotropy are 
well within the bounds of the values of the coef
ficients of variation given in columns 4 and 6, 
the calculations, for the elastic case, were made 
without this simplifYing assumption. Cross
sections used in the code were presented by 
Auxier (a complete discussion of the 33 nuclear 
cross-sections would be much too extensive for 
this paper) in his paper entided "Neutron Cross
Sections and Reaction Products for H, C, N, and 
0 for the Energy Range from Thermal to 15 
MeV", and calculations were made for various 
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Table I. &suits of an Isotropic Treatment of Anisotropic &actions in a Slab Phantom 

Isotropic c. Anisotropic 

Energy Slab (X 10-a rad) ofV. (X 10-a rad) 

(MeV) no. neutron cm2 
(%) neutron cm 11 

7 (2.5 cutoff) l 0.456 6.8 0.448 
2 0.253 7.1 0.249 
3 0.120 10.8 0.126 
4 0.054 12.0 0.059 

14 (2.5 cutoff) 1 0.526 7.2 0.457 
2 0.336 8.3 0.323 
3 0.192 11.5 0.196 
4 0.099 17.4 O.ll5 

14 (no energy cutoff) I 0.562 6.2 0.484 
2 0.329 ll.5 0.332 
3 0.203 9.8 0.214 
4 0.106 11.3 0.137 

SLAB PHANTOM 

c. Error 
ofV. (1-iso.Janiso.) X 100 

(%) (%) 

6.2 - 1.8 
10.4 - 1.7 
15.9 + 4.8 
17.0 + 9.5 

6.4 -11.5 
9.9 - 4.1 

10.2 + 2.3 
11.3 +14.2 

6.2 -16.1 
7.2 + 0.8 
8.9 + 5.2 

19.7 +22.6 
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FIG. 1. Stopping power for recoil ions in soft tissue. 
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monoenergetic neutron beams as well as the 
Health Physics Research Reactor (HPRR) neu-. 
tron spectrum. <7 

• 8> The HPRR is an unshielded 
critical assembly of enriched 136U <9> producing 
neutrons having the spectral distribution shown 
in Fig. 2. The exposure situation was assumed 
to be a plane parallel beam of neutrons incident 
unilaterally on the cylindrical phantom shown 
in Fig. 3. The cylinder was assumed to be 15 
em in radius and 60 em high, composed of H, 

~wrrs 
YOU.IME ELEMENTS 
NUMBERED BY i + 20 

\Q.IME ELEMENTS 
NUMBERED BY i + o40 

VOI..IJME ELEMENTS 
NUMBERED BY i + 20 

YOl..UME ELEMENTS 
NUMBERED BY i 

Fro. 2. NeutronleakagespectrumfromHPRR. 
FIG. 3. Numbering of volume elements in the 

cylindrical phantom. 

I.R.P. VOL. IX-X* 
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C, N, and 0 in the proportions found in stan
dard, soft tissue. <10> The cylinder was subdivided 
into 150 volume elements, but due to geometrical 
symmetry, only 60 different elemental exposures 
were possible. 

Table 2 shows the list of reactions that may 
occur in the phantom and the contribution 
averaged over the entire phantom from each of 
the various reactions. From this it is evident 
that many of the 33 possible reactions could have 
been ignored since they contribute an almost 
insignificant amount to the total dose. The 
reactions are listed in three groups. The re
actions in the first group, numbers 1 through 4, 
are those of elastic scattering of neutrons by 
the nuclei in the medium. The second group, 
numbers 5 through 16, is that of the inelastic 
type in which a nucleus absorbs a neutron and 
is raised to an excited state and emits a neutron 
or two, in the case of the C(n, 2n') reaction, and 
one or more gamma-rays. The third group is 
that of the absorption type, in which a neutron 

N!l 
.... 
c .... 
2 
w 
~ 

"' "' g 

i 

-· 10 

-· 10 

100 

is captured by a nucleus and one or more 
charged particles are emitted with or without 
accompanying gamma-rays. . 

The absorbed dose as a function -of penetra
tion depth, due to neutron reactioris exclusive 
of the neutron-produced gamma dose, and the 
dose as a function of penetration depth, due 
to neutron-produced gamma-rays, for represen
tative energies are shown in Fig. 4. For instance, 
the n and y curves for a specific energy could 
be summed to obtain the total dose for a particu
lar exposure situation. 

Dose equivalent as a function of penetration 
depth is shown in Fig. 5 and was obtained 
through the use of ICRP-recommended quality 
factors <11> shown in the inset of this figure. 
The absorbed dose was separated into 12 LET 
intervals, and quality factors denoted by the 
arrows, representing the mean quality factor 
for that particular interval, were used to com
pute the dose-equivalent curves shown in this 
figure. The coefficients of variation for both the 

- PENETRATION (em) 

FIG. 4. Absorbed dose as a function of penetration depth in a cylindrical phantom (30 em x 60 em). 



Table 2. Contributions to Dose Averaged over a Cylindrical Phantom from Reactions in Tissue 

1. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 

10. 
11. 
12. 
13. 
14. 
15. 
16. 
17. 
18. 
19. 
2 
2 
2 
2 
2 
2 
2 
2 
2 
2 
3 
3 
3 
3 

0. 
I. 
2. 
3. 
4. 
5. 
6. 
7. 
8. 
9. 
0. 
1. 
2. 
3. 

H (n, n) H 
C (n, n) C 
N (n, n) N 
0 (n, n) 0 
C (n, n') *C; 
C (n, n') *C; 
C (n, n') *C; 
N (n, n') *N; 
N (n, n') *N; 
N (n, n') *N; 
N (n, n') *N; 
N (n, n') *N; 
0 (n, n') *0; 
0 (n, n') *0; 
0 (n, n') *0; 
0 (n, n') *0; 
C (n, a1 ) *Be; 
C (n, n') *C; 
N (n, 2N)N 
H (n, r) H 
C (n, ag) Be 
N (n, ag) B 
0 (n, a0) C 
C (n, a1) *Be; 
N (n, a1) *B; 
N (n, a 1} *B; 
N (n, a3 ) *B; 
0 (n, a1) *C; 
0 (n, a.} *C; 
0 (n, a8} *C; 
N (n,p) *C 
0 (n,p) *N; 
N (n, t) C 

Reaction 

*C-.. C + y1 ; 

*C-.. C + r 1 ; 

*C->- C + ra; 
*N -.. N + y1 ; 

*N->- N + ra; 
*N->- N + ra; 
*N ->- N + ,,; 
*N -.. N + y6 ; 

*0 ->- 0 + 'Yl; 

*0 ->- 0 + ,,; 

*0->- 0 + ra; 
*0 ->- 0 + ,,; 
*Be->- Be + n; 
*C->- Be+ a 

*Be->- Be + r; 
*B->- B + y1 ; 

*B ->- B + y 1 ; 

*B ->- B + ra; 
*C -.. C + y1 ; 

*C->- C + y 1 ; 

*C ->- C + ra; 

*N->- N + y; 

t X 10-10 radfneutronfcm 2• 

HPRRt 5MeVt 7 MeVt 

6.9232 22.44 28.26 
0.1780 0.57 0.59 
0.0146 0.06 0.06 
0.4228 1.36 1.97 

r 1 = 1.75 MeV 
ra = 4.43 MeV 0.0099 0.03 0.26 
'Ya = 6.8 MeV 0.0001 
y1 = 1.63 MeV 0.0004 
r 1 = 2.31 MeV 0.0002 
'Ya = 5.1 MeV 0.0001 
,, = 10.0 MeV 
y6 = 11.0 MeV 
y1 = 6.1 MeV 0.0083 0.14 
'Ya = 7.12 MeV 0.0036 
rs = 3.8 MeV 
,, = 4.8 MeV 
Be->- 2a 

1.7250 1.64 1.41 
0.0006 
0.0127 0.10 0.06 
0.0284 0.55 0.69 

r = 1.75 MeV 0.0001 

r 1 = 2.1 MeV 0.0006 0.01 0.01 
'>'2 = 4.5 MeV 0.0001 0.01 
y8 = 5.0MeV 0.0004 
y1 = 3.1 MeV 0.0014 

'>'• == 3.8 MeV 0.0009 
ra = 7.0 MeV 

0.1495 0.19 0.22 
r = 6.1 MeV 

0.01 

Total doses 9.4809 26.95 33.69 

10 MeVt 14 MeVt 

33.58 34.10 
0.63 0.60 
0.06 0.06 
1.50 1.44 
0.05 0.03 
0.59 0.69 

0.14 
0.01 

0.02 0.03 
0.03 0.02 

0.03 
0.03 

1.36 1.54 
0.30 0.38 

1.58 
0.77 
0.58 
0.51 
0.01 

1.21 0.89 
0.11 0.36 
0.10 0.11 
0.73 1.11 

0.05 
0.02 0.04 
0.02 0.05 
0.04 0.06 
0.11 1.03 
0.22 2.46 

1.00 
0.22 0.18 

0.51 
O.Ql O.Q2 

40.91 50.42 
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xiO 

100 

-PENETRATION (em) 

FIG. 5. Dose equivalent as a function of penetration depth in a cylindrical phantom 
(30 em X 60 em). 

rad and rem dose curves range from about 7% 
at the front where the volume elements are large 
to 22% at the center where they were much 
smaller to about 17% at the rear where the 
volume elements are large, but the statistical 
parameters are influenced by the exponential 
nature of the attenuation of neutrons. For the 
spectrum from the HPRR, the coefficients of 
variation range from 5% at the front to 40% 
at the center and rear. The determinant factor 
here is the statistical nature of the energy of 
the incident neutrons. 

Figure 6 shows dose as a function of LET 
for incident neutrons of energies 2.5, 5, and 
14 MeV at penetration depths of 1.5, 13.5, and 
28.5 em. This illustrates the changing LET 
spectrum with both penetration depth and 
energy. For example, the LET spectral distri
bution of dose for 5 MeV neutrons at a pene
tration depth of 1.5 em is not very unlike that 
for 14 MeV neutrons at a penetration depth 
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FIG. 6. Dose as .a function of LET. 
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of 13.5 em. Calculations of the above type 
have been completed for incident neutrons of 
representative energies between thermal and 
14MeV. 
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EFFECTS OF PHANTOM GEOMETRY ON DOSE 

DISTRIBUTION* 

JACOB NEUFELD, V. E. ANDERSON, HARVEL WRIGHT, W. S. SNYDER andj. E. TUl\NEll 

Health Physics Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 

Abstract-Calculations have been made of the spatial distribution of dose and dose equiva
lent due to protons of energies 250 MeV and 400 MeV incident on a tissue phantom which 
has dimensions approximating those of a human torso and has the form of a right elliptical 
cylinder with a height of 70 em and with semiaxes of the elliptical base as 20 em and 10 em. 
The results obtained have been compared with the corresponding data previously obtained 
for a tissue slab having thickness of 30 em. It is shown that within the limits of accuracy due 
to statistical fluctuations the distribution of dose and dose equivalent are not substantially 
different in a cylindrical phantom from the corresponding values in a slab phantom. 

THIS is a continuation of a recently reported 
study dealing with the estimates of dose and 
dose equivalent due to the exposure to high
energy nucleons. This study undertaken by the 
Neutron Physics and Health Physics Divisions 
of the Oak Ridge National Laboratory is based 
on Monte Carlo techniques and deals with the 
statistical behavior of physical interactions which 
result from the penetration of high-energy nuc
leons into an appropriate phantom having the 
same elemental composition as tissue. <1

•3> These 
interactions include both elastic and inelastic 
collisions and also take into account the contri
bution of cascade particles, nuclear recoils, and 
nuclear evaporation products ranging in com
plexity from nucleons to alpha particles. A 
relatively detailed outline of the physical aspects 
of the problem is given in refs. 1 and 2. The 
principal quantities which are determined on 
the basis of these interactions are the absorbed 
dose D which represents the amount of energy 
absorbed per unit mass of tissue expressed in 
rads and the dose equivalent DE which gives a 
measure of the biological hazard from the stand
point of radiation protection expressed in rems. 
The generally accepted procedure for deter-

*Research sponsored by the U.S. Atomic Energy 
Commission under contract with Union Carbide 
Corporation. 

mining the dose equivalent is based on the con
sideration of linear energy transfer (LET) at 
the points at which the energy deposition takes 
place and of the appropriate weighting factors 
(QF) which are applied to the corresponding 
LET values. These weighting factors have been 
determined from the QF -LET relationship based 
on routine occupational exposure.<'> 

The distribution of dose within a large phan
tom is generally not uniform and it depends to a 
large extent on the conditions of irradiation 
and on the geometry of the phantom. It is 
our object here to determine for high energy 
incident protons the effect of the phantom geo
metry under some simplified and idealized as
sumptions concerning the condition of irradia
tion. In previous investigations it was assumed 
that a body can be approximated by a 30-cm 
thick slab of tissue. The preliminary data pre
sented in this report are based on a more rea
listic model which approximates the dimensions 
of a human torso. The two cases considered 
in this report deal with the incidence of mono
energetic proton beams having energies 250 and 
400 MeV. 

The phantom used in the present calculations 
is assumed to be composed of hydrogen, carbon, 
nitrogen, and oxygen in approximately the 
proportion by weight of standard man (density 
of about 1 gfcm8

) and has the form of a right 
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elliptical cylinder with a height of 70 em and 
with semiaxes of the elliptical base as 20 em 
and 10 em (see Figs. la and lb). These dimen
sions are approximately the same as the ones 
selected by Hayes and Brucer.<6> For dose 
analyses the phantom was divided into four 
regions by three planes perpendicular to the 
axis of the cylinder, 6 axial planes, and 2 sur
faces each of which forms an elliptical cylinder 
co-axial with the axis of the phantom. The sub
divisions of the phantom are indicated in Figs. 
la and 1 b. Because of certain symmetries 

z 
I 
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I 

FIG. Ia. Tissue phantom, perspective view. 
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Fro. 1 b. Ellipse formed by the intersection of 
the cylinder and a plane perpendicular to its 

axis. 

resulting from conditions of exposure, certain 
volume elements within the phantom receive 
the same dose to within statistical fluctuations. 
The energy deposited in such volume elements 
was combined to give greater statistical accuracy 
to the resulting estimates of dose. 

It was assumed that protons are incident in a 
direction perpendicular to both the axis of the 
cylindrical phantom and to the major axis LR 
of the ellipse shown in Fig. 1 b. This ellipse is 
formed by the intersection of the cylinder with a 

plane perpendicular to the axis. The direction 
of incidence of the protons is indicated· by an 
arrow M. 

The results of the calculations for incident 
protons having energies 250 and 400 MeV are 
shown in Figs. 2 through 5. At each energy 10,000 
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proton beam; (a) distribution of D in layer 
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incident protons were used, and the fate of each 
and its secondaries was determined on the basis 
of Monte Carlo techniques, and particle his
tories analogous to those of the infinite slab 
were generated in the phantom. The values of 
dose and dose equivalent are represented gra
phically along two traverses in the layers No. 1 

and No. 2. One of these traverses is aligned 
along the axis FB ("front to back") and the 
other runs diagonally along the axis LR ("left 
to right"). The position of the traverses and of 
the layers No. 1 and No. 2 are indicated in 
Figs. la and lb. 

The values of dose and dose equivalent pre
sented in Figs. 2 to 5 have been compared with 
the corresponding values previously obtained <1> 
for a 30-cm thick tissue slab. One can easily 
see the occurrence of the "build-up" factor in 
the dose distribution, both in the cylindrical 
and in the slab phantoms. In both cases the 
dose gradually increases in the direction of the 
proton beam, and has the lowest value in the 
region of the incidence of the beam. The build
up-factor is due to the generation of secondary 
protons and heavier particles at each point of 
interaction and to the corresponding energy 
degradation which accounts for the increase in 
both LET and QF values. 

The characteristic increase of the dose with 
the depth is shown in the graphs of Figs. 3 and 5 
which show the distribution of dose and dose 
equivalent along the FB traverse for layers No. 1 
and No.2. 

In order to compare the build-up effects in 
both phantoms we shall define a "build-up 
index" KD for the dose (D) distribution and a 
"build-up index" KDE for the distribution of the 
dose equivalent (DE), respectively, as follows: 

dose at the depth of20 em 

dose in the region of incidence 

and 

dose equivalent at the depth of 20 em 
KDE 

dose equivalent in the region of incidence 

Table 1 contains data which permit one to 
compare the values of dose and dose equivalent 
at the corresponding points in both phantoms 
and also give the values of the build-up indexes 
for various energies of the incident proton 
beams. It is apparent that KD and KDE de
crease with the increase of proton energy and 
show in both phantoms substantially the same 
values for protons of corresponding energy 
values. Because the statistical fluctuations are 
so large, one cannot make any precise inter
pretation. (These fluctuations are particularly 
evident in Fig. 3.) The above results show, 
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Table 1 

Tissue slab 
Cylindrical phantom 

(traverse FB in layer 2) 

(A) Dose in the region of 0.84 X 10-7 for 200 MeV 0.71 X 10-7 for 250 MeV 
incidence of the beam 0.65 X I0-7 for 300 MeV 0.57 X I0-7 for 400 MeV 

0.58 X I0-7 for 400 MeV 

(B) Dose at the depth 1.2 X I0-7 for 200 MeV 0.88 x I0-7 for 250 MeV 
of20 em 0.78 x I0-7 for 300 MeV 0.67 X 10-7 for 400 MeV 

0.7 X I0-7 for 400 MeV 

Build-up index K D 1.43 for 200 MeV 1.24 for 250 MeV 
1.20 for 300 MeV l.l8 for 400 MeV 
1.21 for 400 MeV 

(A) Dose equivalent in the l.l X I0-7 for 200 MeV 1.00 X I0-7 for 250 MeV 
region of incidence of the 0.9 X I0-7 for 300 MeV 
beam (in rem) 0.9 x I0-7 for 400 MeV 0.83 X 10-7 for 400 MeV 

(B) Dose equivalent at the l.l5 X 10-7 for 200 MeV l.l7 X 10-7 for 250 MeV 
depth of 20 em 1.01 X 10-7 for 3.00 MeV 

1 X 10-7 for 400 MeV 1.01 x I0-7 for 400 MeV 

Build-up index KDE 1.36 for 200 MeV l.l7 for 250 MeV 
l.l2 for 300 MeV 1.22 for 400 MeV 

however, that within the limits of accuracy due 
to statistical fluctuations the calculated dose 
distributions in the direction of incident beams 
do not differ substantially in the two phantoms 
considered. 

andjACOB NEUFELD. Calculation of radiation dose 
from protons to 400 MeV. Health Phys. 16, 783 
(1964). 

2. C. D. ZERBY and W. E. KINNEY. Calculated tissue 
current-to-dose conversion factors for nucleons 
below 400 MeV. Nuclear Instrs. and Methods 36, 
125 (1965). 

The code for performing the above calcula
tions has been designed to determine the esti
mates of dose in a region of any size or any 
location within the cylindrical phantom and to 
determine the dose deposited in critical organs 
of the human body under various conditions 
of high-energy exposure. 
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DISTRIBUTION OF DOSE IN THE BODY FROM A 

SOURCE OF GAMMA RAYS DISTRIBUTED UNIFORMLY 

IN AN ORGAN* 

H. L. FISHER, Jr.t and W. S. SNYDER 

Health Physics Division, 
Oak Ridge National Laboratory, 
Oak Ridge, Tennessee, U.S.A. 

Abstract-When a gamma emitter is present in an organ of the body, only a fraction of the 
emitted gamma energy is absorbed in that organ. Many evaluations of the absorbed fraction 
have been published, mostly for highly idealized and perhaps oversimplified cases. The use of 
an effective radius and a spherical geometry is one instance of such drastic simplification. 
Although an exact theory of gamma photon interaction with matter is known in detail, applica
tion of this theory is usually difficult since an enormous amount of mathematical computation 
is involved. However, by use of a high-speed digital computer these calculations become 
feasible. A Monte-Carlo-type calculation has been used to estimate the dose in 22 organs and 
100 subregions of an adult human phantom for four initial gamma energies. This report is 
divided into three sections; in section one is a description of the phantom, in section two are 
some details of the Monte Carlo method used, and in section three are the dose estimates from 
a gamma source distributed uniformly in ( 1) the total body and (2) the skeleton. 

I. THE PHANTOM 

Shown in Fig. 1 is the phantom and sub
regions in which dose was determined. The 
dimensions of the phantom were chosen after 
consideration of the average size and weight of 
humans <H> and the phantoms designed by Hayes 
and Brucer. <'> In order to describe the various 
regions, a coordinate system is needed. As shown 
in the figure, the origin of the rectangular co
ordinate system is located at the center of the 
base of the trunk. The positive z-axis extends 
vertically through the head, the left side of 
the phantom will be taken along the positive 
x-axis, and the rear will be taken along the 
positive y-axis. All units of length are given in 
centimeters. 

Using the coordinate system in Fig. I, the 
body of the phantom may be described as 

* Research sponsored by the U.S. Atomic Energy 
Commission under contract with Union Carbide 
Corporation. 

t On loan from the USPHS. 

follows. The trunk is an elliptical cylinder given 
by 

0 ~ z ~ 70. 

The head is also an elliptical cylinder 

70 < z ~ 94. 

The legs are considered together to be a trun
cated elliptical cone 

(!...)t + (l)a ~ (100 + z)t 
20 10 ..... 100 

-80 ~ z < 0. 

It is now a simple matter for the computer to 
take any point (x, y, z), substitute it into these 
inequalities, note whether the inequalities are 
satisfied, and thereby determine whether this 

1473 
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FIG. 1. The human phantom. 

point is inside or outside the phantom and 
whether it is in the head, trunk, or legs of the 
phantom. Except for the head, this phantom 
is convex. Account has been taken of the pho
tons which transverse the void between trunk 
and head. 

The arbitrary subregions into which the 
phantom was sectioned and in which dose was 
determined are outlined in Fig. I. The legs 
were cut into four layers by equidistant hori
zontal planes; the trunk was divided into five 
layers by equidistant horizontal planes. Two 
vertical planes, intersecting at right angles along 
the central axis of the trunk and having an angle 
of 45 degrees from either the x- or y-axis, cut 
these layers. The final volume element is ob
tained by four vertical, concentric, elliptical 
cutting cylinders. The major axes of these 
elliptical cylinders are 4, 8, 12, and 16 em, 
and the minor axes are 2, 4, 6, and 8 em. The 
innermost elliptical cylinder was not cut by 
the vertical planes. The head was sectioned 
into two layers equal in thickness and was 
cut by the same two vertical planes which cut 
the trunk. Although dose was determined in 
these arbitrary regions, the results are not 

presented in this report since the principal pur
pose is to give organ doses. However, results 
from the arbitrary regions permit an approxi
mation of the variation of dose throughout the 
phantom. In particular, if an organ is very 
small, e.g. ovary, thyroid, pituitary, etc., the 
dose estimate may be statistically unreliable on a 
given calculation, and one may use instead an 
average dose over one of these layer regions. 

Mathematical descriptions of the organs were 
formulated after consideration of the descriptive 
and schematic material from several general 
anatomy references. <6 • 6> The scaled cross sec
tions of the human body by Eycleshymer and 
Schoemaker(7) were helpful in locating: the posi
tions at which to place the organs as well as 
aiding in the construction of the organs. The 
representations of the organs by the mathemati
cal equations given herein are only approximate, 
and many other geometrically simple approxi
mations might be used. The goal in constructing 
these mathematical organs was to obtain the 
approximate size and shape of an average organ 
through the use of a few simple mathematical 
equations. If the size and shape approximate 
those of the real organ, the dose estimate should 
be correspondingly accurate. To minimize 
running time and, therefore, cost, the formulas 
used should be as simple as possible. 

The composition of the phantom is tissue< 8> 

of density 1 gfcm3
• There is no low density 

area for the lung nor is there a high density 
region with modified mass absorption coefficient 
for bone. However, for gamma energies between 
0.2 and 4 MeV, the mass absorption coefficients 
for bone and soft tissue are essentially the same 
within several percent. Below 0.2 MeV the 
photoelectric cross section for bone rises much 
more rapidly than that for soft tissue. This is 
one of the major limitations of the present ap
proach. The volume in cubic centimeters of 
most mathematical organs will be equal to the 
weight of an average organ in grams. This is 
not true for the lungs or for regions of bone. The 
linear dimensions of all organs including lungs 
and bones have been used as the primary basis 
for developing the mathematical equations. 

In Fig. 2 is an anterior view of some of the 
larger organs and their positions in the phantom. 
In the following account, a brief description of 
each mathematical organ will be given followed 
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ORGANS NOT SHOWN: 

ADRENALS 
STOMACH 

MARROW 

PANCREAS 
.SKIN 
SPLEEN 
OVARIES 
TESTES 

THYMUS 
THYROID 
UTERUS 
t£G BONES 

LOWER. LARGE INTfSTINE 

~ f ·•·· .. · ro 
·. C!NT-rEM 

Fro. 2. Anterior view of the principal organs in the head and trunk of the phantom. 

by the' mathematical inequalities which must 
be satisfied for the point (x,y, z), in the coordi· 
nate system of Fig. 1, to be in the organ. The 
volumes which are given were determined by 
integration. 

The volumes of the head, trunk, legs, and 
total body are 5278 cm3

, 43,982 cm3
, 20,776 cm3

, 

and 70,036 cm3, respectively. When there are 
left and right organs, the equations for only one, 
the left, will be given. The equations for the 
Qther may be obtained by replacing x by -x 
in the inequalities. 

Adrenals. Each adrenal is half an ellipsoid 

sitting atop a kidney. The left adrenal is given 
by 

(
x - 4.5)s (y - 6.5)2 (z - 38)2 ~ 

1.5 + 0.5 + 5 ""' 

z ~ 38. 
The volume of both adrenals is 15.71 cm3

• 

Bladder (urinary). The bladder plus contents 
when moderately full is an ellipsoid given by 

(:)2 + (y + 4.5)2 + (=-=.._8)2 ~ 1. 
6 4.5 4.5 
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The volume is 508.9 ems. 
Brain. The brain is an ellipsoid given by 

The volume is 1470 ems. 
Gastrointestinal tract. The form of the gastro

intestinal (GI) tract given here represents the 
mass of the tract itself plus the 24-hr average 
mass of contents. This is a particularly difficult 
organ to fix since its volume and location are 
subject to change between individuals as well 
as in the same individual. The intestines are 
taken to be in the somewhat-idealized standard 
positions. The stomach is the most difficult 
to represent since its volume will change by 
nearly an order of magnitude several times in 
24 hr. The constant-sized and fixed-position 
stomach given here is, therefore, not very realis
tic but should suffice for estimating an approxi
mate dose in that region. The stomach is an 
ellipsoid, 

(x 4 8r +(yt4r +(z 835r<l, 

and has a volume of402.1 cm8
• 

The small intestine has not been constructed 
in detail. Instead the volume occupied by the 
coils of the small intestine is used. This volume, 
which lies in the pelvic region, is a section of a 
circular cylinder given by 

xz + (y + 3.8) 1 ~ (11.3) 1 

-7~y~3 

17 ~ z ~ 27. 

Exclude large intestine volume. 
The upper large intestine is simulated by 

two cylinders, one cylinder with its axis vertical 
representing the ascending colon and an ellipti
cal cylinder with its axis horizontal representing 
the transverse colon. The upper large intestine 
is the region satisfYing 

or 

1. (x + 8.5) 2 + (y + 4.5) 8 ~ (2.5) 2 

15.4 ~ z ~ 24 

2_ (y + 4.5)
2 

+ (z - 25.5)
2 
~ 1 

2.5 1.5 

- 10.5 ~ X ~ 10.5, 

and its volume is 416.3 ems. 

The lower large intestine is composed of an 
elliptical cylinder and an S-shaped figure formed 
from half of a torus. It is the region satisfying 

or 

(

X - 9.5)8 (y + 4.3)1 
I. 1.6 + 2 ~ 1 

13.4 ~ z ~ 24 

2. 0 ~ z ~ 13.4 

( yE1 + (z- 6.7 + 6.7m) 1
- 6.7r ., 

+F1 ~ (1.6) 8 

where E = (x- 4.75) 0.7090- (y- 0.4252) 
0.7053 

F = (x- 4.75) 0.7053 + (y- 0.4252) 
0.7090 

m=lifE~O 

m=-lifE<O 

and has a volume of 275.8 ems. 
Heart. The heart is half an ellipsoid caped 

by a hemisphere which is cut by a plane. A 
rotation and translation are then effected. The 
heart, 

x1 = 0.6943 (x + 1) - 0.3237 (y + 3) 
- 0.6428 (z- 51) 

y 1 = 0.4226 (x + 1) + 0.9063 (y + 3) 

z1 = 0.5826 (x + 1)- 0.2717 (y + 3) 
+ 0.7660 (z- 51) 

has a volume of 603.1 cm3
• 

Kidneys. Each kidney is an ellipsoid cut by a 
plane. The left kidney is given by 

( ~)~ (~)~ (z - 32.5)a 
4.5 + 1.5 + 5.5 ~ 

X ~ 3. 

The volume of both kidneys is 288.0 cm3
• 



DISTRIBUTION OF DOSE IN THE BODY FROM A SOURCE OF GAMMA RAYS 1477 

Liver. The region of the liver is defined by an 
elliptical cylinder cut by a plane as follows: 

(--=--)2 + (.z)• ~ 1 
16.5 8 

X J Z 
1 35 + 45 - 43 ~ - . 

27 ~ z ~ 43. 

Its volume is 1614 cm3
• 

Lungs. Each lung is half an ellipsoid with a 
section in front removed. The defining inequali
ties for the left lung are 

(
x - 8.5)

2 
( L)s (z - 43.5)

2 
~ 1 

5 + 7.5 + 24 ~ 

z;;:: 43.5 

(x - 2.5)
2 (L)a (z - 43.5)

8 
>-: l 

5 + 7.5 + 24 
7 

ify < 0. 

The volume of both lungs is 3378 cm3
• 

Ovary. Each ovary is an ellipsoid. The left 
ovary is given by 

(x- 6)• + (:.sr + (z 2 lsr ~ 1. 

The volume of both ovaries is 8.378 cm1• 

Pancreas. The pancreas is half an ellipsoid 
with a section removed. It is defined by 

(tsr + ya + e 3 
37r ~ 1 

x;;::O 

Z ;;:: 37 if X> 3 

and has a volume of 61.07 cm8• 

Skeleton. The skeleton consists of six parts
the leg bones, the arm bones, the pelvis, the 
spine, the skull, and the ribs. Each piece will 
be described separately. Each arm bone is the 
frustrum of an elliptical cone. The left one is 
defined by 

( ~3! (z - 69) + (x - 18.4))

2 

+ (L )s 
1.4 2.7 

~ (138 + (z - 69)) 
138 

0 ~ z ~ 69. 

The volume of both arm bones is 956.0 cm8
• 

The pelvis is a volume between two noncon-
centric circular cylinders described by 

x 2 + (y + 3) 2 ~ (12) 2 

x2 + (y +.3.8) 2
;;:: (11.3) 2 

y+3;;::0 

0 ~ z ~ 22 

J ~ 5 if z ~ 14. 

Its volume is 606.1 ems. 
The spine is an elliptical cylinder given by 

22 ~ z ~ 78.5 

and has a volume of 887.5 ems. 
The rib volume is that region between two 

concentric, right, vertical, elliptical cylinders. 
This region is sliced by a series of equispaced 
horizontal planes into slabs, every other slice 
being a rib. The statements that must be satis
fied are 

(.=_)' + (L)a ~ 1 
17 9.8 

c:.sr + (:.3r ;;:: 

35.1 ~ z ~ 67.3 

I (
z- 35.1) . nteger IS even. 

1.4 

The total rib volume is 694.0 cm8
• 

Each leg bone it~ the frustrum of a circular 
cone. The left one is 

(x - 10 - ~ z) 2 + y 2 < (3.5 + 2
·
5 z) 2 

79.8 79.8 

-79.8 ~ z ~ 0. 

The volume of both is 2799 cm8• 

The skull is the volume between two noncon
centric ellipsoids defined by 

(~r + (~r + (z ~.~6.5r;;:: 1 

(_!_) 2 
( L)s (z - 85.5)2 ~ 

6.8 + 9.8 + 8.3 '"" 
1 

and has a volume of 846.6 cm3
• 
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Dose to the entire skeleton is determined by 
adding together the energies deposited in each 
part of the skeleton and dividing by the volume 
of the skeleton as follows. Let E1 be the energy 
in MeV deposited in region i having a volume 
V,. Then the dose in rads to n such regions is 

n 

,Lvc 
i=l 

The proportion of marrow in each bone of the 
skeleton has been given by Mechanik. <9> Using 
average values for this proportion,fi, and assum
ing that the marrow in each region receives 
the average dose received by that region, the 
marrow dose is 

n 

LfiE, 
DN = 1.6 X 10-S ,_·=_l __ 

n 

LfiVt 
i=l 

The proportions, fi, are sk11ll 0.2, spine 0.5, 
leg bones 0.4, arm bones 0.3, rib 0.4, and pelvis 
0.45. 

Skin. The so-called skin of the phantom was 
constructed to give the dose at the surface. This 
region is a layer about 0.2-cm thick just inside 
the surface of the phantom. For a point to be 
located in skin, it must be in one of the following 
six subregions: 

1. z ;.: 93.8 

2. 70 < z < 93.8 

3. z ;.: 69.8 

4. 0 < z < 69.8 

5. z ::;;; -79.8 

6. -79.8 < z ::;;; 0 

( 
x )2 ( y )2 >.: (98.485 + z)a· 

19.796 + 9.799 .... 98.485 

The total volume of skin is 2677 cm3
• . 

Spleen. The spleen is defined by the ellipsoid 

-- + -- + -- ::;;1 (x- 11)' (y- 3)2 (z- 37)2 
3.5 2 6 . 

and has a volume of 175.9 cm3
• 

Testes. The left testis, an ellipsoid, is given by 

(x - 1.3)2 + (y + 2.2)2 + (z + 2.3)2 ::;;; 1. 
1.3 1.5 2.3 

The volume of both testes is 37.57 cm8
• 

Thymus. The thymus is formed by the ellip
soid 

and has a volume of 25.13 cm3
• 

Thyroid. The lobes of the thyroid lie between 
two concentric cylinders and are formed by a 
cutting surface. The inequalities for this organ 
are 

xa + (y + 6)2 ::;;; (2.2)2 

xa + ( y + 6) a ;.: ( 1) a 

y+6::;;0 

70 ::;;; z ::;; 75 

( (y + 6) - 1 X 1 r ;3: 2 ( x2 + ( y X 6) 2) p 

where 

T = 2(\/2- 2) (z - 70) + 1 
5 

5 
for 0 ::;;; z - 70 ::;;; -

4 

T = 2 (2- v2) (z _ 70) + 2 v2-l 
15 3 

5 
for 

4 
< z - 70 ::;;; 5. 

The volume is 19.89 cm3• 
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Uterus. The uterus is an ellipsoid cut by a 
plane and is given by 

(-=-)1 (y~)· (~)· :!( 
2.5 + 5 + 1.5 '<: 

1 

y ;;il: -4.5. 

It has a volume of 66.27 cm3• 

A computer code has been written which takes 
a point (x, y, z) and applies the tests for each 
organ sequentially. For points distributed uni
formly in the entire phantom, a Control Data 
1604 computer using this code can classify the 
points as to their organ location at an average 
rate of about 10,000 per minute. 

D. A MONTE CARLO METHOD 

A Monte-Carlo-type method of estimating 
dose was used. This method requires that the 
history of a photon be mathematically deter
mined by selecting interaction sites and types 
of interactions in an unbiased manner. Through 
probabilistic rules, the energy deposition of the 
photon at an interaction site is recorded. After 
a large number of such simulated photon his
tories have been calculated, the average energy 
deposition per photon in a region is then esti
mated and the dose per photon may be calcu
lated. This code is similar to the one used by 
Ellett, Callahan, and Brownell, C10> but the phan
tom used here is different. The gamma-ray 
attenuation coefficients for the medium were 
taken from Grodstein. <11> 

After specifYing the location of the source 
region, photons are randomly selected uniformly 
in that region. Then the direction of flight 
for each photon is selected randomly. The flight 
distance to the first interaction site is determined 
randomly using the cross section of the medium 
at the energy of the photon. After selecting a 
new flight direction emanating from this inter
action site probabilistically from the Klein
Nishina distribution, the energy deposition at 
this site can be determined. The process of 
photon flight is now repeated but with a de
creased energy. Let n - 1, n, and n + 1 be 
consecutive interaction sites for a photon. The 
mathematical photon is characterized by eight 
independent quantities-x, y, and z, the coordi
nates of the present interaction site; a and b, the 
direction cosines specifying the direction of flight 

to the next interaction site; L, the length of 
the photon's flight path to the next interaction 
site; E, the energy of the photon during its 
flight; and W, the weight of the photon during 
its flight. The weight of a mathematical photon 
takes on all values from zero to one. It is set 
equal to one for a photon just started from the 
source and is reduced after each interaction. This 
fictitious quantity, the weight of a photon, is 
introduced to obtain better statistics for a given 
number of source photons in an absorbing media. 
Suppose a photon, Pn-t = P(xn-h Yn-t, Zn-1, 

an-t, bn-t, Ln-1, En-t, Wn-1), is in flight between 
points n - 1 and n. One now desires to know 
the energy deposition at point nand the location 
of the point n + 1 which may be found if we 
find Pn and use it in conjunction with Pn-t· The 
coordinates Xn, y .. , and Zn may be found by 
applying algebraic geometry using Xn-t, Yn-t, 
Zn-1, an-t, bn-t, and Ln-1 • The new direction of 
flight, an, and b .. , is determined by using En-t 
and the Klein-Nishina gamma, photon-scat
tering distribution. The new energy En is cal
culated from the angle of scatter which involves 
an-1, bn-11 an, and b ... Length Ln is calculated 
as follows: 

-1 
Ln = u (En) ln N 

where u (En) is the attenuation cross section of 
the medium, and N is a random number chosen 
uniformly on 0 ~ N ~ 1. The weight W.. is 
given by 

W. _ Jill. Uc (En) 
n - n-t a (En) 

where ac (En) is the cross section for the Comp
ton process. The energy deposition at point n is 

E .6.n = Wn-t ap (En-~ En-t + ac (En-t) 
a (En-t) a (En-t) 

(En-1 - En) + app(~n-;) (En-t- 2 e) 
a n-t 

where ap(En), ac(En), and an(En) are the cross 
sections for the photoelectric, Compton, and 
pair production processes, respectively, and e 
is the rest mass of an electron in energy units. 
The total flight history of a photon may end 
in one of three ways. It may end by escaping 
from the phantom, or when its energy falls below 
2 keV, or when its weight falls below IO-•. 
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The uncertainty due to statistical variation 
from a finite sample size of source photons may 
be calculated. Although there may be many 
regions in which dose and its standard deviation 
are to be determined, the following account will 
be concerned with only one region. 

Let tE !:,.,. be the energy deposited in the 
region on the nth interaction of the ith source 
photon. The total energy deposited by the ith 
photon or on the ith history to the region will 
be 

m, 
iE!:,. = L ,Et:,., 

n=l 

where m; is the number of interactions occurring 
in the ith history before termination of the 
photon. The average energy deposited per 
photon in the region is merely 

- 1 M 

E = M L ;E/). 

i=I 

where M source photons were begun. Let u be 
the standard deviation of E. Then for the region 

M 

1 "' -as= M- 1 L. (£!:,.- E)2. 
i=l 

Dose and its standard deviation will be propor-

tional to ~and iir where W is the mass of the 

region. 
Other than the obvious inaccuracies that the 

shape of the phantom only roughly approxi
mates the shape of the human body and that 
the phantom remains in a fixed standing posi
tion and is in free space from which no back
scatter occurs, there is one restriction that should 
be emphasized. This phantom is homogeneous 
throughout. There is no low density area for 
the lungs, nor is there a high density and modi
fied cross sectional area for bone. To take these 
into account would involve a rewriting of the 
entire code and the use of different cross sections 
for these regions. These complex regions prob
ably would increase the running time consider
ably. For gamma energies above 0.2 MeV, the 
cross sections for bone are like those for tissue 
within several percent. Below 0.2 MeV, bone 
has a much larger photoelectric cross section 

than that of soft tissue, and interpretation of 
results for these low-energy X- or gamma pho· 
tons must be made with care. 

m. GAMMA DOSE TO ORGANS 

(a) Whole Body Source 

A source of gamma photons uniformly dis
tributed in the phantom was programmed for 
the computer. The first objective was to estimate 
the fraction of the emitted energy that would 
be absorbed in the phantom. Determination 
of dose to individual organs will be given later. 
Photons were given an initial energy Eo and 
the energy they imparted in the phantom was 
recorded. This procedure was followed for seven 
different initial energies-0.02, 0.05, 0.2, 0.5, 
1.0, 2.0, and 4.0 MeV. There were 1000 pho
tons generated at each energy. 

The fractional energy absorption by the total 
body, which is defined as the ratio of the energy 
emitted per photon to the average energy ab
sorbed by the total body per photon, was deter
mined from the Monte Carlo data. These re
sults are given in Fig. 3. One standard deviation 
for our data points is less than 1.6% of the mean. 
An interpolating curve passing through the data 
points permits the estimation· of the fractional 

.. 
•ICIIP, 1-,-lfl-~)a 
• ElLETT, CAU.NiAN 8. BROWNELL 
• SHYDE R 8. FlSHER .. 
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.01 .oz .04·.06 .1 .z .3.4..5.&.7.8.91.0 z 346 

INITIAL GAWMA ENERGY {Mev) 

Fm. 3. Fractional gamma energy absorption 
by the total body. 
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energy absorption at other energies. A large 
number of gamma-emitting radionuclides pro
duce gamma photons with energies in the range 
0.1 to 1 MeV, and for such photons the total 
body fraction absorption is about 35%. At 
higher energies, the mean free path is larger, 
permitting a larger percentage of such photons 
to escape from the phantom and reiulting in a 
lower fractional absorption. Toward lower 
photon energies, the photo-electric cross section 
rises steeply, producing an increasing fractional 
absorption which reaches about 90% at 0.02 
MeV. 

Also shown in Fig. 3 are the Monte Carlo 
results of Ellett, Callahan, and Brownell <12> for 
a source uniformly distributed in an ellipsoid. 
Although their phantom was an ellipsoid, its 
mass was nearly the same as the mass of the 
phantom used here, and the fractional absorp
tions are very similar to those predicted in this 
paper. The upper curve in Fig. 3 gives the 
fractional energy absorption predicted from the 
ICRP first-collision formula. In deriving this 
formula, three major assumptions were made. 
First, the organ or body is assumed to be spheri
cal. Second, the entire organ or body burden is 
located at the center of the sphere. Third, a 
first-collision-dose calculation is then effected 
to obtain the formula giving the fractional energy 
absorption 

AF = 1 - e -(1' - <r•) r . 

where r is the radius of the sphere (effective 
radius), 

p. is the total gamma cross section at Eo, 
u. is the Compton scattering cross sec

tion at Eo. 

It is evident from Fig. 3 that the ICRP 
formula gives a conservative estimate of the 
fractional absorption since the Monte Carlo 
results are seen to be about 55% of those of 
the ICRP method at intermediate gamma 
energies. 

With the source again uniformly distributed 
in the phantom, dose to 22 organs was deter
mined. To obtain estimates of dose to individual 
organs with, at most, 10% statistics required the 
generation of a larger number of source photons 
than had been generated in the first case. This 
was done for initial photon energies of 0.05, 

0.2, 0.5, and 1.0 MeV. The number of source 
photons produced at each energy was 20,000, 
30,000, 30,000, and 40,000 photons, respectively. 

These results are presented graphically in 
Figs. 4-7 to permit interpolation. The source 

leT .or ,0 .04 .06.08JO .2~ 
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FIG. 4. Gamma dose from a source uniformly 
distributed in the body. 
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FIG. 5. Gamma dose from a source uniformly 
distributed in the body. 
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FIG. 6. Gamma dose from a source uniformly 
distributed in the body. 
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FIG. 7. Gamma dose from a source uniformly 
distributed in the body. 

is distributed uniformly in the entire phantom, 
and the dose to various organs in rad/photon 
emitted by the source is given on the ordinate. 
The bars on the Monte Carlo data points repre
sent one standard deviation on either side of 

the mean as estimated from the Monte Carlo 
calculation. When no bars are given, one sigma 
is less than 2%. 

Organs located near the center of the phan
tom, such as the uterus and ovaries, receive ·a 
dose of about 1.5 times that of the total body. 
Most of the organs, however, receive a dose of 
1.2 to 1.4 times that of the total body. Of the 
phantom's organs, the brain receives the lowest 
dose, 0.45 times that of the total body. This is 
followed closely by skin with 0.55 times the 
body average. 

Even with 40,000 initial photons, some organs 
do not receive a sufficient immber of photon 
collisions to determine the dose received to 
within 10%. This may be due to the small size 
of the organ or to its distance from many source 
photons. An alternative to producing more 
source photons is to increase the volume in which 
dose is estimated. This latter procedure was 
followed. When the standard deviation of dose 
exceeded 10%, the dose in the arbitrary re
gion(s) (Fig. 1) encompassing the organ was 
taken as the best available estimate of dose 
received by that organ. When this procedure 
was necessary, these dose estimates shown in 
the graphs bear the name of the organ followed 
by the word "region". 

The doses received by the group of organs 
listed in Fig. 7 varied little from each other. 
Rather than give the doses to each organ indi
vidually, the doses received by these organs 
will lie in the range between the dashed curves 
in Fig. 7 . 

It is possible to examine the doses received 
by the organs for very low-energy photons ana
lytically, bypassing the Monte Carlo procedure. 
At low photon energies, the total cross section 
is composed almost entirely of that contributed 
by the photoelectric effect. In addition, the 
numerical value of this cross section becomes 
very large, resulting in a small range of the 
gamma photons before absorption. 

If there is a homogeneous medium, infinite 
in extent, containing a source uniformly distri
buted throughout which is emitting gamma pho
tons isotropically of energy E0 MeV at the rate 
of N0 per unit time per unit volume, then under 
steady-state conditions the energy emitted per 
unit time per unit volume will be equal to the 
energy absorbed per unit time per unit volume. 
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The dose rate in rads per unit time in any region 
is then 

D = NoEo 1.6 X 10_8 erg g rad 
p MeV 100 erg 

= 1.6 X 10-s NoEo 
p 

where p is the density of the medium in gfcm3
• 

Suppose now that instead of an infinite medium 
there is a finite volume of mass W T grams. Also: 
suppose that the mean range of the photon is 
small compared to the dimensions of the volume 
so that the result discussed above applies far 
from the surfaces in the interior with only a 
small error. If the source produces photons 
homogeneously distributed in this medium at 
the rate of n photons per unit time, then the 
normalized dose in radsfphoton for any interior 
volume which is far from the boundary of the 
phantom as compared with the mean free path 
of the photon is 

Dp = .!!_ = 1.6 X lO-s NoEo = 1.6 X 10-s Eo . 
n np WT 

In the case of a gamma source in the total body, 
the dose to interior organs should asymptotically 
approach 

Dp (radfphoton) = 2.28 X 10-13 E0 (MeV) 

as the mean free path approaches zero. At 0.01 
MeV and below, the mean free path of photons 
in tissue is less than 1/4 em, and this formula 
should yield a more reliable result than could 
be obtained by Monte Carlo even with large 
photon sample sizes. 

The above does not apply to organs located 
near the surface. Even in this case, however, 
one may obtain information as to the surface 
dose by examining a special case. Suppose that 
a medium, infinite in extent, is cut by a plane 
and one-half of the medium is removed. The 
dose rate at the newly formed surface will be 
one-half of the equilibrium dose rate in the 
infinite media by symmetry. The normalized 
dose at such a surface of a large finite volume is, 
therefore, 

Dp• = 0.8 X 10-s Eo . 
WT 

Although the phantom has no such plane sur
face, the radius of curvature of the elliptical 

cylinder of the trunk is large compared to the 
mean free path of low-energy gamma photons. 
An approximate surface dose for a source 
distributed uniformly in the total body is, 
therefore, 

Dp• (rad/photon) = 1.14 X 10-13 E0 (MeV) 

Eo ~ 0.01 MeV. 

These limiting dose rates appear consistent 
with the Monte Carlo calculations at 0.02 MeV. 
The organs inside the rib cage of the trunk 
received doses within I 0% of the predicted 
eq~ilibrium dose, 4.56 X I0-16 radfphoton, 
wh1le the skin of the trunk received a dose 
within 10% of the equilibrium surface dose. 

(b) Skeletal Source 

A source of gamma photons uniformly dis
tributed in the skeletal region of the phantom 
was also simulated on the computer. This pro
gram was carried out for five gamma energies-
0.2, 0.5, 1.0, 2.0, and 4.0 MeV. 

The fractional energy absorption by the skele
ton is given in Fig. 8. The standard deviation 
of the data points is less than 2.5% of the mean. 
Although there is some variation of the absorbed 
fraction from 0.2 to 1.0 MeV, as shown in Fig. 
8, an approximate value of 8% could be used 
over this energy range with little error. The 
Monte Carlo estimates given here are about a 
factor of two lower than those given by the 
first-collision, effective radius method of the 
ICRP. 

In the energy range under consideration, 
0.2 to 4.0 MeV, the gamma cross sections for 
tissue are very similar to those for bone within 
several percent. Therefore, there should be 
little error introduced by the use of a tissue 
phantom, except for the fact that bone is a 
denser material than tissue. 

The photoelectric cross section for bone rises 
steeply with decreasing gamma energy, and 
although the skeleton is not a compact organ, 
gamma-ray absorption will be essentially com
plete at 0.01 MeV and below since the mean 
free path of these photons will be less than 0.05 
em. In order to obtain a rough estimate for the 
fractional energy absorption for photons with 
energies between 0.01 and 0.2 MeV, the entire 
phantom was considered to be bone. The 
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Fm. 8. Fractional gamma energy absorption by the skeleton. 

material in the entire phantom was given the 
cross section for bone. With the source in bone, 
the fractional absorption should be more nearly 
correct for the skeleton than that obtained by 
using the tissue phantom. However, these re
sults will still be lower than the true values by 
an undetermined amount for the following 
reasons. Photons that remain in the skeleton 
of the phantom will contribute the same amount 
of energy that a real photon would. However, 
once a photon escapes from the phantom's 
skeleton, it will still find itself in a strongly ab
sorbing medium and, therefore, have a smaller 
probability of returning to the skeleton than 
a photon would have if it escaped from skeleton 
into tissue. A somewhat smaller estimate of the 
absorbed fraction for the skeleton is obtained, 
therefore, with the bone phantom at low ener
gies than occurs in the actual situation. With 
the bone phantom, the fractional energy ab
sorption for the skeleton was 0.81 at 0.02 MeV 
and 0.41 at 0.05 MeV. 

The dose rate to other organs using the 
skeletal source and tissue phantom and for 
energies between 0.2 and 4.0 MeV is given in 
Figs. 9-12. The notation on these graphs is the 

{

SMALL IN'IESTINE t 
UPPER LARGE INTESl'INE 

LOWER LARGE IN'IESTINE 

INITIAL GAMMA ENERGY ( MoV) 

FIG. 9. Dose from a source uniformly dis
tributed in the skeleton. 

same as that described for the total body source. 
As expected, the skeleton was the organ with 
the highest dose. Marrow appears to receive 
a slightly greater dose than the skeleton but 



DISTRIBUTION OF DOSE IN THE BODY FROM A SOURCE OF GAMMA RAYS 1485 

10-"~------------------. 

- 10-1
1 

~ 
f 

~ 
"' .. 
0 
0 

TOTAL BODY 

10 .... 
SKIN 

INITIAL GAMMA ENERGY(MtV) 

FIG. I 0. Dose from a source uniformly dis~ 

tributed in the skeleton. 

INITIAL GAMMA ENEAGY (Mev) 

Fm. II. Dose from a source uniformly dis~ 

tributed in the skeleton. 

not significantly so. This is because the bones 
which receive the higher doses happen to con
tain a greater portion of the marrow. There 
are compensating factors which would tend to 
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FIG. 12. Dose from a source uniformly dis
tributed in the skeleton. 

lower the marrow dose, but they are not repre
sented in the model. Marrow is not so uniformly 
distributed in bone as has been assumed in the 
model. For a radionuclide that localizes in 
bone, the marrow should not contain as great a 
concentration as the bone. This is not the case 
with the model. Consideration of these factors 
as well as the Monte Carlo results leads one to 
believe that the average marrow and average 
skeletal gamma doses are not very different. 
The dose estimates to many of the organs or 
regions were very similar and are not shown 
separately. The doses received by organs listed 
in the group called range I in Fig. 12 received 
doses between the lower and middle curve in 
the graph. Similar remarks apply to the organs 
ofrange II. 

For energies below 0.01 MeV where absorp
tion is nearly complete, the skeleton would 
receive a dose in rads per photon of about 
1.6 X 10-19 E0 where E0 is the initial gamma 
energy in MeV. An estimate of dose to the 
various bones of the skeleton also was obtained 
from the Monte Carlo code. The part of the 
skeleton receiving the highest dose was the leg 
bone, while that receiving the lowest was rib. 
For energies between 0.2 and 4.0. MeV, the 
ratio of the dose in rad/photon of a skeletal 
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part to that of the entire skeleton was formed. 
These ratios are approximately as follows: 

I. Leg Bones/Skeleton ~ 1.4 
2. Spine/Skeleton ~ 1.2 
3. Pelvis/Skeleton ~ 0.8 
4. Arm Bones/Skeleton ~ 0.8 
5. Skull/Skeleton ~ 0.6 
6. Ribs/Skeleton ~ 0.5 

IV. CONCLUSION 

It appears that a Monte Carlo method of 
estimating organ doses is feasible under certain 
conditions. Anatomical differences such as 
variation of body and organ size have been 
neglected. Doses have been determined to fixed 
organ-similar regions of a homogeneous tissue 
phantom. This gives results that may be extra
polated to ma.py real situations. This paper has 
examined the dose'to organs from gamma sources 
located in the total body and in the skeleton, 
although external as well as various other inter
nal sources may be used in conjunction with the 
Monte Carlo code and phantom. 
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CALCULATION OF RADIATION DOSE DUE TO 

HIGH-ENERGY PROTONS* 
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aad W. S. SNYDER 

Health Physics Division, Oak Ridge National Laboratory, 
Oak Ridge, Tennessee 

Abstract-The work reported here represents some of the results obtained in a continuing 
program of the study of the dosimetry of high-energy protons and neutrons. Studies in high
energy proton dosimetry are of interest in assessing the potential radiation hazards for manned 
space flight and are also of interest for radiological protection in the vicinity of high-energy 
accelerators and for biological irradiation experiments. 

The present calculations consider the dose deposited in tissue by protons with energies 
from 400 MeV to 2 GeV. Some of the results dealing with the dose due to protons with energies 
up to 400 MeV have been reported previously.<1

•
2> For proton energies below 400 MeV, the 

production of pions in the cascade process was not sufficiently common to be considered signifi
cant. However, in the present calculations it is necessary to take pions into account. 

The basic quantity of interest in dosimetry is the absorbed dose, defined in units of the rad 
where 1 rad is equal to 100 ergs/gram. In order to calculate the dose equivalent, one specifies 
a quality factor (QF) which is often related to the values oflinear energy transfer (LET) at 
which the energy deposition takes place. This QF-LET relationship is then used to determine 

the dose equivalent. 
The tissue phantom is the same as used previously and has the form of a slab 30 em thick 

and infinite in lateral extent. The protons are assumed to be normally incident on one surface 
of the tissue slab. The slab is divided into 30 sub-slabs, each of which is 1 em thick and the 
dose and dose equivalent in each of the sub-slabs is calculated. 

The Monte Carlo technique has been used in writing a code for the CDC-1604 computer to 
obtain the present estimates of absorbed dose and dose equivalent. The calculations have been 
simplified considerably by using a simpler model for the nuclear interactions than was used 
in the calculations up to 400 MeV. The straight-ahead approximation is used in this report 
(i.e. the nucleons emitted in the cascade process are assumed to have the same direction as 
the incident nucleon which initiates the cascade). The validity of the straight-ahead approxima
tion has been considered at 400 MeV by Alsrniller et a/.<8> and found to give good agreement 
with more refined methods. It is expected that the straight-ahead approximation is even 
better at higher energies. Much of the statistical informatioh concerning products of the 
cascade such as the average number and energy distribution of emitted protons, neutrons, and 
pions, excitation of the residual nucleus, etc. is obtained from Metropolis et al. (') The details 
of the calculations will be described further in Part II of this investigation. As new statistical 
information becomes available, it can easily be incorporated into the program. The estimates 
of dose equivalent are made on the basis of the QF-LET relationship endorsed by the Inter
national Commission on Radiological Protection (ICRP) for long-term occupational exposure. 

The information regarding nuclear interactions that is currently available is very incomplete 
and it has been necessary to make several assumptions and compromises due to the lack of 
sufficient experimental data. Therefore, the results presented here are preliminary and are 
expected to be refined when new data are available. The program runs rapidly and can process 
1000 incident particles in approximately 3 min on the CDC-1604 computer. 

* Research sponsored by the U.S. Atomic Energy Commission under contract with Union Carbide Corporation. 
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DESCRIPTION OF THE CALCULATIONS 

(a) Slowing down of protons and pions 

The slowing down of protons and pions is 
calculated by means of the stopping power 
formula, <6> 

-dE= 4-rre'"" NtZt{ln 2mvz - {32}.(1) 
dx mv2 L lt(l - {32

) 

t 

In this expression, e and m are the electron 
charge and mass, respectively; v is the proton 
or pion velocity; f3 = vfc where cis the velocity 
oflight; N, is the number of atoms with atomic 
number z, per cm3

; and J, is the mean excitation 
energy of atoms of type i. The tissue phantom 
considered in these calculations is assumed to 
be a 30-cm thick homogeneous infinite slab 
composed of hydrogen, carbon, nitrogen, and 
oxygen in the same proportions as they occur 
in a standard man. <6> 

Equation ( 1) is used to calculate the slowing 
down of a proton or pion until the energy 
reaches 1 MeV at which point the proton or 
pion is assumed to be absorbed locally and thus 
the 1 MeV of energy is deposited at that point. 

(b) Transport of particles 

An incident proton is allowed to enter and 
slow down through the tissue slab and a distance 
to a collision point is selected using geometric 
cross-sections for carbon, nitrogen, and oxygen 
and using the cross section for hydrogen given 
in fig. 1 of Metropolis.' If the distance to the 
point of the collision is greater than the thickness 
of the tissue slab, then eq. (1) is used to allow 
the proton to slow down until it either escapes 
from the tissue phantom or its energy reaches 
1 MeV at which point the 1 MeV of energy is 
assumed to be absorbed locally. If the distance 
to the collision point is less than the thickness 
of the tissue phantom, then eq. (1) is used to 
allow the proton to slow down until its energy is 
50 MeV or until it reaches the collision point. 
(It is assumed that no nuclear collisions occur 
for energies below 50 MeV and, therefore, if the 
energy reaches 50 MeV before it reaches the 
collision site, it is allowed to slow down to 
1 MeV.) The energy of the proton at the colli
sion point is thus determined. The type of 
tissue element with which the collision occurs 

is then determined on the basis of the relative 
contribution to the total cross-section that is 
made by each element for the energy that the 
particle has at the collision site. 

(c) Cascade process 

If the collision is determined to be with hydro
gen, then the information given in table II 
of Metropolis et al. is used to determine whether 
zero, one, or two pions are produced. If one 
or more pions are produced, then the kinetic 
energy and charge of each pion is selected from 
information given by Melissinos et al. <1> and by 
Bugg et al. <8> The kinetic energy plus the rest 
energy of the pions is then subtracted from the 
energy of the incident nucleon and half of the 
remaining energy is assigned to each of the 
two nucleons. Each of these two nucleons is 
assumed to travel in the same direction as the 
incident nucleon. . 

If the collision is determined to be with an 
element other than hydrogen, fig. 5 of Metropo
lis e t al. is used to determine whether zero, one, 
or two pions are produced. If one or more pions 
are produced, a charge and kinetic energy is 
assigned to each pion from information given 
in tables XI and IX of Metropolis et al. The 
information for aluminum in fig. 4 and table 
VIII of Metropolis et al. is then used to select 
the number of cascade protons . and neutrons 
which result from the nuclear interaction. The 
kinetic energy of each of these particles is then 
assigned by using figs. 12 and 13 of Metropolis 
et al. Each of the nucleons thus produced are 
assumed to travel in the same direction ·as the 
nucleon which initiated the cascade. 

(d) Excitation of the residual nucleus 

The excitation energy of the residual nucleus 
is selected from fig. 14 of Metropolis et al. Ex
perience with the calculations of the evaporation 
process <9> used in the calculations of dose due 
to protons and neutrons with energies up to 
400 MeV<1 • 2> has shown that approximately 
one-half of the excitation energy is absorbed in 
the tissue as dose with a quality factor of ap
proximately 8. The excitation energy will be 
somewhat higher at higher incident energies, 
but it is expected that the fraction of the energy 
deposited will be approximately the same. 
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Therefore, one-half of the excitation energy is 
deposited locally with a quality factor of 8. 

(e) Energy deposited by pions 

Pions produced in the cascade process are 
treated in the following manner. <10> The '7To 

decays almost immediately into two photons 
and is not assumed to contribute to dose. A 
'lT- or '7T+ pion is assumed to lose energy by ioni
zation according to formula ( 1) until it escapes · 
from the tissue phantom or its energy reaches 
1 MeV where the remaining 1 MeV is deposited 
locally. The '7T- is usually absorbed by a nucleus 
giving rise to two 70-MeV nucleons within the 
nucleus. One-half of the rest energy of the 
pion is deposited locally with a quality factor 
of one at the point where the '7T- stops. The '7T+ 

decays into a 4-MeV 1-'-+ and a neutrino. The 
1-'- + then decays into a positron and two neutrinos. 
The average energy of the positron is assumed 
to be 45 MeV. <11> In these preliminary calcu
lations when a '7T+ stops, 50 MeV of energy with 
a quality factor of 1 is deposited locally. 

A history is calculated for each nucleon pro
duced in the cascade process. The incident 
nucleon is absorbed in the nucleus and since 
its identity is then lost it is considered as one 
of the cascade products. Each cascade nucleon 
is considered to be born at the point of the col
lision, a flight distance to a collision site is 
chosen, and the process described above is fol
lowed. After the history of each of the cascade 
nucleons has been calculated, another incident 
proton is started and the process is repeated. 

Dose equivalent has also been estimated. For 
this purpose the energy deposited in the tissue 
during the slowing-down process has been re
corded separately for various ranges of linear 
energy transfer (LET). The quality factor as
signed to each range of LET in this investigation 
is based on the recommendations of the National 
Committee on Radiation Protection and Mea
surements (NCRP) for application to cases of 
long-term occupational exposure. <12> 

The absorbed energy in each of the chosen 
ranges of LET has been recorded separately 
and quality factors other than those used here 
could be substituted for the purpose of a spe
cific application such as, for example, a manned 
space flight to the moon. The particular quality 
factors used here for the LET ranges 35 or less, 

35-70, 70-230, 230-530, and 530-1750 are, re
spectively, 1, 1.35, 3.04, 7.15, and 11.39. 

RESULTS 

The calculations have been performed for 
protons with the five incident energies 400, 600, 
1000, 1500, and 2000 MeV. For each of these 
energies a total of 10,000 incident protons were 
used and the absorbed dose and dose equivalent 
were calculated. The results thus obtained are 
presented in Figs. 1 through 5. Each of these 

N 

~ 
·' z 

0 

~ 
0: .. 
' "' U) 

0 
Q 

- -··-·· 

/ 
OS£ EQ IV ALENT_ rem) 

T 

1-

-~ 

Ia" I 

=As ~BED D SE rod) 

2 4 6. 8 10 12 14 16 18 20 22 24 26 28 30 

DEPTH (em) 

FIG. 1. Dose from 400-MeV protons incident 
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FIG. 4. Dose from 1500-MeV protons incident 
normally on 30-cm tissue slab. 

figures shows the absorbed dose and dose equiva
lent plotted as a function of depth within the 
tissue slab. 

It is noted that both absorbed dose and dose 
equivalent increase with depth within the tissue 
phantom. There is a rapid buildup of absorbed 
dose within the first few centimeters and then 
a more gradual increase throughout the re
mainder of the slab. The absorbed dose in
creases about 30% in the first 5 ern and then 
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FIG. 5. Dose from 2000-MeV protons incident 
normally on 30-cm tissue slab. 

gradually increases another 30 to 40% in the 
remaining 25 ern, reaching its largest value near 
the back of the tissue slab. The dose near the 
back of the tissue slab for 2000-Me V incident 
protons is approximately 30% more than that 
from 400-Me V protons. The increase ·in dose 
results from the contribution of secondary par
ticles. The number of secondary particles given _ 
off during a cascade caused by a high-energy 
proton increases with the energy of the proton 
causing the cascade. Also, the excitation energy 
increases with the incident particle energy. 

Figure 6 gives a breakdown of the absorbed 
dose for 2000-MeV incident protons into com
ponents due to ionization by primary protons, 
ionization by secondary protons, excitation, 
ionization by pions, and dose deposited by 
pions that stop. Near the surface the most 
important contribution to dose results from ion
ization by primary protons while near the back 
of the slab the most important contribution 
results from ionization by secondary protons. 
Figure 7 gives a corresponding breakdown of 
dose equivalent. The largest contribution to 
dose equivalent results from · the excitation 
energy. 

It is of interest to compare the results given 
here with the results given in the report of 
Committee IV (1953-1959) of the International 
Commission on Radiological Protection. <13> The 
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FIG. 6. Breakdown of absorbed dose into vari
ous components from 2000-MeV protons 

incident normally on a 30-cm tissue slab. 

estimates of Committee IV, based on the work 
of Neary and Mulvey, <14> indicate that the dose 
equivalent for 1 000-Me V incident protons is 
almost twice the value of dose equivalent for 
400-Me V incident protons, whereas the results 
obtained here indicate an increase of only 
approximately 20%. However, the model used 
here differs substantially from that used by 
Neary and Mulvey. For example, Neary and 
Mulvey assumed the incident beam to be in 
equilibrium with secondaries produced as a result 
of passage through a shield. This would tend 
to result in a more rapid rate of increase of 
absorbed dose with increasing incident energy. 

It is also of interest to compare the results 
obtained here with the results from the more 
detailed calculations that were reported by 
Turner et al.<1> It is seen by comparing fig. 13 
of Turner et al. with Fig. 1 of this study that at 
400 MeV the absorbed dose agrees within only a 
few percent and the dose equivalent obtained 
by Turner et al. is approximately 10 to 15% 
higher than that obtained here. In view of the 

SECONDARY PROTON IONIZATION 

PION IONIZATION 

DEPTH (em) 

FIG. 7. Breakdown of dose equivalent into vari
ous components from 2000-MeV protons 

incident normally on a 30-cm tissue slab. 

approximation made here in this less detailed 
calculation the agreement is considered to be 
quite good. 
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BERECHNUNG DER TIEFENDOSISVERTEILUNG VON 

BET A-STRAHLEN 

A. WENSEL und S. WITI'IG 

Institut fiir Kernphysik der Universitiit, Frankfurt/Main (F.D.R.) 

ZusaJDDJ.enfassung-Mit einem Monte-Carlo-Verfahren wurde die Tiefendosisverteilung 
von Elektronen im Gewebe untersucht. Die Elektronenbahnen wurden mit Hilfe der Viel
fachstreutheorie berechnet. Besonderer Wert wurde auf die Behandlung des Stragglings beim 
Energieverlust durch Ionisation gelegt. Das Verfahren beriicksichtigt auch Bremsstrahlungs
verluste. 

Aus der Energieabgabe der Elektronen liings ihrer Bahnen im Gewebe liisst sich die Dosis in 
Abhiingigkeit von der Eindringtiefe ermitteln. 

Die Rechnungen wurden sowohl fiir monoenergetische Elektronen mit verschiedenen 
Anfangsenergien und Einfallsrichtungen durchgefiihrt als auch fiir ,8-Spektren von einigen 
hiiufig benutzten Radio-Isotopen. Die Dosisverteilungen im letztgenannten Fall wurden fiir 
verschiedene Geometrien der Quelle und des absorbierenden Materials bestimmt. Die Energie
spektren von ,8-Strahlen beim Durchgang durch Gewebe werden angegeben. Die Ergebnisse 
werden mit Messungen und Theorien verschiedener Autoren verglichen. 

Bei der Berechnung von ,8-Dosen fiir Strahlenschutzzwecke wird im allgemeinen die mittlere 
Energie des ,8-Spektrums zugrunde gelegt. Die Berechtigung dieser Annahme wird fur eine 
spezielle geometrische Anordnung diskutiert. 
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DISCUSSION 

D. NACHTIGALL (Euratom): 

Haben sie bei ihren Berechnungen Spallations
prozesse in Rechnung gesetzt und wie kann, in diesen 
Fallen, bei denen in sehr kleinen Volumina sehr viel 
Energie freigesetzt wird, das LET-Konzept ange
wendet werden? 

]. NEUFELD: 

We have not taken into account spallation pro
cesses. Dr. Nachtigal! brought out the question 
whether in some interaction the concept of LET loses 
its significance and this would be the approach which 
will be considered. So we should consider spallation 
processes and also the recoil of heavy ions, like nitro
gen, oxygen, and carbon, which produce a total 
destruction of a cell. We have the case described by 
Tobias as "spikes". We have not taken these into 

Energy absorbed 
in spherical shells 

rod cm2 Ci -lsec-l 

C=l.22 

consideration. They may be of some account at 
higher energies; for the time being we have not taken 
them into consideration. We have not taken into 
consideration also the non-ionizing collisions which 
are due to the recoil of these heavy ions which cause 
directly molecular destructions. This tissue destruc
tion does not pass through the process of ionization 
and excitation. 

G. joYET (Switzerland): 

Vos calculs tres importants et actuellement tres 
utiles sont bases sur une composition homogene de 
l'organisme en H, C, N et 0. N'estimez-vous pas 
necessaire de considerer egalement a l'avenir une 
composition atomique differentiee de certains tissus 
ou organes critiques comme les ovaires, Ies testicules, 
les os, Ia moelle et Ie cristallin? 

P32 

0.5 

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 

Distance from source 

Absorbierte Energie in konzentrischen Kugelschalen urn eine isotrope Punktquelle von 
P 32 in weichem Gewebe. Das Histogramm stellt die Ergebnisse der Monte-Carlo
Rechnung dar (2000 Elektronen). Die ausgezogenen Linien geben die Lovingersche 

Theorie wieder. 
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Energy absorbed 
in spherical shells 

·10
3 

rad sec -1 Ci -1 cm2 

Au 198 

C=1.5 

C=1.83 

0.1 0.2 0.3 0.4 

Distance from source 

Absorbierte Energie in konzentrischen Kugelschalen urn eine isotrope Punktquelle von 
Au 198 in weichem Gewebe. Das Histogramm stdlt die Ergebnisse der Monte-Carlo
Rechnung dar (1000 Elektronen). Die ausgezogenen Linien geben die Lovingersche 

Theorie wieder. 

J. NEUFELD: 

Our program includes this study. We will take 
into account both different compositions of different 
elements in various organs and also, what is im
portant, the position of the most sensitive organs, for 
instance the eye, and the calculations are in progress 
at the present time. 

w. A. UNGMEAD (U.K.): 

I should be glad if Dr. Wensel could indicate how 
his results compare with those of other authors, 
notably Dr. Bob Loevinger. 

A. WENSEL (Germatry): 

Die Obereinstimmung der mit der Monte Carlo 
Methode berechneten Tiefendosisverteilung mit den 
Ergebnissen der Theorie von Lovinger ist sehr gut. 
Die Rechnungen wurden fiir P 31 tmd Au198 durch
gefiihrt und die Ergebnisse in den heiden folgenden 
Abbildungen zusammengestellt; c ist einer der 
empirischen Faktoren der Lovingerschen Theorie, 
fiir den in der Literatur unterschiedliche Werte fiir 
Gewebe angegeben sind. 

P. N. KRisHNAMOORTHY (India): 

In the abstract of his paper Dr. Wensel refers to the 
average energy of ,8-spectra used in health physics 
calculations. Would he care to make any remarks on 
the subject? 

A. WENSEL (Gennany): 

Das bezieht sich darauf, dass bei der Lovinger
scheu Theorie eine mittlere Energie verwendet wird 
und die Form des Betaspektrums nicht beriicksichtigt 
ist. Das Ergebnis unserer Arbeit geht dahin, dass trotz 
dieser sehr vereinfachenden Annahmen die Betadosis
tiefenverteilung durch die Lovingersche Theorie 
sehr gut wiedergegeben wird. 

P. N. KRISHNAMOORTHY (India): 

We have made detailed computations on the 
average energies of ,8-spectra, particularly the for
bidden spectra. We have found that, depending on 
the order of forbiddenness, the average energies vary 
significantly from the average energy values currently 
in use. 



DECONTAMINATION OF FISSION PRODUCTS ON 

HUMAN SKIN AND HAIR 

YASUSID NISIUWAKI and HAJIME NISIDOKA 

Department of Radiation Protection and Health Physics, 
Research Laboratory of Nuclear Reactor, 

Tokyo Institute of Technology, Tokyo, Japan 

Abstract-The contamination and decontamination of human skin and hair may be influenced 
not only by the colloidal adsorption on the surface or absorption of radioactive substances into 
human tissue, but also by various physical, chemical and biological factors which make a 
reproducible decontamination experiment difficult. Therefore, in order to compare the 
efficiencies of various decontaminating agents we have employed a special device with which 
the conditions of decontamination could be kept more or less constant. 

In these experiments, water, citric acid and the powerful chelating agents EDTA and 
DTPA were used for the purpose of decontamination of fission-products on a non-living, human 
skin sample and on hair. The decontaminated percentage (Dt), expressed in total gross acti
vities, and the change of the decontaminated radioactivities per unit volume of eluting solution 
were measured. 

Judged on the basis of the decontaminated percentage (Dt), the chelating agents were 
similarly effective in decontaminating the samples of human skin as with those of human hair. 
The radioactivities rapidly removed in the initial eluting solution seemed to indicate that 
there was a component that can be easily decontaminated with the chelating agents. 

The persistently remaining activity appearing in the eluting solution after elution with 
300-400 ml seemed to indicate that some of the strongly fixed or reacted component might 
have been gradually eluted out with the chelating agents. The decontaminated percentage 
(D,.) of each nuclide as estimated by the analysis of the y-spectrum is given to show an 
order of magnitude. 

The similarity in the mode of decontamination between the samples of human skin and 
those of hair may indicate, at least partly, the possibility of the existence of a competing effect 
of chelating agents against some of the reactions between metals in fission-products and proteins, 
for instance, keratin, collagen and so on which exist commonly in both samples. 

Although it is anticipated that the use of chelating agents may enhance the absorption of 
some radioactive nuclides through the skin, if the solution containing the chelating agents were 
used for the decontamination of skin and hair in the form of a shower or by running water 
over the contaminated skin or hair to minimize the skin absorption, it may be extremely use
ful in some cases. 

INTRODUCTION skin in 1959, many workers have studied radio-
With the increasing use of radioactive mate- active contamination of the skin. As examples 

rials, the chances of radioactive contamination of using human skin as the experimental mate
of the human body through the direct contact rial, there have been such studies as the theore
of the skin and the hair with radioactive sub- tical analysis of the behavior of Pu on the skin 
stances may also increase. Since George et al. <1> of the hand by Listeretal. <8> in 1963, the research 
reported the radioautographic studies on Pu- on internal permeation of 28Na and 131J by 
contaminated pig skin in 1956 and Khodyreva Van Dilla et al. <4> in 1961, and the experiment of 
et a[. (Z) Studied the internal permeability and permeability of 80Sr by Il'in (I) in 1960, and 
transport into blood of Ra deposited on rabbit so on. (H&J 
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These studies on skin contamination by vari
ous authors have been made with special 
attention to permeability or absorption of the 
radioactive ion into skin tissue. Therefore, it is 
natural that the studies of decontamination 
have also been done in relation to the skin 
permeability of the radioactive ion, for instance, 
as a function of the depth below the skin surface. 

On the other hand, it has been observed that 
some of the biochemical substances existing in 
skin tissue, keratin or collagen, etc. may easily 
form a stable compound with metal ions. (1&, 17> 

Therefore, it seems likely that the mechanism 
of contamination by radioactive metals on skin 
surface may be influenced not only by the pheno
mena of absorption or permeation of radioactive 
substances into tissue, but also by the colloidal 
adsorption and some reaction of the contaminant 
with the local tissue. In developing the method 
of decontamination of skin, we may have to 
take into consideration such a possibility. 

In case of the contamination and decon
tamination of hair, there have been not so 
many studies in the past. However, this is an 
important problem, in view of the relatively 
large frequency of hair contamination. In this 
case also, the possible reaction between the 
radioactive contaminant and the biochemical 
substances in the hair such as protein, etc., may 
play an important role. 

Judging from these points of views, it may be 
an effective decontamination method to use 
powerful chelating agents<18 • 19> which have 
comparatively high abilities of chelate formation 
with a metal ion and compete with the conjuga
tion between radioactive ions and protein, etc. 

This study, although it is in a preliminary 
stage, was undertaken to estimate the chemical 
or biochemical significance of chelating ·agents 
at the time of decontamination of human skin 
and hair. With these purposes in mind, some 
chelating agents, citric acid, EDTA and DTPA 
which have various stability constants, were used 
for this decontamination experiment. 

MATERIAL AND METHOD 

I. Human Skin Sample 

Sample materials used in this experiment were 
the human skin supplied by the Tokyo Metro
politan Medical Examiner's Office. The skin 
of size about 3 X 15 em with subcutaneous fat 

was cut from the central part of the breast of a 
Japanese adult at about 10 hr after accidental 
death. At about 1 hr after sampling, the fat 
was removed and the skin was cut into squares, 
3 X 3 em. No pathological change was ob
served macroscopically at this stage. The skin 
sample was spread on a glass plate ( 4 X 4 em) 
and fixed at four corners by Scotch tape, the 
back side of the skin facing the glass plate. As 
pretreatment, the skin surface, after having 
been slightly wiped with absorbent cotton soaked 
in 0.01 wt% DBS (dodecyl benzene sulfonate) 
solution, was cleaned several times with absor
bent cotton soaked in water and then the excess 
moisture was absorbed off lightly by blotting 
with filter paper. The skin sample was con
taminated with fission products solution (adjus
ted to pH 6.8 about 100 days after production) 
by micropipette and dried for one hour at room 
temperature. Gross activities T0 of the con
taminated samples were measured prior to de
contamination by GM counter (SA-230, Kobe 
Kogyo). After the contaminated samples were 

Glass plate 

Sample 

Fro. 1. Experimental apparatus for decon
tamination of fission products on human 

skin (mm). 
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set in the experimental apparatus as shown in 
Fig. 1, the skin was decontaminated by flowing 
water, citric acid, EDTA or DTPA solution 
(0.01 m/1.) <20

• 
21> at the rate of 6 mlfmin, and 

1 ml of the eluting solution was collected suc
cessively at intervals into sample cells. The 
radioactivities of these samples after drying on a 
hot plate were measured by use of a 21T gas 
flow, low background GM counter (SC-5, 
Aloka). The temperature of the flowing solution 
was about 20°C. After having flowed a total 
volume of 1 1. of decontaminating water or the 
solutions, these sample materials were taken 
out from the apparatus. After drying the sam
ple, the gross activities T 1 of the sample after 
decontamination were measured. The y-ray 
spectra of these contaminated samples were 
also taken before and after decontamination 
with a 256 channel pulse height analyser. For 
this analysis a Nal (Tl) crystal of diameter 3 
in. and length 3 in. was used. The distance 
between samples and detector was about 5 mm. 

2. Human Hair Sample 

Sample materials used were hair of several 
Japanese men 18-22 years old which were col
lected at a barber shop. They had a diameter of 
about 0.1-0.2 mm and length about 8-15 em. 
As pretreatment, the samples were immersed 
and stirred in 0.01 wt% DBS solution for 30 min 
in order to remove the adsorbed dust, organic 
substances, etc. After washing with 51. of water, 
the samples were dried at room temperature on 
filter paper for about 2 hr. Then, 4 g of these 
sample materials were put in a gauze bag of 
diameter about 2.5 em and length about 10 em. 
These bags, containing 4 g, were immersed in 
the solution of fission products in the same way 
as in experiment I, so that the solution contacted 
the sample hair homogeneously. After having 
been taken out from the solution of fission pro
ducts, these samples were dried for 4 hr at room 
temperature on filter paper. After measuring 
the gross activities T0 of the contaminated sam-. 
ples prior to decontamination, they were set 
in a cylindrical column made of glass as shown in 
Fig. 2. The contaminated samples were decon
taminated by flowing water and decontami
nating solution through the column and the 
radioactivity eluted into water or into the solu
tion of citric acid, EDTA or DTPA was mea-

100 

Sample 

I ' 
-6'-1 I 

FIG. 2. Experimental apparatus for decontam
ination of fission products on hair (mm). 

sured as in experiment I. After measuring the 
gross activities T1 of the sample after decon
tamination, the samples in the bag were trans
ferred into the tube made by polystyrol with the 
same size as the column and the y-ray spectrum 
was taken. When measuring they-ray spectrum, 
the detector was placed as close to the side of 
the polystyrol tube as possible. 

RESULTS 

From the gross activities T 0 and T1, decon
taminated per cents, De, of the samples ofhuman 
skin and hair were calculated. The results are 
shown in Table l. Dt was calculated by the 
following equation. 

De = ( 1 - ~: ) X 100 

Figure 3 for human skin and Fig. 4 for hair 
show the relation of the gross activity cpmfml 
and the volume of the eluting solution. One ml 
was sampled at the beginning of the elution 
and thereafter 1 ml every 10 ml of elution up to 
the initial 100 ml; from 100 ml to 500 ml of elu
tion, 1 ml every 20 ml; from 500 to 1000 ml of 
elution, 1 ml every 50 ml; Each aliquot of the 
sampled solution was measured for gross activity. 
In Fig. 5 for human skin and in Fig. 6 for hair, 
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Table 1. Gross Activities of Fission Products bifore and after decontamination of 
Contaminated Human Skin and Hair and Decontaminated Percentage (Dt) 

Decontamination Before decon tamina-
agents tion T 0 (cpm) 

r~ 
8.36 X lQ3 

.S Citric acid 7.96 X 108 

~ EDTA 8.60 X 10 3 

DTPA 8.94 X 108 

r~ 
1.22 X 104 

.!:: Citric acid 1.08 X 104 

:f! EDTA 1.14 X 104 

DTPA 1.22 X 104 

y-ray spectra of the contaminated sample prior 
to decontamination and that of the samples after 
decontamination by water, citric acid, EDTA or 
DTPA solution are shown as an example. The 
data concerning the possible radionuclides cor
responding to the clear peaks in these spectra 
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Q. 

u 
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t/1 

.!!! 
."t:: 
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u 

8 
'0 
e 
al 
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c: .E 
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• EDTA (± 4.7%) 

0 DTPA (±4.4%) 

.1. Citric acid (±6.0%) 

X Water (±7.1%) 

Y=6.6 XI02e -3.1XIO-'(v~l 

Y= 2.4 X Ia' e -3.2XIO"'( v-1} 

Y• 4.3 X IO"e -2.9XIO""'(v-ll 
Y= 5.9 X I02e -3.4XIO-'(v-l) 

Y= 7.6 X 104e -2.6XIO""'(v-l) 
Y= I . I X 103e -3.2XIO ... (v-l) 

Volume decontamination solution , ml 

FIG. 3. Decontamination rate of fission pro
ducts on human skin. 

Decontaminated 

After decontamina- percentage Dt 

tion T1 (cpm) 
( 1- ~:) X 100 

7.96 X 10 8 5 
5.14 X 108 35 
2.91 X 103 66 
3.67 X 108 59 

1.18 X 104 3 
6.50 X 108 40 
3.95 X 108 74 
4.25 X 108 65 

are shown in Table 2. The possible correspond
ing nuclides are 141Ce, 144Ce, 103Ru, 96Zr, 96Nb, 
91Y and 140La as listed in Table 2. 

The peak area of each corresponding nuclide 

E 
0. 
u 

• EDTA (±3.3%) 

0 DTPA (±3.7%) 
.1. Citric acid (± 5.0%) 

X Water (±6.4%) 

y =1.9 Xlole·7.2XIO"'(v-ll 
y =2.2 X 104e·5.6X IO""'(v-11 
y =3.4X IOSe·6.9XIO"'lv-11 
y =9.6XI02e·2.3XIO-,v-l} 
Y= 1.2XI05e·7.3Xio-•(~l 
y = I . ?X I03e 9. 7X Kr'(v-1} 

Volume of decontamination solution , ml 

FIG. 4. Decontamination rate of fission pro
ducts on hair. 
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Before decontamination (control) 
After decontamination by water 
After decontamination by cit acid 
After decontamination by EDTA 
After decontamination by DTPA 

102 o~------~0~5------~~~.0~------~1.5,---

MeV 

FIG. 5. y-ray spectra before and after de
contamination of skin contaminated with 

fission products. 

E 
a. 
u 

14lce, 

144ce 

10 5 .-+-----.----------------~-
Before decontamination (control) 

After decontamination by water 
After decontamination by cit. acid 
After decontamination by EDTA 
After decontamination by DTPA 

102 ·!:-o--------,o,i.5~----..J,.""o--------,,.1,.5---

MeV 

FIG. 6. y-ray spectra before and after de
contamination of hair contaminated with 

fission products. 

was obtained by Covell's method, <232> and the 
decontaminated percentage D., of each nuclide 
calculated from the peak area count N0 and N 1 

are shown in Table 3 <28> for human skin and in 
Table 4 for hair. D., was calculated as follows, 

where N0 is the activity of the contaminated 
sample prior to decontamination and N 1 that 
of the sample after decontamination. 

DISCUSSION 

D., = ( 1 - ~ 1 
) X 100 

For the effective decontamination of the radio
active contamination on human skin and hair, 

Table 2. r-Spectrum Assaying Data for Fission Products used in these Experiments 

Abundance in 
Spectrum peak Corresponding y-ray energy fission products Traced peak 

(MeV) nuclide (MeV) at 150 days< 112> 

0.13 {U4Ce 
lUCe 

{0.134 
0.145 

{0.97 
0.45 }o 

0.22 9szr 0.235 1.55 
0.33 140La 0.328 f 
0.51 e+ 0.51 
0.62 1oaRu 0.61 0.55 0 

0.75 {uzr { {0.725 {1.55 }o 9ftNb 0.75 2.40 
0.768 

1.15 91Y 1.19 1.25 0 
1.61 uoLa 1.60 f 0 

f: a trace amount. 
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Table 3. Decontaminated Percentage of Each Traced Nuclide in Fission 
Products on Skin 

Decontaminated 

Traced 
nuclide 

Decontamination percentage Dn* 

agents 
( 1 +~:)X 100 

Water 2 
Citric acid 28 
EDTA 47 
DTPA 48 

Water 10 
Citric acid 34 
EDTA 46 
DTPA 46 

Water 4 
Citric acid 22 
EDTA 45 
DTPA 39 

Water 5 
Citric acid 25 
EDTA 52 
DTPA 44 

1o•La Water 24 
Citric acid 40 
EDTA 57 
DTPA 60 

* These figures should be interpreted to show only an order of 
magnitude estimate, because of the difficulty of exactly repro
ducible experiments. 

it may be necessary to clarify the contamination 
mechanism on these surfaces. 

In the actual contamination of mixed fission 
products it is very difficult to understand the 
mechanism because of the multiple complex 
factors involved in contamination and repro
ducible experiments are usually very difficult. 
Therefore, in order to compare the efficiences 
of various decontaminating agents we have 
employed a special device so that the condi
tions of decontamination could be kept more 
or less constant, as shown in Figs. 1 and 2. 

Judging from our experimental results, the 
percentage of free contamination that can be 

removed easily even by water alone seems to be 
quite large. Therefore, in our cases of the 
contamination of biological surfaces, the per
centage of fixed or reacted contamination ap
peared to be relatively small, although there 
may be some biologically reactive substances 
included in the skin tissues. However, depending 
upon the mode of contamination · ~nd the 
physical-chemical state of the contaminant, the 
reacted contamination may not be considered 
negligible. Especially, in case of heavy contami
nation, even though the percentage of the fixed 
or reacted contamination is small, the residual 
fixed contamination that cannot be easily 
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Table 4. Decontaminated Percentage of Each Traced Nuclide in Fission 
Products on Hair 

Decontaminated 

Traced Decontamination percentage Dn* 

nuclide agents (I + ~:) X 100 

141Ce, 144Ce Water 4 
Citric acid 31 
EDTA 45 
DTPA 52 

lOSRu Water 9 
Citric acid 35 
EDTA 51 
DTPA 52 

86Zr, 96Nb Water 1 
Citric acid 24 
EDTA 43 
DTPA 42 

DlY Water 2 
Citric acid 26 
EDTA 53 
DTPA 46 

lOS La Water 26 
Citric acid 46 
EDTA 55 
DTPA 59 

* These figures should be interpreted to show only an order of 
magnitude estimate, because of the difficulty of exactly repro
ducible experiments. 

removed by water alone may play an important 
role. 

In these experiments, a fission product mix
ture, which is one of the most important con
taminants at the time of a reactor accident, was 
used. On the other hand, as the materials to 
be contaminated, human skin and hair were 
used. 

Table 1 shows the gross activity of the fission 
product mixture on human skin and hair before 
and after decontamination as well as the decon
tamination percentage. As can be seen in Table 
1 the difference of decontamination effect be
tween water, citric acid and the strong chelating 

agents (EDTA, DTPA) was clearly observed. 
The highest decontamination effect was ob
served with EDTA and DTPA and the lowest 
with water alone. Citric acid showed an inter
mediate efficiency. These tendencies were ob
served both for human skin and human hair. 
These differences in the decontamination effi
ciency may be ascribed to the difference in the 
stability constant of the decontaminating agents 
with some of the metal ions in the fission pro
duct mixture. The strong chelating agents such 
as EDTA and DTPA with a high stability con
stant may remove some of the metal ions of the 
fission products competitively from some of the 
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less reactive biological substances with a smaller 
stability constant included in the skin and hair 
tissues. The eluted radioactivity per unit volume 
of elution as a function of the volume of eluting 
decontamination solution is shown in Fig. 3 
for human skin and in Fig. 4 for human hair on a 
semi-logarithmic scale. Although these experi
ments were conducted at the elution rate of 
6 mlfmin and at room temperature (about 
20°C), it is very likely that the results may be 
influenced by the flow rate and the composition 
of the decontaminating solutions, the tempera
ture at the time of decontamination and other 
various physical, chemical and biological factors 
which may affect the state of contamination. 
As can be seen in these figures, tangent lines 
were drawn along the linear part of the de
contamination rate curves on the semi-logarith
mic plot. These lines are designated as Sl> S 2, 

S3 , s;, S, and S~ in case of human skin and by 
HI> H 2, H 3, H;, H,, and H~ in case of human 
hair. They may be approximately expressed 
by the following empirical formula, 

y- y 18-l(v-l), <v" 1) 

where Y is the decontaminated activity per unit 
volume (1 ml) of decontaminating solution, Y1 

the initial decontaminated activity into the 
initial unit volume (1 ml) of decontaminating 

solution, v the volume of eluting decontamina
tion solution expressed in ml, and A the decon
tamination constant. 

The values of the initial decontaminated 
activity Y1 and the decontamination constant A 
are listed in Table 5. As can be seen in the table, 
the values of the decontamination rate constant 
A for the initial part of the decontamination are 
almost the same. They are roughly about 0.03 
in the case of human skin and about 0.06-0.0T 
in the case of human hair under the conditions 
of our experiment. However, considerable dif
ferences were observed in the initial decontami
nated activity Y1 for water alone and for the 
different chelating agents. In the case of human 
skin, the decontamination rate constant A after 
about 300 ml of elution with EDTA and DTPA 
is observed to decrease down to about l/100 
as compared with the initial part, while in the 
case of human hair the value of ,\ after about 
200 ml of elution with EDTA and DTPA de
creases down to about 1/300-1/700. Although 
the initial decontaminated activity is much 
higher with citric acid than with water alone, 
the overall shapes of the decontamination rate 
curves are similar for both citric acid and water 
alone, and are quite different from those of 
EDT A and DTPA. In case of citric acid and 
water alone, the decontaminated radioactivity 

Table 5. The Values of the Initial Decontaminated ActiviV! Y1 and the Decontamination 

Constant,\ (Y = Y1e-l<v-l>). 

Samples Decontamination yl " agents 

Water (S1) 6.6 X 102 3.1 X I0- 2 

Human Citric acid (S 2) 2.4 X 104 3.2 X I0- 2 

skin EDTA (S9) 4.3 X 104 2.8 X I0- 2 

(S~) 5.9 X 10 2 3.4 X 10-4 

DTPA (S,) 7.6 X 104 2.6 X 10-2 

(S :) 1.1 X lQS 3.2 X IQ-• 

Water (H1) 1.9 X 108 7.2 X 10-2 

Human Citric acid (H2) 2.2 X 104 5.6 X 10-2 

hair EDTA (H3) 3.4 X 105 6.9 X I0- 2 

(H;) 9.6 X 10 2 2.3 X IQ-• 

DTPA (H,) 1.2 X 105 7.3 X 10-2 

(H:) 1.7 X 108 9.7 X IQ-I 



DECONTAMINATION OF FISSION PRODUCTS ON HUMAN SKIN AND HAIR 1507 

per unit volume of elution decreased down close 
to the natural background level after about 
200-300 ml of elution, which seems to indicate 
that no more appreciable decontamination is 
available thereafter. The stability constants of 
citric acid are lower than that of EDT A and 
DTPA for most of the metals. In case of the 
strong chelating agents EDTA and DTPA with 
high stability constants with some of the metals, 
although the rate of decontamination decreases 
greatly after about 200-300 ml of elution as can 
be seen in the decrease of A, the elution of a 
considerable activity was observed to continue 
until the total volume (1000 ml) of decontami
nating solution available for our experiments 
was used. 

Some of the y-ray spectra of fission products 
taken before and after decontamination are 
shown in Fig. 5 for human skin and in Fig. 6 for 
hair. In these spectra the peaks corresponding 
to the nuclides 144Ce, 141Ce, 95Zr, 140La, soy, 
103Ru were traced as shown in Table 2. The 
peak· areas of the peaks corresponding to the 
traced nuclides were calculated by Covell's 
method and the decontaminated percentage of 
each corresponding nuclide was estimated. 
These values are shown in Table 3 for human 
skin and in Table 4 for hair. Although they 
should be interpreted to show only an order of 
magnitude, it is clear that the decontamination 
effect of the chelating agents is remarkably 
better than that of the water alone. 

However, because of the possible existence 
of various decay chains in the fission product 
mixture, in order to obtain more precise results 
a more detailed time analysis of the y-spectra 
and radiochemical analysis may be necessary. 
In our experiment, we have taken several y
spectra, but in cases where there is a possibility 
of the parent and daughter nuclides separating 
out, we must be extremely cautious about the 
interpretation of they-spectra. 

Although some minor differences were ob
served in the decontamination effect on human 
skin and hair, overall similarity was observed 
in the effects and modes of decontamination 
for skin and hair under the conditions of our 
experiments. In either case, the strong chelating 
agents EDT A and DTPA with high stability con
stants with metal ions seem to be effective decon
taminating agents for fission product mixture. 

If the solution containing the chelating agents 
were used for the decontamination of skin 
surfaces in the form of a stagnant bath, it may be 
anticipated that the chelating agents may en
hance the absorption of some radioactive nuc
lides through the skin surfaces. 

However, if the chelating agents were used 
for the decontamination of skin and hair in the 
form of a shower or by running water over skin 
and hair to minimize the skin absorption, it 
may be extremely useful in some cases of skin 
and hair contamination. 
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DECONTAMINATION DE LA PEAU CONTAMINEE 

EXPERIMENTALEMENT PARLE MELANGE DE PRODUITS 

DE FISSION ET PAR LE FALL-OUT SYNTHETIQUE 

j. S. STAJIC, D. B. STOJANOVIC etA. V. MILOVANOVIC* 

Institut des Sciences Nucleaires "Boris Kidric", Vinca, 
Service de Protection Medicale 

R&nune--On a examine l'efficacite de la radiodecontamination de la peau des animaux 
d'experience contaminee par des melanges de produits de fission a longues periodes dissous 
sous forme de nitrate et par des melanges de produits de fission a periode moyenne dissous 
sous forme de chlorure. On a teste: (a) les decontaminants solubles dans l'eau de robinet, 
(b) les decontaminants solubles dans l'eau de mer, (c) les decontaminants classiques dont 
!'utilisation est precedee de !'application d'une creme protectrice, et (d) les matieres destinees a 
la decontamination sans utilisation d'eau. Les resultats obtenus indiquent que la plupart de ces 
matieres peuvent eliminer efficacement de la peau les melanges liquides de produits de fission 
(audessus de 95% apresquatre traitements). Des resultats similaires, meme peut-etre meilleurs, 
ont ete obtenus quand le contaminant etait une retombee synthetique (poussiere radio-active 
artificielle marquee a 141Ce). On a examine aussi l'efficacite de la decontamination de la peau 
poilue, contaminee par des contaminants liquides. L'effet obtenu etait relativement 
satisfaisailt. 

INTRODUCTION 

La radiodecontamination de la peau s'effectue 
pour prevenir !'apparition de radiodermite pro
voquee par les rayons beta du contaminant, 
pour eviter la contamination interne (trans
cutanee ou perorale). et pour diminuer !'exposi
tion de l'organisme aux rayonnements gamma, 
emis par les particules du contaminant. 

Le choix des methodes et des moyens de 
decontamination est conditionne par plusieurs 
facteurs (nature du contaminant, sa composition 
chimique, integrite et etat physiologique de la 
peau, qualite et quantite de poils, espece et 
quantite de decontaminant disponible, nombre 
de sujets a traiter, etc.). Un bon decontaminant 
doit etre efficace sans provoquer de lesions cuta
nees et sans faciliter la resorption transcutanee 
du contaminant. Puis, il doit etre bon marche, 
facile a manipuler et disponible en quantite suf
fisantes. La plupart des auteurs qui ont etudie 
le probleme de Ia radiodecontamination de la 
peau. <1-7> sont d'accord pour constater que les 

* Assistant technique: Z. B. Ralevic. 

savons et les detergents sont les meilleures 
parmi les matieres destinees a la decontami
nation. 

Dans presque tous les essais effectues jusqu'a 
present, les contaminants ont ete des radionuc
leides particuliers, tandis que les decontaminants 
ont ete solubles dans l'eau de robinet(l-8, 6-7>. 
Ces experiences ont ete faites sur la peau epilee 
ou non poilue. Cependant, dans certaines 
situations (par exemple apres des accidents aux 
installations nucleaires, apres des tests ther
monucleaires, etc.), les contaminants sont des 
melanges de produits de fission a l'etat liquide 
ou pulverulent. C'est dans ces circonstances 
qu'un grand nombre d'individus pourraient etre 
contamines, dont la decontamination exigerait 
d'enormes quantites d'eau, qui, a ce moment, 
devient rare. Enfin, ce ne sont pas seulement 
les parties du corps sans poils, mais aussi celles 
qui en sont couvertes, qui risquent d'etre con
taminees. C'est pourquoi nous avons effectue 
une serie d'experiences destinees a decontaminer 
la peau animale contaminee par un melange de 
produits de fission dissous, ou par une retombee 

1509 
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synthetique. Parmi les matieres de decontami
nation, nous avons choisi celles que nous avons 
toujours sous la main en quantites suffisantes et 
celles qui peuvent etre facilement improvisees. 
Etant donne que dans certaines regions, l'eau 
douce est un articled' approvisionnement critique, 
par exemple au bard de la mer ou dans les iles, 
nous nous sommes propose d'etudier les qualites 
de decontamination de l'eau de mer et les 
detergents qui y sont solubles. Les experiences 
ant ete faites sur la peau poilue et sur la peau 
epilee. 

MATERIEL ET METHODE 

L'efficacite de la decontamination a ete exa
mine sur 440 Albino rats des deux sexes (pesant 
200 g environ), en fonction des facteurs suivants: 
composition chimique et espece du contaminant; 
espece du decontaminant; absence ou presence 
de pails; nombre de traitements de la peau. 
Les animaux sont classes en trois groupes. Le 
contaminant du 1 er groupe etait un melange 
de produits de fission a longue periode, dissous 
sous forme de nitrate (90Sr + 137Cs + 144Ce).t 
Le contaminant du 2eme groupe etait un me
lange de produits de fission a periode moyenne, 
dissous sous forme de chlorure ( 8 'Sr + 141Ce)t 
et celui de 31!me groupe etait une retombee 
synthetique marque a 141Ce (poussiere radio
active artificielle dont les particules ant de 65 a 
150 1-' de diametre).t 

Les decontaminants utilises sont les suivants: 
(a) eau de robinet, (b) decontaminants solubles 
dans l'eau de robinet (savon liquide .et eau; 
solution aqueuse a 1% de detergent "Nila"), 
(c) eau de mer, (d) detergents solubles dans 
l'eau de mer (solution a 3% de "Radian extra" 
et de "Albus special"), (e) decontaminants 
solubles dans l'eau de robinet dont !'utilisation 
est precedee par !'application de la creme 
protectrice "Octa", (f) matieres de deconta
mination sans utiliser d'eau (pate No. 1: farine 
de ma'is avec de l'eau additionneejusqu'a !'ob
tention de consistance de la pate; pate No. 2: 
melange a quantite egale de farine de mais et 
de detergent "Nila" avec adjonction d'eau 
jusqu'a !'obtention de la consistance de la pate; 

t Produit au centre de Saclay, pres de Paris. 
! Produit a l'institut nucleaire, "Boris KidriC'', 

Vinca. 

pate No. 3: melange a 64% de kaoline, a 15% 
de savon liquide, a 3% de Na 1C03 et a 18% 
d'eau de robinet; matiere No. 4: savon liquide 
sans utilisation d'eau). 

Pour verifier l'efficacite des decontaminants 
examines on en a fait la comparaison avec le 
melange de la solution a 3% de detergent "Nila'.' 
eta 2% de complexon Na 1EDTA. Ce melange 
est cite dans la litterature comme un des decon
taminants les plus efficaces, <1

• 
2

• 
7> bien qu'il 

facilite, d'apres quelques auteurs, la resorption 
transcutanee du contaminant. 16> 

Le pH de taus les contaminants variait de 
5,5 a 8,5. Les decontaminants examines ant 
ete testes sur la peau epilee, tandis que ceux de 
groupes (a), (b), (c) et (d), (detersifs solubles 
dans l'eau de robinet et dans l'eau de mer)-,
sur la peau poilue. La decontamination a tou
jours commence 30 minutes apres le debut de la 
contamination. 

Technique de travail. Chaque animal a ete 
narcotise avant !'experience, par la solution a 
25% d'urethaneinjectes.c. (dosede0,7 mlflOO g 
de poids). Apres avoir fixe l'animal sur une 
table d'operation, on lui a coupe soigneusement 
les pails de la region abdominale. Les pails 
n'ont pas ete coupe dans le cas des experiences 
relatives a la peau poilue. La zone a con
taminer a ete marquee a !'aide d'un sceau 
colore rand de 3 em de diametre (surface de 
7 cm8 environ). Une goutte de solution con
taminante est portee par une pipette au centre de 
la zone marquee et puis repartie par une petite 
spatule en verre sur toute la surface marquee. 
L'activite de la goutte etait de 1,5 a 2,0 1-'Ci 
et le pH du contaminant etait regie a 5,0 (c'est 
le pH de la peau des animaux d'experience). 
Dans le cas d'une retombee utilisee comme con
taminant, la contamination a ete faite par la 
pulverisation au moyen d'une boite dont le 
couvercle etait perfore de fac;on que la densite 
de contamination etait 1,5 mgfcm2 et l'activite 
de toute la surface-2 1-'Ci. L'activite initiale 
de la peau (A1) a ete mesuree immediatement 
avant la decontamination, au moyen clu comp
teur GM adopte pour les animaux d'experience. 
La decontamination ensuite effectuee compor
tait quatre traitements de la peau. Dans le cas 
des decontaminants liquides, chaque traitement 
comprenait trois lavages au tampon de coton 
imbibe de solution decontaminante, suivi de 



DECONTAMINATION DE LA PEAU CONTAMINEE EXPERIMENTALEMENT 151 I 

l'essuyage par un tampon sec. Si les experiences 
comportaient !'application d'une creme pro
tectrice, il est a noter que la creme devrait etre 
appliquee uniformement sur la peau marquee, 
immediatement avant la contamination (0,5 g de 
la creme environ a 7 cm2 de surface). La decon
tamination par des pates sans utiliser de l'eau a 
ete faite de la maniere suivante: ledecontaminant 
est applique sur la surface de la peau contaminee 
lors de chaque traitement (1 g a 7 cm2 de sur
face) et au bout de 30 a 40 secondes, les com
plexes formes sont elimines en ess.uyant la peau 
avec trois tampons de coton. La decontamina
tion par le savon liquide a ete faite de la meme 
maniere que celle par d'autres decontaminants 
liquides, mais sans utiliser d'eau. 

Apres chaque traitement l'activite finale (At) 
de la peau a ete mesuree et l'efficacite de la 
decontamination (Ea) a ete calculee selon la 
formule suivante: 

Ea = (Ac - At) . 100 

At 

REsULTATS ET DISCUSSION 

Le tableau 1 et la figure I presentent l'effica
cite de la decontamination de la peau epilee. 
L'analyse des resultats indique qu'il est plus 
difficile d'eliminer de la peau la solution de 
nitrate que la solution de chlorure. II a ete 
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constate aussi qu'il est plus difficile d'eliminer 
de la peau ces deux solutions que la poussiere 
radio-active artificielle. 11 semble que les possi
bilites de decontamination differentes des solu
tions de nitrate et de chlorure sont dues a leurs 
composants anioniques (N03, CI-). Cela a ete 
prouve aussi par les experiences de decontami
nation effectuees anterieurement sur la peau 
contaminee par des radionucleides particuliers. <7> 

Il a ete revele alors aussi que les nitrates sont 
plus difficilement decontaminables que les 
chlorures et que les composants cathioniques 
n'y jouent aucune role. 

D'autre part, la poussiere radio-active artifi
cielle peutetre eliminee de la peau plus facilement 
que les contaminants liquides parce que le mode 
de fixation des particules de poussiere sur la 
peau est mecanique et physique (maintien sous 
les poils, dans les pores et rides (plis) de la peau, 
absorption et adherence), tandis que les con
taminants liquides sont lies au support surtout 
chimiquement ( echange d'ions, reaction avec 
des constituants de la peau, etc.). 

· En general, les effets de decontamination de 
toutes les matieres essayees sur la peau epilee 
ont ete tres bons, pour n'importe queUe espece 
et n'importe quel etat, parce que apres le 4~ 8 

traitement l'activite etait toujours diminuee de 
plus de 95% (a !'exception de la decontamina
tion de la solution de nitrate par l'eau de robinet 

creme Cr8me 
-+sovon +sol., 
liquid de del, 

! Contaminants 

• 
Sol. de 
nitrates 

D Sol.de 
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rnm Retombee 
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Tableau 1. Decontamination de la peau contaminie experimentalement par des produits de fission et par une retombie synthitique. 

Contaminant 

Solution de produits de fission I Solution de produits de fission 
Poudre: sous forme de nitrates sous forme de chlorures 

(Sr90 + Cs137 + Ce144
) I (Srsv + Cet•t) Fall-out synthetique 

Decontaminant Effet de decontamination (Eo) apres 

Nom-

I II Nom-~ 
I 

I Nom-~ 
I bre 

un quatre 

d'~~~m 
un quatre 

bre 
un quatre 

d'anim 
traitement traitements traitement traitements 

d'anim 
traitement traitements 

Decontaminants solubles a l'eau de robinet 

3% sol. detergent + 
2% sol. de 
complexon 10 95,2 98,7 10 99,4 100,0 10 99,3 99,8 

Eau de robinet 10 77,6 88,4 10 94,8 96,7 10 96,7 98,8 
Eau de robinet + 

savon liquide 10 95,7 98,4 10 98,4 99,5 10 99,4 99,8 
1% sol. de detergent 10 95,7 98,6 10 99,0 99,5 10 99,3 99,9 

Decontaminants solubles a l'eau de mer 

Eau de mer 10 77,7 86,1 10 90,4 95,0 10 94,0 98,0 
3% sol. de detergent 10 92,6 98,7 10 98,6 99,8 10 98,3 99,8 

a l'eau de mer 

Creme protectrice + lavage 

I 
Creme + eau de 

robinet + savon 
liquide 10 99,3 99,7 10 98,7 99,8 10 98,7 99,7 

Creme + eau de 10 98,7 99,8 10 99,1 99,9 10 99,3 99,8 
robinet + 1 % sol. 
de detergent 

· Decontaminants sans utilisation de l'eau 

Pate No. 1 10 78,9 94,7 10 85,8 97,3 - - -
Pate No.2 10 85,6 96,4 10 91,4 98,1 - ~ -
Pate No.3 10 90,5 98,4 - - - 10 

I 
95,6 98,9 

Savon liquid 10 94,8 98,2 - - - 10 98,5 99,6 
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ou l'eau de mer). 11 est a souligner que l'eau de 
mer et les detergents qui y sont solubles presen· 
tent de tres bonnes qualites et peuvent etre 
compares aux meilleurs decontaminants con· 
nus. Un excellent effet des pates de decontami· 
nation et surtout du sa von liquide (qui etait 
le plus efficace parmi tous les decontaminants 
testes sans utilisation d'eau), a attire aussi notre 
attention. 

Les experiences de decontamination de la 
peau poilue sont presentees dans le tableau 3 
et la figure 3. 11 est evident que le savon liquide 
et un detergent en combinaison avec de l'eau 
de robinet, ainsi que les detergents solubles 

* 100 

90 
c" 

._g 80 

a 
c 70 
·;; 
0 60 

g 
'\~ 50 

~ 40 

~ 30 

~ 20 

Eau de 
robinet 

Eou de 
mer 

FIG. 2. 

creme protect 
+ !% sol. de det 

dans l'eau de mer, presentent un effet de decon· 
tamination moins bon apres le 4llme traitement 
de la peau poilue que de celle epilee. Cependant, 
dans ce cas les effets de decontamination ont 
ete aussi superieurs a 92%, ce qui est a souligner. 

Presque tous les decontaminants essayes pre
sentent statistiquement, comme il est montre 
aux tableaux 2 et 4, une efficacite de decon· 
tamination significativement plus faible (P = 
0,01 - 0,001 et p = < 0,001) que le melange 
de detergent et de complexe dissous. Cepen
dant, du point de vue pratique, ces differences 
etant limitees le plus souvent a 0,1-1,0% (pour 
la peau epilee), n'ont pas d'importance surtout 

. quand la contamination initiale n'est pas trop 
elevee. 

Dans taus 1es essais il a ete prouve le fait 
bien connu, que le 1 er traitement elimine le 
plus grand pourcentage du contaminant (figs. 
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Tableau. 2. Decontamination de la pea·u contaminee expmmentalement par des produits de fission et par une retombee synthetique. ..... 
(.)1 ..... 
~ 

Contaminant 

Solution de produits de fission Solution de produits de fission Poudre: 
sous forme de nitrates sous forme de chlorures Fall-out synthetique 

(SJ"'O + Cs117 + Ceu•) (SrBI' + Ce141
) 

Effet de decontamination apres 4 traitements 

--

>< 
Efficacite par 

4) ~ 
Efficacite par 

4) ~ 
Efficacite par 

~ ~ rapport a Eo ... "' rapport a Eo 
,E..s 

rapport a Eo 

.as 
Eo 

de sol. det. + .aS 
Eo 

de sol. det. + §·§ Eo 
de sol. det. + 

econtaminant S·~ complex on 
S.~ 

complexon complexon 0; 0 ; 
Z=t;, 

I 
z. 

I 
z ·"' 

I t p "0 t p "0 t p 

D 

Decontaminants solubles a l'eau de robinet 

3% sol. de detergent + 2% I I I 
sol. de comp1exon 10 98,7 ± 0,54 !10 j10o,o ± o,o6l 110 199,8 ± 0,121 

Eau de robinet 10 
88,4 ± 2,09 ~··· <0,001 10 96,7 ± 2,45 4,0 <0,001 10 98,8 ± 0,60 5,0 <0,001 

Eau de robinet + savon 
liquide 10 98,4 ± 1,27 0,66 >0,5 10 99,5 ± 0,17 8,3 <0,001 10 99,8 ± 0,10 -

1% sol. de detergent 10 98,6 ± 0,36 ,55 >0,6 10 99,5 ± 0,18 7,9 <0,001 10 99,9 ± 0,09 -

Decontaminants solubles a l'eau de mer 

Eau de mer 10 86,1 ± 2,43 15,3 <0,001 10 95,0 ± 1,45 10,4 <0,001 10 98,0 ± 0,57 
9,0 I <0,001 

3% sol. de detergent a 
I'eau de mer 10 98,7 ± 0,48 - 10 99,8 ± 0,05 7,5 <0,001 10 99,8 ± 0,15 -

Creme protectrice + lavage 

Creme + eau de robinet 
+ savon liqui.de 10 99,7 ± 0,14 - 10 99,8 ± 0,07 6,3 <0,001 10 99,7 ± 0,17 1,4 >0,1 

Creme + 1% sol. de 
detergent 10 99,8 ± 0,01 - 10 99,9 ± 0,05 3,7 <0,01 10 99,8 ± 0,16 -

Decontaminants sans utilisation d'eau 

Pate No: 1 10 94,7 ± 1,02 10;5 <0,001 10 97,3 ± 0,90 9,0 <0,001 - -
Pate No.2 10 96,4 ± 0,68 8,0 <0,001 10 98,1 ± 1,37 4,1 <0,001 - -
Pllte No.3 10 98,4 ± 0,66 1,07 >0,2 - - 10 98,9 ± 0,52 5,0 <d,oot 
Savon liquide 10 98,2 ± 0,50 2,0 >0,05 - - 10 99,6 ± 0,20 2,6 >0,01 
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Tableau 3. Decontamination de la peau contaminee experimentalement par des produits de fission 
et par une retombee syntMtique. 

I Contaminant 

Solution de produits de Solution de produits de 
fission sous forme de nitrates fission sous forme de chlor-

(Sr90 + es1a1 + Ce144) ures (Sr8& + CeH1) 

Decontaminant I Effet de decontamination apres 

II) II) 

~.§ un quatre ] .§ un quatreu 
traitement traitements s d traitement traitements o a 0 ~ 

z::o z::o 

Decontaminants solubles a l'eau de robinet 

3% detergent+ 2% complexon 10 85,8 97,8 10 97,5 99,6 
Eau de robinet 10 57,9 66,7 lO 85,8 92,0 
Eau de robinet + savon liquide lO 82,1 95,9 lO 93,0 97,9 
1% sol. de detergent a 1' eau de 

robinet 10 77,0 92,0 10 96,3 98,7 

Decontaminants so1ub1es a l'eau de mer 

Eau de mer lO 64,7 
3% sol. de detergent a l'eau de 

mer lO 84,8 

2 et 4). L'effi.cacite de chaque traitement sui
vant est plus faible que celle du traitement pre
cedent. Par consequent, quand il s'agit de 
decontaminants tres effi.caces, tels que le savon 
liquide et les solutions de detergents, il n'y a pas 
pratiquement de difference entre le troisieme 
et le quatrieme traitement. 

Enfin, il est a souligner que les decontaminants 
essayes n'ont pas provoque de lesions macro
scopiques sur la peau traitee. 

CONCLUSIONS 

I. Tous les decontaminants essayes ont pre
sente une effi.cacite satisfaisante lors de la decon
tamination de la peau epilee, contaminee par 

75,0 10 70,8 82,1 

96,0 10 94,7 98,7 

des melanges de produits de fission dissous et 
par une retombee synthetique. 

2. 11 est a noter surtout l'effet de decontami
nation de l'eau de mer et des detergents qui y 
sont solubles, ainsi que l'effet de decontamin
ation de matieres sans utilisation d'eau. 

3. Lors de la decontamination de la peau 
poilue, les decontaminants essayes ont presente 
une efficacite plus faible que dans le cas de 
decontamination de Ia peau epilee, mais les 
resultats obtenus sont relativement satisfaisants. 

4. L'effet de decontamination est le meilleur 
lors du I er traitement, puis il diminue brusque
ment. II n'y a pas pratiquement de difference 
entre Ea du troisieme et Er~. du quatrieme 
traitement. 



Tableau. 4. Decontamination de la peau contaminee experimentalement par des produits de fission et par une retombee syntMtique. 

Decontaminant 

3% detergent+ 2% complexon 
Eau de robinet 
Eau de robinet + savon liquide 
1% sol. de detergent a 1'eau de robinet 

Eau de mer 
3% sol. de detergent a l'eau de mer 

Contaminant 

Solution de produits de fission sous Solution de produits de fission sous 
forme de nitrates forme de chlorures 

(Sr90 + Cs137 + Ce144
) (StJD + CeHl) 

Effet de decontamination apres 4 traitements 

Efficacite par 
v . rapport a E0 de sol. ... s 

Eo deterg. + complexon .lJ ·a s oS 
0-

I 
z-o t p 

Decontaminants solubles a l'eau de robinet 

10 97,8 ± 0,72 
10 66,7 ± 7,42 12,4 <0,001 
10 95,9 ± 1,06 4,4 <0,001 
10 92,0 ± 1,15 13,2 <0,001 

Decontaminants solubles a l'eau de mer 

101 10 
75,0 ± 5,86 
96,0 ± 1,07 

11,5 
4,5 

<0,001 
<0,001 

v . ... s 
.lJ ·~ s s:: 
0 _.s 
z-o 

10 
10 
10 
10 

10 
10 

Eo 

99,6 ± 0,20 
92,0 ± 1,78 
97,9 ± 0,36 
98,7 ± 0,66 

82,1 ± 3,89 
98,7 ± 0,30 

Efficacite par 
rapport a Eo de sol. 

deterg. + complexon 

-t I 

12,6 
13,0 
3,8 

16,1 
7,5 

p 

<0,001 
<0,001 
<0,01 

<0,001 
<0,001 

-(.J1 -m 
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CONTAMINATION INTERNE AU 137Cs PAR VOlE 

TRANSCUTANEE ET EFFET DES MOYENS DE 

DECONTAMINATION ET DE PROTECTION SUR LA 

RESORPTION TRANSCUTANEE DE CE RADIONUCLIDE 

B. PENDIC et K. MILIVOJEVIC 

Service de Protection Medicale, Institut des Sciences Nucleaires B. Kidric, 
Vinca (Yugoslavia) 

Resua1e-Dans le cas d'une contamination externe, souvent causee par un accident radio
logique, en outre de l'effet nuisible local sur la peau dO. aux rayonnements ionisants, il apparait 
un autre probleme concernant la contamination interne par voie. transcutanee, due a la 
resorption des radionuclides. 

En etudiant la dynamique de penetration du radionuclide 137Cs a travers Ia peau non abimee 
mais degraissee chez des rats Albino, on a constate que la resorption par voie transcutanee de 
cet element est tres rapide et que ses traces dans le sang peuvent etre enregistrees quelques 
minutes apres la contamination de la peau. La quantite penetrant dans l'organisme par voie 
transcutanee sur une surface de quelques em 2, au cours d'une periode assez courte (jusqu'a 6 h), 
est relativement remarquable, atteignant une valeur de 3% de la quantite appliquee de U 7CsCl 
dans la solution aqueuse. On a constate aussi une distribution diffuse dans l'organisme avec 
une accumulation maximale dans 'Ies reins, les muscles (surtout dans le muscle cardiaque) et 
dans le foie. 

Tenant compte de la resorption par voie transcutanee rapide, il est necessaire de faire 
une decontamination urgente et efficace de la peau. II a ete montre que les moyens de 
decontamination simples et usuels--detergents par exemple-utilises dans Ies procedes de 
decontamination standard, ainsf que le decontaminant specialement prepare MO 8.385, pro
voquent !'augmentation de la penetration du cesium radio-actif par voie transcutanee. 

II a ete montre par les experiences destinees a verifier les effets de !'application preventive 
des cremes protectrices, preparees a la base des graisses naturelles et du silicon, que ces cremes 
ont un effet non seulement sur la vitesse et l'efficacite de la decontamination, mais sont en plus 
susceptibles de diminuer remarquablement et mtme d'inhiber completement la resorption 
transcutanee. 

Les resultats obtenus au cours des experiences confirment que la peau ne devrait pas etre 
negligee en tant qu'une voies eventuelles de contamination interne. 
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A FOLLOW-UP OF 1000 THOROTRAST CASES 

IN DENMARK 

MOGENS FABER 

The Finsen Laboratory, 
Finseninstitutet og Radiumstationen, Copenhagen, Denmark 

Abstract-A series of Thorotrast injected patients has been followed in Denmark since 1949. 
The series now numbers 1000 patients of which 510 are still alive. The follow-up is performed 
through hospital contacts and is activated by notice of death. Some patients have been seen 
but only as a neurosurgical follow-up. All patients have had a neurosurgical carotid arterio
graphy. Record of death is verified from the physicians, hospital records and autopsy records. 

The most common cause of death is of course the neurosurgical diseases of which some 300 
have died. Non-malignant diseases of other organs have been the cause of death in 150 cases, 
and·40 cases of malignant diseases have been observed. Among the non-malignant diseases 
there has been observed a number of bone-marrow discrasias of non-leukaemic type but amaz
ingly few signs of serious hepatic disorder. 

The total number of malignant diseases is very close to the one expected from cancer 
statistics in Denmark. However, 4 haemangioendotheliomas and 8leukaemias have been met 
with, both a definite increase above expectation. The number of primary hepatic tumors are 
also slightly above expectation. The significance of these results will be discussed in relation 
to other comparable materials. 

SINCE Thorotrast was introduced into clinical is of course due to the neurosurgical disease for 
medicine in 1930 a very large but unknown which the contrast·medium was injected. 
number of patients have been injected with this This group ofpatients has now been followed 
radioactive contrast medium. It is still being for more than 15 years. The follow-up has in 
produced and publications on the use of Thoro- general been performed without contact with 
trast appear every year. In Denmark it was the patients, through hospital records when 
used from 1935 until 1946, when it was discon- known, through folk registries, etc. Although 
tinued with the reappearance of iodine con- a system has been set up which should detect 
taining contrast media after the war. Thoro- all dead patients it has been necessary to check 
trast was used practically only for arteriography at intervals on the status of the patients surviving 
in neurosurgical departments and accordingly at that time. In the following discussion I shall 
the series will only consist of patients with the concentrate on some of the diseases which might 
classical deposits in liver and spleen as it is be considered as being due to the presence of 
seen after intravenous injections. After a Thorotrast. 
thorough search of hospital records we have The presence of a radioactive substance will 
now collected 1000 injected patients and of immediately give rise to the question whether 
these some 500 are still alive. The doses used this group of patients shows an increase in the 
were relatively smalL 75% of the injected incidence of malignant tumors, and if so where 
patients had doses below 20 ml. the tumors are to be found. Figure 2 shows the 

The status of the series is illustrated in Fig. 1 expected cumulative incidence of cancer in a 
where the living patients are registered according population of the size of the Danish Thorotrast 
to time of observation and the dead according series calculated on the basis of tables published 
to the time of death after injection. The very from the Danish Cancer Registry in relation to 
large number of deaths just after the injection the known number of cancers occurring up till 

1521 
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FIG. 1. The dead and the surviving Danish 
Thorotrast patients in relation to time of 

injection. 

January 1, 1966. It can be seen that the two 
curves follow each other fairly closely during 
most of the follow-up period. Not until the 
last year or two has any sign of an increase in the 
general cancer incidence been observed, and 
so far this increase is of no statistical significance. 

If we, however, leave the total incidence of 
cancer and look for tumors which might be due 
to Thorotrast, it has to be noted that the number 
of haemangioendotheliomas of the liver is now 
increasing. During the last years four cases of 
haemangioendothelioma, the classical Thoro
trast tumor, have appeared among the Danish 
Thorotrast patients. This increase which oc
curred after many years of observation of an 
apparently symptomless group is of very great 
interest, and can with present knowledge be 
discussed from two points of view. 

The first question is whether the occurrence 
ofhaemangioendothelioma in man can be shown 

No 

20 FEMALES 

15 

10 

5 

l3 MALES 

25 

20 

15 

10 

5 

Fro. 2. The observed cumulative cancer mor
tality in relation to the expected, calculated 

on cancer registry data. 

in any way to be dependent on the dose of 
Thorotrast injected. Unfortunately only in very 
few of the published cases are both dose and 
latency period known. Only two large series 
can be used for this purpose, our own group 
of four cases among 1000 injected persons and 
the fourteen histologically verified Portugese 
cases published by da Silva Horta Cl) from a 
group of 1800 cases. To these can be added 
seven isolated cases from the literature. As can 
be seen from the figure it is very difficult to 
claim that there is a relationship between the 
dose injected in ml Thorotrast and the time at 
which the tumor appears. 

The next question is whether it is possible to 
evaluate now the risk of the future appearance 
of haemangioendotheliomas in a series of Thoro
trast injected persons. At present 41 cases of 
haemangioendothelioma of the liver have been 
published, where time of injection and time of 
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Table 1. Cancer in Thorotrast Group 

No. Latency period 
month 

Males Females All 

Stomach 2 
Small intestine 1 
Colon A. Rectum 2 
Pancreas I 
Liver 6 

Lung 8 

Uterus -

Leukaemia 5 

Others 6 

death from the tumor is known. We have tabu
lated these cases and the result can be seen in 
Fig. 4. In this connection it must be remem
bered that the longest observation period of 
these patients under all circumstances must be 
below the 35 years that have elapsed since 
Moniz<•> in 1930 started injecting Thorotrast 
into patients. The first 4-5 years after the intro-
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Fm. 3. The relationship between time of death 
of verified haemangioendotheliomas and dose 
of Thorotrast injected. Own and other 

published data. 

1 3 237-286-291 
- 1 19 
2 4 103-196-263-290 

- 1 277 
3 9 221*-225-226-250-25 7* 

-266-312-321*-331* 
- 8 121-123-156-158-162 

-247-254-319 
3 3 55-79-176 
3 8 106-122-170-205-234 

-258-261-302 
5 11 30-59-63~67-87-88-

123-137-157-211-23 3 

duction of the procedure it was mainly used in 
Portugal, and other countries did not join the 
Thorotrast users until somewhat later. It is 
quite evident from the figure that the maximum 
incidence of haemangioendotheliomas in rela
tion to the time after injection of Thorotrast 
has not yet been reached. This perhaps can not 
be considered to be unexpected if we compare 
with the observation of Goolden and collabora
tors <8> on the latency period for pharynx malig
nancies after therapeutic irradiation of the 
thyroid where the maximum incidence of radia
tion cancer appears after 30 years. This, how
ever, is a short time irradiation with no expo
sure to ionizing radiation afterwards. It is 
difficult to compare these conditions with the 
chronic irradiation in the Thorotrast patients, 
when furthermore the dose delivered is smallest 
in the initial period after i~ection. The mini
mum figures for the incidence of haemangio
endothelioma in Thorotrast .cases must so far 
be taken from the Portugese series where evi
dence for haemangioendothelioma is present 
in 26 cases among 1800 intravenously injected 
patients. 

The two series are, however, not quite com
parable because some of the Portugese patients 
were injected up to 5 years before the first Danish 
patients, while a large group was injected simul
taneously or later. It is, however, known (Silva 
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FIG. 4. Latency period in Thorotrast induced 
haemangioendotheliomas. Own and other pub

lished data. 

Horta) that approximately one-third of the 
Portugese patients were injected before the 
Danish neurosurgeons. started using large 
amounts of Thorotrast and when the latency 
period of the haemangioendotheliomas from 
Fig. 4 is taken into consideration, then it must 

be from this group that most of the tumor cases 
stem. 

The evaluation of a minimum figure should 
then be possible. A direct calcuJation would 
suggest 10-14 new cases in the Danish group 
during the next 10 years. If this result 
has to be corrected for the difference in date 
of injection it may be too low by a factor. of 
2-3. The influence of a difference in injected 
doses resulting in a difference in radiation dose 
is so far unknown, but it may decrease the 
expected incidence due to the larger doses in
jected in Portugal. 

It is. evident that this calculation would gain 
considerably if the two series could be treated 
as one, and attempts are being made at present 
to realize such a pooling. With the increase in 
knowledge of dosimetry and other necessary 
parameters it appears possible that the Thoro
trast injected person may supplement our know
ledge on the effect of chronic irradiation in man 
and one must hope that a sufficiently large 
number of well-planned epidemiological studies 
can be initiated to collect this valuable material 
before it is too late. 
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UNRESOLVED PROBLEMS ASSOCIATED WITH 

EVALUATION OF TISSUE DOSE FOR THE 

THOROTRAST PATIENT GROUP* 

JOHN B. HURSH 

Department of Radiation Biology and Biophysics, University of Rochester School of 
Medicine and Dentistry, Rochester, New York 

Abstract-With the intent of enabling a more precise specification of radiation dose to 
Thorotrast-injected patients, a study has been made of the physico-chemical properties of 
Thorotrast solutions. This study has focussed on the tendency of 282Th daughters to adsorb on 
glass of the vials in which Thorotrast is dispensed by the manufacturer. It has been found that 
50 to 90% of 228Ra and 228Th daughters adsorb when ultracentrifugation experiments show 
them to exist as polymers in the solution. It has not been possible to relate the tendency to 
form aggregates to pH, age of the solution, or concentration of the daughters. It is shown by 
calculation that the maximum uncertainty of radiation dose (15-year interval of exposure) 
may be as much as 50 per cent due to inability to specify the daughter content of the injected 
Thorotrast. 

INTRODUCTION 

Thorotrast is an aqueous suspension of tho
rium dioxide widely used by radiologists as an 
X-ray opaque medium during the period 1930 
to 1945. Since then its use has been greatly 
curtailed because of a significant incidence of 
injection site sequelae and because of the recog
nition of potential late radiation injury to the 
injected patient. The existence of a sizeable 
group<1> of living subjects who have borne a 
low level radioactive burden for 20-35 years 
creates a challenge for the radiation biologists 
to relate the late injury effects with the radia
tion dose. In contrast to the radium dial painter 
group who acquired their burden by occupa
tional exposure, this group of Thorotrast pa
tients present three unique advantages. The 
range of thorium burdens is relatively small 
since standard volumes of Thorotrast were cus
tomarily used for a particular diagnostic pro
cedure. Secondly, in many cases, the amount of 
Thorotrast used and date of injection can be 

* This report is based on the work performed under 
contract with the U.S. Atomic Energy Commission 
at the University of Rochester, Atomic Energy Pro
ject, Rochester, New York. 

obtained from the hospital records. Thirdly, 
the radiation exposure is presumptively an 
exposure of the reticulo-endothelial system, ex
panding the information gained from the radium 
group, for which the skeleton was the radiation 
target. To oppose to these advantages radiation 
dose calculation for Thorotrast subjects presents 
some special problems. These problems may 
be considered as: (1) specification of the 232Th 
daughter-product content of the injected sus
pension; (2) determination of self-absorption of 
alpha emissions in the Thorotrast particles, 
particularly since large aggregates tend to 
form in the reticulo-endothelial system; and 
(3) the study of the fate and body distribution 
of the long~lived thorium daughters. Since 
categories 2 and 3 have been considered else
where, <1 • 8> the present paper will report experi
mental data bearing on the first problem area. 
Several investigators have noted (a, 4> the ten
dency for the long-lived daughters 228Ra and 
228Th (Fig. 1) to adsorb on the glass walls of 
the vial supplied by the manufacturer. Accord
ingly, even though the volume of Thorotrast 
injected may be known, the daughter content 
may be uncertain. The retrospective recon
struction of the total radiation dose sustained 

1525 
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FIG. 1. Thorium decay scheme. 

is therefore subject to error. In the following 
we shall consider the physico-chemical properties 
of Thorotrast as related to thorium daughter 
behavior and shall inquire as to whether a 
likely daughter-product content of the injected 
material can be discovered. 

GENERAL PROPERTIES 

Thorotrast is · a brownish colored, opaque, 
freely flowing suspension labeled as containing 
"24% to 26% stabilized colloidal Thorium 
Dioxide; 25% aqueous Dextrin; 0.15% Methyl 
Parasept as preservative". On each bottle an 
expiration date (month, day, and year) appears, 
set ahead five years from date of packaging 
into vials. This practice is probably<5> not re
lated to expected instability of the suspension 
due to aging but more likely associated with the 
increased radioactivity of the material as the 
long-lived daughter 228Ra increases with time 
after the chemical separation of thorium. 

Rundo<8 > quotes Johansen as authority for the 
statement that Thorotrast produced in the 
United States contains 0.22 g 282Th per ml and, 
in Germany, 0.195 g 232Th per mi. Analysis 
by us of Thorotrast manufactured in the United 
States yielded 0.22-0.23 g 282Th per mi. The 
specific gravity is found to be 1.3 g mi. The 
size of the suspended thorium dioxide particles 
has been measured by use of an electron micro
scope in this laboratory<7> and by others. <8> The 
data obtained by us is plotted in Fig. 2. The 
photographs used for the particle measurement 
show them as roughly spherical in shape. The 
average diameter is 55 ± 25A 0 , 

250 
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FIG. 2. Data obtained from electron micro
scope study of Thorotrast particle size. 

DAUGHTER PRODUCT CONTENT OF 
THOROTRAST VIALS AS PREPARED FOR USE 

It is usually assumed that thorium-bearing 
ore contains the thorium daughters in equili
brium by virtue of its age. The chemical separa
tion of thorium in the refining process segregates 
288Th and 228Th from the long-lived 228Ra and, 
less significantly, from the remaining short-lived 
daughters. The change in 228Th and auRa 
content of the thorium salt subsequent to 
chemical separation can be predicted by refer
ence to details of the decay chain (see Fig. I) and 
application of the Bateman equations yielding 
the result shown in Fig. 3. 

If a single chemical separation is postulated 
and if no preferential loss of 282Th, 288Ra, or 
228Th occurs during processing of the thorium 
salt, it would be expected that Thorotrast as 
prepared for use would have parent-daughter 
relationships according to Fig. 3. 

Three lots of Thorotrast available to us have 
been analyzed for daughter content using 
gamma spectrographic measurement techniques. 
Lot A subsequently referred to as "fresh" Thoro
trast included six vials measured four months 
after packaging; Lot Band Lot C, subsequently 
referred to as "aged" Thorotrast, included 
3 and 4 vials respectively and were measured 
5.25 and 5. 75 years after packaging. The 
average value and standard deviation is plotted 
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FIG. 3. Calculated curves to show growth of 
22sTh (concave curve) and 2118Ra (convex 
curve) in a closed system, assuming that at 
t = 0, 228Th is at 100% activity equilibrium 

with 282Th and 228Ra is zero. 

in Fig. 3 with the abscissa taken as the pack
aging to measurement time interval. 

All three sets of points indicate that the last 
chemical separation took place some time before 
product packaging and, indeed, the description 
of the manufacturing process <9> indicates that 
this interval is no less than 6 months and may 
be in excess of a year, depending on the age of 
the thorium oxalate used as a starting material. 
However, even if each set of points is shifted 
to the right so that the 228Ra value falls on the 
predicted line, the 218Th activity for the "fresh" 
Thorotrast is only about 50% of that predicted. 
This is interpreted to indicate that during the 
processing of the ore and the preparation of 
thorium oxalate several chemical separations 
took place over a period of some years, and that 
at each separation radium was removed so that 
the period of growth yielding the measured 
228Ra activity is much shorter than the time 
during which the 228Th, initially at equilibrium 
in the ore, has decayed. Qualitative evidence 
to support this comes from an analysis of a 
sample of thorium oxalate used as starting 
material by theTestagar Company, producers of 
Thorotrast. The 888Ra and 228Th values for 
the oxalate are included in Fig. 3, and show a 
similar 228Th deficiency. 

l.R.P. VOL. 11-z* 

EFFECT OF THOROTRAST TRANSFER ON 

DAUGHTER-PRODUCT CONTENT 

The next set of experiments was to transfer 
the Thorotrast from its original container to a 
vial of identical size and shape. The empty vial 
as well as the vial containing the transferred 
material was measured by gamma spectroscopic 
techniques at appropriate times so that the 
transferred amounts of the various daughters 
could be determined. The results appear in 
Table 1 and indicate the completely different 
behavior of the daughters in the fresh and aged 
lot. Only about 1% of the daughters remained 
in the original vial for the fresh lot. A substan
tial fraction of this must have been Thorotrast 
solution incompletely drained from the vessel 
walls. For the aged lot 63 and 88% of the 288Ra 
and 55 to 78% of the 228Th remained adsorbed 
on the walls of the original vial. Radium-224 
was estimated in each case and showed insig
nificant variations from 228Th. 

DAUGHTER CONTENT OF ULTRA

CENTRIFUGE FRACTIONS 

Several experiments were performed in which 
4 ml portions of the fresh and the aged Thoro
trast were simultaneously centrifuged at 40,000 
rpm for times from 3 to 5 hr at a force of from 
84,000 to 175,000 g (depending on position in 
the centrifuge tube). The results obtained from a 
typical experiment (3 hr centrifugation) are 
shown in Fig. 4. The fractions A, B, C, and D 
were removed with the least possible disturbance 
of the contents and represent the top quarter, 
the second quarter, the third quarter, and 
bottom quarter of the centrifuged Thorotrast. 
They were then analyzed by gamma spectro
scopy. It may be seen that fractions A, B, and C 
show no significant difference in concentration 
of 228Ra and 224Ra for the fresh Thorotrast. 
Fraction D shows an increase in concentration 
for 228Ra and for 224Ra of 65 and 12% respec
tively. The 228Th presents a different picture 
and to a first approximation, appears to be 
distributed according to the Th0 1 content of 
the fractions. This is reasonable on the likely 
grounds that a major fraction of the 228Th 
is in the form of the oxide and a relatively small 
amount (see Fig. 3) has been generated by 228Ra 
decay taking place after the Thorotrast was 
sealed in the vial. 
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Table 1. Daughters Adsorbed as Found by Transfer of Fresh (Vial Nos. 2-6) and Aged 
(Vial Nos. 13, 14, and 15) Lots of Thorotrastfrom Original Vials 

22BRa content I'Ci 2i11Th content I'Ci 

Vial Before Mter Before Mter 
No. transfer transfer %Left transfer transfer %Left 

2 0.0406 0.0005 
3 0.0398 0.0005 
4 0.0428 0.0006 
5 0.0402 0.0005 
6 0.0440 0.0004 

13 0.139 0.0880 
14 0.153 0.1330 
15 0.144 0.1252 
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FIG. 4. Comparison of sedimentation in the 
fresh and aged lots of Thorotrast. Percent of 
thorium daughter per milliliter in ultra centri
fuge fractions of increasing density gradient 

from A to D. 

1.2 
1.2 
1.3 
1.2 
1.0 

63 
87 
87 

The fractional distribution of the aged Thoro
trast shows a grossly similar pattern for all three 
daughters, indicating a considerable amount of 
sedimentation. The amount in each fraction 
appears to be nearly the same for 228Ra and 

0.112 0.0013 1.1 
0.111 0.0014 1.2 
0.117 0.0015 1.3 
0.113 0.0015 1.3 
0.119 0.0014 1.2 

0.122 0.0672 55 
0.138 0.108 78 
0.129 0.101 78 

22BTh whereas 224Ra shows a somewhat greater 
concentration in the "lighter" fractions. 

DISCUSSION 

Taken together the transfer experiments and 
the ultracentrifuge experiments suggest that if 
the thorium daughters exist as small entities, 
probably in ionic form, they do not adsorb 
to the glass walls, whereas if they exist as poly
mers, they have a marked tendency to adsorb 
to glass. A similar tendency of polonium to 
adsorb on walls of the container has been related 
to the formation of polymers. <10> Although this 
situation is by no means well understood in 
physico-chemical terms, one may speculate that 
the low velocities and the tendency to become 
insoluble of the larger aggregates would predis
pose toward adsorption on glass. Any theory, 
and none will be presented here, would need to 
include an explanation of why the daughter 
aggregates do not adsorb on· the Thorotrast 
particles themselves. 

The question of more concern to the immedi
ate study is, "Why do aggregates form i1;1 one 
Thorotrast suspension and not in the other?" 
The experience of investigators injecting animals 
with radium, as well as the studies with polon
ium, !10> is that adsorption occurs when the pH 
of the solution is near neutrality. We were not 
able to establish that the pH of the "fresh" 
versus "aged" lot varied in a significant way. 
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Eleven vials of the fresh lot measured from 
pH 6.03 to 6.22 whereas 3 vials of the aged 
lot measured from 6.02 to 6.40. No drift was 
noticed during measurement. If the result of 
the polonium study can be extrapolated to the 
present investigation, it might be supposed that, 
m terms of pH, conditions were suitable for 
formation of polymers in both "fresh" and 
"aged" lots. 

Other conditions favoring the formation of 
aggregates would be the presence of foreign 
particles, concentration of daughters, and "age" 
of suspension. Our limited study does not per
mit identification of any of these factors as 
critical in producing the differences noted. An 
interpretation on grounds of relative "age" is 
not convincing since the important distinction 
would be expected to be on a time scale of 
days or weeks rather than years. 

In summary we must present the conclusion 
that if the daughters exist in the Thorotrast 
suspension as aggregates, adsorption to the glass 
walls will occur, but that the critical condition 
bringing about aggregation in one lot and not 
in another lot remains unidentified. 

PERTINENCE OF TIDS STUDY TO DOSE 

CALCULATION 

On the basis of these studies and other mea
surements an arbitrary opinion is presented 
that for the Thorotrast subject ·group the in
jected material contained 228Ra in amounts from 
2.5% to 35% of radioactive equilibrium with 
232Th and that the corresponding values for 
228Th were 15 to 40%. It is hoped that further 
study may improve on these estimates. 

In order to justify such further effort, it is 
appropriate to consider what fraction of a 
total 15-year dose can be attributed to the 
injected 228Ra and 228Th daughters as contrasted 
with the fraction produced by daughters formed 
in vivo. The results of such a calculation are 
shown in Fig. 5 and the area for each curve 
(integrated from zero time to 15 years) is noted. 
In the simplified model used for calculation 
it is assumed that the 218Th burden will be a 
sufficient measure of relative dose rate. The 
extreme values of 228Ra at 35% and •nTh at 
40% have been used for the injected levels. It 
has been assumed that the excretion of 22BRa 
will occur at 0.35% per day for the period 0 to 
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FIG. 5. Calculated curves of the 228Th in vivo 
burden assuming injected amounts of 228Th and 

••sRa are as stipulated. 

700 days and at 0.1% per day for 700 days 
to 15 years after injection. <11> It is further as
sumed that the excretion of 218Th is zero<1•> 
at all times. A calculation done in this way 
stipulates that about one-third of the dose can 
come from the injected daughters. It should 
be understood that this is believed to be a 
maximum, and it is acknowledged that use of 
other plausible assumptions about daughter ex
cretion rate andfor calculation for a longer 
exposure period would yield a lower estimate. 

May I conclude this paper with an endorse
ment of the theme of Dr. Robert Dudley's 
presentation ofThorotrast dosimetry at the New 
York Academy of Science, <1> i.e. "Thorotrast 
dosimetry is complicated," and add the footnote 
that the thorium daughters begin to misbehave 
before they get out of the bottle. 
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EXPOSITION CHRONIQUE D'UN GROUPE D'OUVRIERS 

AUX PEINTURES LUMINEUSES RADIO-ACTIVES. 

CONTRIBUTION A L'ETUDE DES EFFETS BIOLOGIQUES 

V. TOMIN, M. TRAJKOVIC, D. VELjKOVIC, D. JANKOVIC, Z. UBOVIC, 
B. PENDIC, Dj. BEK-UZAROV et z. DJUKIC 

Service de Protection Medicale, Institut des Sciences Nucleaires B. Kidric, Vinca 
(Yugoslavia) 

Resum.e-Un groupe d'ouvriers ayant travaille au cours d'une longue periode avec des 
peintures lumineuses radio-actives ont subi un examen medical au Service de Protection 
Medicale de l'Institut des Sciences Nucleaires "Boris Kidric", Vinca. Compte tenu des condi
tions de travail, une contamination interne aux matieres radio-actives a ete possible. 

Des examens cliniques et de laboratoires ont ete faits sur les ouvriers cites ci-dessus afin de 
reveler si une contamination interne a eu lieu et de constater des alterations eventuelles y 
relatives. 

Les resultats de ces examens (analyses radiotoxicologiques de l'urine, mesure de la radio
activite totale du corps, radiographie du squelette et autres) ont confirme !'existence d'une 
contamination interne provoquee chez des ouvriers, qui, d'apres l'anamnese, ont ete em
bauches depuis longtemps au travail mentionne. Des alterations hematologiques dans le 
sang peripherique, decelees chez ces ouvriers, suggerent une correlation causale entre leur 
apparition et le temps d'exposition, ce qui nous renseigne, ainsi que d'autres constatations, sur le 
degre des contaminations internes dans l'organisme. 
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DISCUSSION 

J. W. Ch. VAN STEED EN (Netherlands) : 
Ich mochte Herr Nishiwaki fragen, in wie weit seine 

Ergebnisse Beziehung auf lebendes Gewebe haben. 

Y. NISHIWAKI: 

The sampling material used in these experiments 
was human skin, supplied by the Tokyo Metropolitan 
Medical Examiner's Office. Therefore, the skin was 
not living. The skin, of the size of about 3 by 15 em 
with subcutaneous fat, was cut off from the central 
part of the breast of the adult at about 10 hr after 
accidental death and therefore under the conditions 
of the experiment we cannot expect any metabolic 
action. 

Hub. WIJKER (Netherlands): 
What was the time lapse between contamination 

and the start of decontamination? Has the speaker 
some idea whether the contamination penetrated the 
skin and, if so, if it diffused back during the decon
tamination procedure. 

Y. NISHIWAKI: 

We have conducted these experiments about ·1 hr 
after contamination of the skin surface and we have 
not tested to what extent contaminants were absorbed 
in the tissues. But we have conducted previous experi
ments on which we already reported during the 
Gatlinburg Conference. These experiments were done 
with other biological material and in this case we 
think that some of the absorbed nuclides may come 
out if we wash thoroughly with a running chelating 
solution. However, we had considerable differences 
in this type of experiment because the results may 
differ depending on the conditions of the decon
tamination. If these conditions are different, we can
not compare in a fair way the effectiveness of the 
different decontaminating materials. This is very 
difficult. Therefore we have designed the elaborate 
equipment to set these conditions at the time of the 
decontamination, so that experiments can be com
pared one to the other. 

E. W. jACKSON (U.K.): 
The curves you put on the screen, showing spectral 

distribution before and after decontamination showed 
a uniform degree of removal for each gamma energy 
and yet the experiments in which separate nuclides 

were used showed a diversity of removal values. Are 
these two findings wholly consistent? Another point, 
could I have details of the pH of the contaminant 
used? As it is well known, to dissolve some of the 
fission elements requires strong acids. Did you apply 
strong acid solutions to the skin in this work? 

I would also like to ask whether any fundamental 
study has been considered to determine the mode of 
attachment of some of the nuclides in a more simple 
form. Some years ago I did some laboratory experi
ments in which I determined the zeta potential at a 
solid-liquid boundary and I found that the degree of 
absorption, that is, the tightness in which nuclides 
were held, could be related to the zeta potential. I 
wonder if any work of this kind has been undertaken. 

Y. NISHIWAKI: 

The data appeared to be rather uniform, but the 
corresponding nuclides were estimated by Covell's 
method and after the estimation the results are indi
cated in the last slide which was shown at the end of 
my speech. 

The pH of the solution was about 6.8. We wanted 
to conduct many series of experiments, but we had 
considerable difficulties in obtaining the skin material, 
so this may be considered only the beginning of the 
experiments. However, not to damage the surface of 
the skin, in this first series of experiments we tried to 
use solutions rather close to neutral. Therefore the pH 
which was measured before the start of the experi
ments was 6.8. Also about the zeta potential, we did 
not measure it, but we should like to obtain your 
paper, if this is possible later. Thank you very much 
for your remarks. 

J. SHAPIRO (U.S.A.): 
My question is actually addressed to either of the 

two speakers or to tlxe audience. Some radiochemists 
I know when they have to decontaminate their fingers 
will use a skin stripping by using successive applica
tions of adhesive to peel off the skin, of course not 
going to the base and removing the skin completely, 
but removing quite a bit. Or they use sand paper as a 
file to scrape away the contamination. I wonder 
whether the speakers have any comment on this 

method. 
[Dr. Stajit not having understood the question, Dr. 

Shapiro repeats as follows.] 
In discussing decontamination with radiochemists, 
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I found one, perhaps a very practical-minded indi
vidual, who got some cesium on his skin and he strips 
the top layers of his skin with successive applications 
of adhesive, just a few layers in order not to take the 
skin off, but enough to remove the surface activity; 
for the same purpose he used sand paper· as a file, 
which is a dry method, a dry method without worry. 
Now, my question is, to the speakers who have used 
other methods, have they any comments on this 
approach? 

Hub. WIJKER: 
The following information can be given concerning 

the peeling-off procedure for skin decontamination. 
This procedure has advantages if spreading of the 
contaminant by using solvents should be avoided. In 
the Kema labs there has not been need to use this 
procedure but in other labs in Holland some experi
ence has been gained. Destruction of the granular 
layer has to be avoided (stratum granulorum) as this 
layer works as a barrier against penetration in many 
cases. More details can be found in my papers 
presented at the Euratom Symposia at Munich 
(1962) and Nice (1966). 

J. STAJIC: 
Nous avons protege la peau de nos mains par la 

creme protectrice "Octa" et par des gants en 
caoutchouc. 

P. M. BIRD (Canada): 
I would like to ask either of the speakers if they have 

any experience of using ultrasonic techniques for 
removal of contamination from the hands. 

J. STAJIC: 
Non, nous n'avons pas essaye de methode 

ultrasonique. 

N. VALENTIN (Belgium): 

L'auteur peut-il indiquer: 
1. Si des etudes de dynamique de penetration ont 

ete faites avec d'autres composes chimiques du CJsl 37 

que le chlorure, et dans ce cas, si des differences 
notables dans la vitesse de resorption transcutanee ont 
ete constatees. 

2. Quelle etait, dans le cas du chlorure de Cs137, 

l'acidite de la solution et s'il existe une relation entre 
l'acidite et la vitesse de resorption transcutanee. 

B. PENDIC: 
1. On a fait aussi des experiences avec une solution 

de nitrate. Nous avons observe que la penetration de 
cette solution est mains grande que celle de la solution 
de chlorure. 

2. On a experimente dans le travail presentement 
rapporte, seulement avec des solutions dont l'acidite 
etait de 0, 1 N HCI. 

K. KoREN (Norway) : 

I would like to ask Prof. Faber whether he has tried 
to evaluate the yearly absorbed dose to the liver from 
a given amount of injected thorotrast? 

M. FABER: 

Due to the inhomogeneous distribution of Thoro
trast the dosimetry is difficult. Mean doses to organs 
have been calculated, but the significance of these 
figures is still undecided in relation to cancenogenesis. 

F. WACHSMANN (Germaf!Y): 
Da keine Angaben iiber die Hohe der lokalen 

Dosen nach der Anwendung von Thorotrast gemacht 
wurden, mochte ich angeben, dass ich mich erinnere 
von lokalen Dosen gehort zu haben, die hin ·~u 50 
bis 100000 rad gehen! Halten Sie-Herr Faber
diese hohen Dosen fiir moglich? 

M. FABER: 

The dose around particles is not as high as sug
gested by the Chairman, but even so is not negligible. 

H. KRIEGEL (Germany) : 
In neuerer Zeit sind verschiedentlich Mitteilungen 

tiber Schiidigungen nach Anwendung von Peteosthor 
bei Kindem erschienen. Ich mochte Herrn Dr. Faber 
fragen, ob er dariiber Erfahrungen besitzt. 

M. FABER: 

Peteosthor is a colloid preparation containing 
224Ra. It was used for bone diseases and tuberculosis. 
A certain number of bone tumours and leukemias 
have occurred in this group. It is known that German 
groups are tracing these children in order to evaluate 
the dose response relations. 
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LA sECURITE des installations atomiques est, pour 
une grande part, fondee sur l'effi.cacite des dis
positifs d'epuration de l'air. Or, l'effi.cacite de 
ces dispositifs peut se trouver reduite, parfois 
dans de tres grandes proportions, pour des causes 
multiples telles que elements defectueux, mon
tage incorrect, deteriorations consecutives au 
colmatage, empoisonnement par des vapeurs, 
vieillissement des materiaux .... 

Il apparait done necessaire: 
-d'assurer le controle systematique des dis

positifs installes, . 
. -d'eliminer les elements defectueux avant 

leur mise en place, 
-de controler les elements eux-memes, 
-de controler egalement le medium filtrant. 

MM. Billard et Brion preconisent une procedure 
detaillee pour !'execution de ces controles. 

Ils indiquent les caracteristiques controlees et 
les essais correspondants pour les filtres a aero
sols a base de papier plisse et les pieges a iode, 
a base de charbon actif. 

En ce qui concerne les filtres, seulle controle 
de l'effi.cacite est delicat et pour les filtres a 
haute effi.cacite, couramment utilises, il importe 
de choisir une methode a la fois sensible et 
fidele parmi les nombreuses qui existent: me
thode au bleu de methylene, methode de la 
flamme de sodium, methode au DOP poly
disperse, methode au DOP monodisperse, etc ... 
C' est vers la methode a l'uranine etudiee par 
L. Silvermann et K. T. Whitby et dont la 
caracteristique principale est une grande sensi
bilite que s'orientent MM. Billard et Brion. 

Un aerosolliquide est produit par pulverisa
tion d'une solution aqueuse d'uranine a 1 %
Les gouttelettes de diametre superieur a 2 p. sont 
arretees dans un impacteur. Apres evaporation 
dans un tube chauffant et dilution avec de l'air 
sec, on obtient un aerosol solide dont le diametre 
maximum est voisin de 0,5 p.. On effectue des 

prelevements en amont et en aval du filtre en 
essai sur des filtres qui sont ensuite laves. Les 
solutions de lavage sont mesurees par fluori
metrie. La sensiblite de la methode est telle 
qu'on obtient une mesure du prelevement ava1 
egale a deux fois le "bruit de fond" pour un 
volume d'air preleve de un metre cube derriere 
un filtre d'efficacite 10.000 avec, en amont, une 
concentration en aerosol solide de 4 yfm8 seule
ment. 

Parmi les autres caracteristiques verifiees sur 
les elements filtrants, citons: la capacite de 
colmatage, l'ininflammabilite, l'inalterabilite a 
l'eau, la tenue a la temperature, la resistance 
mecanique. 

Le controle des pieges a iode est, comme pour 
les filtres a aerosols, divise en trois parties: 

-controle du materiau adsorbant, c' est-a-
dire du charbon actif, 

-controle de !'element adsorbant, 
-controle du piege installe sur le site. 
Parmi les caracteristiques verifiees sur le 

charbon: densite, humidite, granulometrie, perte 
de charge, friabilite, pH, temperature d'inflam
mation, l'efficacite a l'iode est evidemment la 
caracteristique essentielle. Pour les controles 
d'efficacite, le mode de generation d'iode 131 
doit etre soigneusement etudie. Les auteurs pre
conisent de faire passer de l'iode 127 sous forme 
vapeur melangee a l'air sur un depot d'iodure 
131 par echange isotopique a temperature 
ambiante. 

Des experimentateurs anglais et americains 
ayant demontre !'existence de la forme iodure 
de methyle et la possibilite de la pieger au moyen 
de charbon impregne, il apparait necessaire a 
MM. Billard et Brion de controler a l'iodure de 
methyle de tels charbons. L'iodure de methyle 
gazeux marque a l'iode 131 est produit suivant 
un procede utilise par Collins, puis envoye pour 
l'essai dans un circuit d'air conditionne a 90% 
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d'humidite. Les pieges de reference sont consti
tues de couches de charbon de houille active 
impregne a 5% de triethylenediamine. 

En dehors des examens de conformite con
cernant les dimensions, les dispositifs garantissant 
le maintien du tassement, la protection, les 
joints, etc .... , on verifie les caracteristiques 
suivantes sur les elements adsorbants: 

-perte de charge 
-efficacite a l'iode 
-resistance aux chocs et vibrations. 
Le controle in situ a l'iode moleculaire est 

effectue par les auteurs suivant la methode deja 
decrite pour le charbon actif. 11s utilisent une 
source d'iode portative de 3 Curies. 

L'experience prouve qu'il est necessaire de 
controler assez frequemment-plusieurs fois par 
an-les pieges a iode installes sur un circuit en 
fonctionnement permanent. En effet, l'effica
cite du charbon actif vis-a-vis de l'iode est 
affectee par des vapeurs diverses, en particulier 
par celles emises par les peintures. Pour reduire 
la frequence des essais in situ, toujours onereux 
et souvent genants pour !'exploitation, MM. 
Billard et Brion font installer, en derivation sur 
le piege principal, un ou deux petits pieges te
moins qu'il est facile de retirer de temps a autre 
pour un controle d'efficacite au laboratoire. 

MM. Hans Flyger et H. C. Rosenbaum se 
sont eux essentiellement penches sur le probleme 
des tests de filtres in situ. 11s comparent le test 
propose avec utilisation d'un aerosol provenant 
d'une solution au sulfate de lithium a 2%, aux 
tests classiques avec le bleu de methylene ou le 
chlorure de sodium associe a la photometrie 
de flamme. Les avantages suivants sont obtenus 
avec la methode preconisee: 

11 n'est plus necessaire comme dans le cas du 
chlorure de sodium d'obtenir une generation 
tres stable puisque l'on n'effectue plus un etalon
nage par prelevement amont de courte duree. 

11 n'est pas necessaire egalement d'avoir une 
liaison entre les points de prelevement amont 
et aval, et de posseder un photometre speciale
ment adapte et non commercialise. 

Le test propose consiste a utiliser un genera
teur comme dans la methode a l'uranine decrite 
precedemment, type Collison, pour obtenir un 
aerosol sec de 0,6 !L de diametre ep. moyenne eta 
effectuer des prelevements amont et aval sur 

membrane filtrante. Un traitement approprie 
de ces membranes en phase liquide permet de 
closer le lithium contenu dans la solution par 
photometrie de flamme. On prefere le lithium 
au sodium car il est beaucoup moins repandu 
dans la nature, et bien que la sensibilite de la 
methode soit 10 fois moindre theoriquement, 
elle se revele pratiquement superieure. 11 ne 
faut pas oublier, en effet, que l'on peut avoir 
jusqu'a 20 mg/m3 de CINa dans l'air au voisi
nage des mers. 

Signalons pour le traitement des filtres de 
prelevement que, apres l'attaque nitrique, l'ad
jonction d'acetone associee a une filtration per
met aux auteurs d'obtenir par photometrie une 
reponse lineaire en fonction de la concentra
tion et une meilleure sensibilite. On peut alors 
mesurer 2.10-4 y/ml soit une quantite de sulfate 
de lithium de 7.10-3 y par prelevement. 

Pour comparer les diverses methodes, MM. 
Flyger et Rosenbaum ont teste sur bane d'essai 
3 types de filtres avec la methode au sodi urn 
active, associee a une mesure de la radioactivite 
du prelevement, avec celle au lithium et aussi 
avec le compteur de Pollak qui permet le denom
brement des noyaux de condensation naturelle
ment presents ou crees artificiellement. 11s ont . 
obtenu des resultats comparables pour les deux 
premiers tests, mais avec le troisieme ont observe 
une penetration plus grande. 

Un controle in situ sur la ventilation du re
acteur DR3 a Riso a ete effectue. Le debit de 
cette installation est de 6000 m 3/h avec des gaines 
de 1 m 8 de surface. Les premiers essais ont 
donne les resultats suivants pour la permeabilite: 
0,69-0,70-0,10 et 0,60. La dispersion s'explique 
par la non observation de regles fondamentales 
pour obtenir une bonne generation et de bons 
prelevements. En respectant les regles preconi
sees recemment par Smith: distance de l'ordre 
de 30 diametres entre !'injection et le point de 
prelevement amont avec interposition souhait
able d'ecrans ou de coudes, et distance identique 
entre filtre · et prelevement a val, on a obtenu 
les valeurs stables suivantes: 

0,06 avec le lithium en accord avec le test au 
ClNa 
0,12 avec le compteur de Pollak. 
Au cours d'un autre essai avec un autre filtre 

place en parallele, on a egalement obtenu des 
resul tats analogues. 
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Il existe done un test commode au lithium 
qui peut etre remplace pour des debits eleves 
par un test base sur le comptage des noyaux 
de condensation avec le compteur de Pollak 
avec ou sans enrichissement de l'air en noyaux. 

Etudiant a l'echelon du laboratoire Ie piege
age de l'iode radioactif dans l'air, ~~M. Ha?ke 
et Jacobi, decrivent un cycle d'expenmenta:I?~ 
effectue en vue de determiner la permeab1hte 
vis-a-vis des differentes formes d'iode radioactif 
de filtres a fibres, de pieges en charbon active 
et de filtres combines. 

(1) Dans une premiere serie d'experiences, 
quatre membranes filtrantes en serie suivies d'un 
piege en charbon active sont traversees par u~ 
courant d'air, a la temperature de 20-22°0, a 
35-45% d'hygrometrie et contamine a l'iode 
132. 

Les efficacites mesurees, rapport de l'activite 
dans le piege a l'activite totale dans l'air filtre, 
sont respectivement pour les quatre membranes 
de 55-11-10-6 et de 15% pour 1e charbon. 

Ces essais montrent que, apres lepremierfiltre, 
la permeabilite varie exponentiellement en fonc
tion du nombre de filtres en serie et que l'on est 
en presence de deux formes physiques d'iode: 

-une forme arretee par les filtres 
-une forme mal arretee par les filtres qui 
. auraient une efficacite de l'ordre de 26% 

vis-a-vis de celle-d. 
La forme arretee serait de l'iode fixe sur les 

aerosols et representerait 40% de l'activite de 
l'iode present dans l'air. 

(2) Des experiences identiques ont ete effec
tuees avec quatre cartouches garnies de charbon 
active, en serie, suivies d'une seule membrane 
filtrante. 

Les efficacites mesurees sont respectivement 
de 92,2-0,19-0,14 et 0-12 pour le charbon~~ de 
0,35% pour le filtre. Apres le premier p1ege, 
la permeabilite varie exponentiellement. 

On a encore dans ce cas: 

-une forme d'iode bien arretee representant 
99% de l'activite totale comprenant de l'iode a 
l'etat elementaire et de l'iode fixe sur les aero
sols, 

-une forme d'iode mal arretee, que l'on peut 
evaluer en moyenne dans les conditions d'essais 
a I% et qui est probablement composee d'io-

dures organiques, principalement d'iodure de 
methyle, et d'iode adsorbe sur des aerosols fins 
mal anetes par les pieges en charbon. L'effica
cite des charbons vis-a-vis de ces formes est en 
moyenne de 24%. 

(3) Enfin, dans une troisieme serie d'ex
perience, les auteurs ont examine la permea
bilite de trois filtres combines, constitues par une 
membrane et un piege en charbon, places en 
serie. 

La encore, ils constatent que la permeabilite 
apres le premier filtre varie exponentiellement 
et ils en deduisent que si l'efficacite totale du 
premier est de 99,9%, celle des suivants n'est 
plus que de 43%. La forme vapeur mal piegee 
serai t principalement l'iodure de methyle et 
represente, 0,1% de l'activite totale. 

En conclusion, les auteurs estiment que dans 
les conditions de leur experimentation, l'iode 
present dans I' air se trouve sous trois formes: 

(I o) une forme fixee sur les aerosols, presque 
totalement arretee par les filtres fibreux et par
tiellement dans le charbon active, et representant 
40% de l'activite totale, 

(2°) une forme vapeur, a l'etat element, ar
retee presque totalement par le charbon active 
et partiellement par les membranes et repre
sentant 60% de l'activite, 

(3°) une forme vapeur a l'etat combine 
(iodure de methyle principalement) arretee a 
40-50% par le charbon active et representant 
0,1% de l'activite. . 

Ces proportions sont des resultats moyens qUI 
sont appeles a varier en fonc~ion ~e .Ia conc:n
tration de l'air en iode et de I hum1d1te relative. 
On a, en particulier, pour l'iodure de methyle 
les permeabilites suivantes: 

-0,3% pour I0-5 Cifm3 d'I 13a et 
-0 003% pour I0-3 Ci/m3 d'I 132 

Les' auteurs rappellent enfin que l'humidite 
fait croitre la valeur de la composante mal filtree 
et que des charbons impregnes specialement 
permettent d'avoir une efficacite de 99% pour 
l'iodure de methyle. 

MM. Yoshida, K. Kitano, M. Murata s'inte
ressent a la comparaison des mediums ?I~rants. 

Ils examinent les differentes caracteristiques: 
efficacite perte de charge, penetration de dif
ferents flltres, soit japonais, soit etrangers, 
utilises par la Japan Atomic Energy Research 
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Institute. L'aerosol test utilise est. le depot actif 
du thoron et le filtre de reference la membrane 
millipore AA. La granulometrie de !'aerosol 
a ete effectuee par microscopic electronique, et 
a montre que la presque totalite des particules 
avait un diametre inferieur a 0,1 fL· 

La mesure de l'efficacite des filtres est effectuee 
en comparant la radioactivite collectee sur une 
premiere membranne millipore, placee derriere 
le filtre a etudier, a celle collectee sur une 
seconde placee en parallele. 

Le diametre des filtres etudies est de 40 mm 
et les vitesses de passage de 32-48 et 64 metres/ 
minute. 

Pour 1es filtres cellulosiques, les auteurs ont 
cons tate une augmentation de 1' efficacite en fonc
tion de la vitesse de passage en bon accord avec 
les resultats deja publies dans ce domaine. 

Pour mesurer la penetration, deux methodes 
sont utilisees: 

-La premiere basee sur !'evaluation des per
tes a{J dues ala penetration de !'aerosol, 

-La deuxieme basee sur la mesure de la 
resolution d'un pic a. obtenu par spectrometric. 

La membrane millipore AA est prise en 
reference en considerant qu'il n'y a pas pene
tration de !'aerosol a l'interieur du filtre. 

Avec la methode de la perte de comptage, la 
radioactivite a ou fJ est tout d'abord determinee 
sur le filtre et sur Ia membrane de reference. 
Un comptagey (pic 0,239 MeV du ThO) est en-

suite effectue. Le rapport des valeurs ~ ou ~ 
y y 

pour le filtre etudie et pour Ia membrane donne 
une efficacite relative de collection en surface. 

L'efficacite de collection en surface varie de 
0,12 a 0,95 pour le comptage a et de 0,36 a 0,89 
pour le comptage fJ pour les differents filtres 
etudies sans que l'on ait constate de differences 
significatives lorsque I' on opere a des vitesses de 
32, puis 64 m/mn. 

Pour la methode de la resolution d'un pic a, 

les auteurs utilisent le pic a de 8,77 MeV du 
ThO' et font Ia mesure a !'aide d'un detecteur a 
jonctions assode a un spectrometre multicanaux. 

Les resultats obtenus indiquent une ameliora
tion de la resolution en fonction de la vitesse. 
Oes resultats semblent s'accorder avec la loi 
theorique qui prevoit une augmentation de 1a 
contribution de l'effet d'impact aux grandes 
vitesses. 

La resolution pour la membrane prise comme 
reference etant de 8%, les resolutions pour les 
autres filtres varient de 16 a 46%. 

De ces resultats, il ressort que parmi les filtres 
essayes ceux qui arretent le mieux !'aerosol en 
surface sont les filtres de fibres de verre Gelman 
E et GB 100 et le filtre japonais HE 40. 

Un tableau recapitulatif compare les resultats 
obtenus pour ces filtres par divers auteurs avec 
differents aerosols et il n'y apparal:t pas de 
difference significative. 

Quant a MM. K. G. Vohra et P~ V. N. Nair, 
ils s'interessent, eux, a !'elimination des pous
sieres par une utilisationjudicieuse des dispositifs 
d'epuration. Ils remarquent que les particules 
radioactives dans l'air qui presentent une 
nocivite importante d'apres le nouveau modele 
pulmonaire preconise par l'I.O.R.P., sont essen
tiellement submicroniques et que la retention 
de ces particules par des fi.ltres absolus est en 
general tres couteuse. Aussi proposent-ils !'util
isation d'un precipitateur electrostatique mobile 
a haute efficacite qui permet la filtration d'un 
grand volume d'air par recyclage. Les caracter
istiques principales de cet appareil particuliere
ment adapte a l'epuration d'air peu charge en 
poussiere, comme cela est le cas des zones de · 
travail, sont: 

-perte de charge faible pour un grand vol
ume d'air traite, 

--efficacite particulierement elevee pour les 
particules submicroniques, 

-puissance d'aspiration moins elevee de 
plusieurs ordres de grandeur que pour les 
filtres mecaniques, 

-mobilite du filtre. 
Le systeme de filtration comprend un prefiltre 

en Dacron, un ioniseur et un collecteur, et un 
ventilateur. 

Pour un debit de 100 m 3/mn, il ales dimensions 
suivantes: 

-largeur et profondeur 85 em 
-hauteur 180 em 
Les auteurs fournissent un certain nombre de 

resultats experimentaux. 
(a) Tout d'abord, ils ont etudie la decon

tamination d'une enceinte polluee avec du depot 
actif du thoron. 

Pendant la generation de thoron, une fois 
l'equilibre atteint, le precipitateur est mis en 
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marche. Apres 50 minutes, l'activite de la 
piece, d'un volume de 80 m3, est inferieure au 
mouvement propre. 

(b) Ensuite ils ont etudie la retention des 
produits de filiation du 88Kr et 138Xe presents 
dans le hall de la pile piscine Apsara. 

Le volume du hall etant de 280m3, un volume 
d'air equivalent est filtre en deux minutes en
viron et la decontamination de la piece est 
obtenue apres 4 a 5 renouvellements. 

(c) De meme, la decontamination d'un atelier 
de broyage de thorium ou les thorium B et C 
sont a l'equilibre est obtenue apres 30 a 40 
minutes au bout desquelles il ne reste qu'une 
activite negligeable. 

Les auteurs concluent que cet appareil est 
parfaitement adapte a l'epuration de volumes 
importants d'air avec recyclage, qu'on peut 
atteindre des taux de renouvellement de l'ordre 
de un par minute sans encombrement excessif 
de !'installation, et qu'une telle technique permet 
d'envisager d'effectuer a l'air libre certains 
travaux normalement effectues en boites a gants. 

J'ai termine la presentation des travaux de
crits dans ces cinq documents ou des resultats 
tres complets ont ete obtenus par les auteurs 
dans le domaine de l'epuration de l'air, domaine 
fort important pour la radioprotection. 

v ous avez pu constater que des methodes 
precises et relativement faciles a mettre en 
oeuvre existent maintenant pour effectuer les 
differents controles necessaires a toutes les etapes 

de la construction de !'installation et de !'exploi
tation d'un dispositif d'epuration. L'utilisation 
de ces tests nous a montre a nous-memes !'exis
tence de defauts frequents et d'origines tres 
diverses et !'experience ainsi acquise nous amene 
a insister tres fortement pour que les procedures 
de controle, maintenant faciles a elaborer, le 
soient rigoureusement. La securite des installa
tions sera ainsi accrue d'une fa«;on considerable 
et ce a peu de frais. 

Dans le domaine de l'epuration de l'iode, les 
problemes sont maintenant assez bien resolus 
et l'on doit etudier s'il estjudicieux de remplacer 
les charbons actifs par des charbons speciale
ment impregnes pour arreter l'iodure de me
thyle tout en tenant compte du prix eleve de 
ces charbons. 

Enfin, je partage le point de vue de MM. 
Vohra et Nair qui preconisent !'utilisation de 
recyclage dans les ventilations. Ces recyclages 
d'un air conditionne doivent en trainer des dimin
utions importantes dans le cout des ventilations; 
la solution qu'ils preconisent avec de tres forts 
debits merite d'etre envisagee et il faut retenir la 
possibilite de faire ainsi certaines manipulations 
en supprimant les enceintes etanches. 

De fa«;on generale, la connaissance plus pro
fonde des performances des dispositifs d'epura
tion doit nous amener a leur meilleure definition 
dans chaque cas particulier ce qui doit contri
buer non seulement a !'augmentation de la 
surete mais aussi a la diminution du cout des 
installations. 
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Reswne-La sfu'ete de fonctionnement des installations d'epuration de l'air est fonction des 
controles auxquels ces installations sont soumises. 

Si les tests in situ sont les plus importants puisqu'ils constituent le controle final de !'installa
tion terminee, les essais de conformite des elements constitutifs sont egalement necessaires. Ils 
permettent !'elimination d'elements defectueux avant leur mise en place, Ia discrimination 
des defauts du montage de ceux de l'element et sont en outre plus sensibles. De meme, le 
controle des materiaux constitutifs de !'element s'avere fort utile. 

On decrit les differents con troles, d'une part, pour les filtres a aerosols, d'autre part, pour les 
pieges a iode. 

Les caracteristiques verifiees sont: nature des materiaux, dimensions des elements, eflicacite, 
perte de charge, resistance mecanique, inflammabilite, tenue a l'humidite, tenue a Ia tempera
ture, resistance au detassement des pieges a iode, friabilite du materiau adsorbant, etc. 

En <;e qui concerne les installations de piegeage d'iode, .il est prevu un controle de pieges 
temoins fonctionnant en parallele avec le piege principal. Ce controle, simple, permet de 
reduire Ia frequence des tests in situ, en particulier lorsqu'il s'agit de deceler un empoisonne
ment eventuel par des vapeurs organiques. 

INTRODUCTION 

La securite des installations atomiques vis-a
vis de l'environnement est, pour une grande 
part, fondee sur l'efficacite des dispositifs d'epu
ration de l'air. Or, l'efficacite de ces dispositifs 
peut se trouver reduite, parfois dans de grandes 
proportions, par des causes multiples: elements 
defectueux, montage incorrect, deteriorations 
consecutives au colmatage, empoisonnement 
par des vapeurs, vieillissement des materiaux, 
etc .... II apparait done necessaire d'assurer le 
controle systematique des dispositifs installes. 

En outre, afin d'eliminer les elements defec
tueux avant leur montage, et de distinguer les 
defauts de !'element de ceux du montage, tout 
en ameliorant la sensibilite des mesures, on est 
amene a controler les elements eux-memes. 

Enfin, pour des raisons homologues, il est 
souhaitable de controler le principal constituant 
de l'element. 

Pour fixer la procedure selon laquelle ce con
trole est effectue, il faut done etablir trois docu
ments ou ensembles de documents: 

( 1 ") U n document general precisant les moda
lites du controle: les essais imposes, le stade de la 
fabrication ou de la livraison auquel ils sont 
pratiques, le pourcentage d'elements sur lequel 
ils portent, les sanctions prevues en fonction des 
resultats, etc .... 

(2°) Des fiches techniques qui decrivent cha
que essai d'une fac;on detaillee. 

(3°) Un cahier des charges et specifications 
techniques qui precise, pour une commande 
donnee, les caracteristiques exigees et leurs tole
rances. 

Seules, les descriptions techniques du controle 
seront developpees ici. Les deux seuls types de 
dispositifs epurateurs consideres sont les filtres a 
aerosols a base de papier plisse et les pieges a 
iode, a base de charbon actif. 

1. C0NTROLE DES FILTRES 

Ainsi qu'il a deja ete mentionne, le controle 
est divise en trois parties: 

-controle du papier filtrant, 
-controle de I' element filtrant, 

1543 
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-controle du filtre complet installe sur le site. 

1.1. Controle du Papier Filtrant. 

Les constructeurs de filtres fi:an<;ais effectuent 
un controle systematique de leur papier filtrant. 
Le controle du C.E.A. a pour but de verifier ce 
controle des constructeurs. A cet effet, on 

. preleve des echantillons de papier sur des bobines 
deja controlees et on verifie les caracteristiques 
suivantes: 

-le grammage ou poids superficiel, 
-la resistance a la traction, 
-la perte de charge, 
-1' efficacite. 

1.1. 1. Grammage. La mesure du grammage ou 
masse de l'unite de surface de papier filtrant, 
couramment exprime en grammes par metre 
carre, est effectuee par simple pesee d'echan
tillons de papier. Toutefois, ces echantillons 
doivent etre decoupes avec suffisamment de 
precision et il peut etre necessaire de les condi
tionner en humidite. Tout depend de la tole
rance accordee et de !'influence de l'humidite. 
Un exemple chiffre permet d'exposer plus claire
ment la relation entre les differents facteurs: 

Soit un papier de grammage moyen egal a 
100 g/m2

, avec une tolerance normale de fabri
cation de ± 7 g/m2

• Si l'on choisit des echantil
lons carres de 100 mm de cote, il est illusoire de 
chercher a les decouper a mieux de 0,5 mm 
pres, ce qui correspond a une precision super
ficielle de 1%- Il est logique d'admettre la meme 
tolerance pour !'influence de l'humidite. Sur 
cette base, avec des papiers peu hygroscopiques, 
le conditionnement en humidite peut etre evite. 
Si la pesee est effectuee avec cette meme preci
sion de 1 %, la precision globale del a mesure sera 
de 3% et ilfaudra porterla tolerance a 10% pour 
!'acceptation des resultats, pour une tolerance 
reelle de fabrication comprise entre 7 et 13%. 

Pour reduire la marge d'incertitude, il faut 
augmenter la dimension des echantillons et les 
conditionner en humidite. Cependant, comme 
il n'est pas essentiel de verifier la caracteristique 
consideree avec une grande precision, on pourra 
generalement eviter le conditionnement. 

1.1. 2. Resistance a la traction La methode 
proposee pour la mesure de la resistance a la 
traction d'un papier filtrant s'inspire de la norme 
AFNOR concernant les · essais de traction des 

papiers en general. On opere sur des eprou
vettes de 15 mm de largeur et de 100 a 200 mm 
de longueur. L'essai de traction est effectue 
sur une petite machine speciale qui indique la 
charge de rupture et l'allongement de l'eprou
vette. Une serie d'eprouvettes est decoupee 
dans la direction de deroulement du papier, 
une autre serie est decoupee dans la direction 
perpendiculaire. 

1.1. 3. Perte de charge. Le circuit de mesure 
de la perte de charge d'un papier filtrant est 
constitue d'une trompe a air a col sonique qui 
assure un debit constant a travers un porte-filtre 
muni de prises de pression. Ce porte-filtre ne 
contient pas de grille ni de joint, afin que la 
surface effective de papier filtrant soit connue 
avec precision. L'air est prealablement filtre 
pour eviter tout colmatage. La vitesse de passage 
de l'air au niveau de l'echantillon est voisine de 
la vitesse nominale en utilisation industrielle, 
soit 1 cmfs. 

Un deuxieme circuit semblable au premier, 
mais fonctionnant a une vitesse dix fois plus 
grande, permet une mesure plus precise, par
ticulierement sur les papiers a faible perte de 
charge. 

1.1. 4. Eificacite. Il existe de nombreuses me
thodes pour la determination de l'efficacite des 
filtres a air: methode au bleu de methylene, 
methode de la flamme de sodium, methode au 
DOP polydisperse, methode au DOP monodis
perse, etc. . . . Afin d'obtenir des resultats 
comparables, la methode adoptee doit etre 
applicable aussi bien au controle du papier fil
trant qu'a celui du filtre installe sur le site. 
Cette condition exclut la methode au DOP 
monodisperse, qui necessite une installation trop 
importante pour les essais in situ. La methode 
au DOP polydisperse presente !'inconvenient 
de necessiter une forte concentration en amont 
du filtre, qui entra)ne un colmatage non neglige
able et est une cause de mauvaise reproductibilite 
des mesures par suite des phenomenes de coales
cence, d'importance variable avec la disposition 
du circuit controle. Nous nous orientons vers 
la methode a !'aerosol d'uranine etudiee par 
L. Silverman<1> et K. T. Whitby,< 2 • 3> dont la 
caracteristique principale est une grande sensi
bilite et dont le principe est decrit ci-apres. 

Un aerosolliquide est produit parpulverisation 
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d'une solution aqueuse d'uranine a l %· Les 
gouttelettes de diametre superieur a 2 J.l. sont 
arretees dans un impacteur. Apres evaporation 
dans un tube chauffant et dilution avec de l'air 
sec, on obtient un aerosol solide dont le diametre 
maxima est voisin de 0,5 J.l.· On effectue des 
prelevements en amont et en aval du filtre en 
essai sur des filtres qui sont ensuite laves. Les 
solutions de lavage sont mesurees par fluori
metrie. 

La sensibilite de la methode est telle qu'on 
obtient une mesure du prelevement aval egale 
a deux fois "le bruit de fond" pour un volume 
d'air preleve de un metre cube derriere un filtre 
d'efficacite 10 000 (99,99%), avec, enamont, une 
concentration en aerosol solide de 4 J.l.g/m3 seule
ment, soit une emission en aerosol liquide equi
valent a 0,4 mgfm3

• 

1.2. Controle des Ete~ts Filtrants 

Le controle des elements filtrants comprend 
la verification des caracteristiques suivantes: 

-pour memoire, caracteristiques dimen
sionnelles et aspect general (dimensions du cadre, 
nombre de plis, aspect du joint, du papier, 
protections, etc .... ), 

-perte de charge, 
-colmatage, 
-inflammabilite, 
-inalterabilite a l'eau, 
-tenue ala temperature, 
-resistance mecanique, 
-efficacite. 
Un element filtrant peut etre utilise dans une 

gamme de debits assez large. Or, les resultats 
de certains essais sont fonction du regime 
adopte. On a done choisi un debit de reference, 
ou debit nominal, proportionnel au volume de 
l'element. En effet, l'etude economique d'une 
installation de filtration tient compte, d'une 
part des frais d'investissement, d'autre part, 
des frais d'entretien. Si !'element filtrant est 
utilise a un fort debit unitaire, l'encombrement 
de !'installation est moindre, done les frais d'in
vestissement sont moindres, mais en contrepar
tie, les frais d'entretien sont augmentes car 
les elements. doivent etre remplaces plus fre
quemment. II est done logique de rapporter 
le debit unitaire de reference au volume de 
!'element. 

Cependant, l'encombrement d'une installa-

tion de filtration n'est pas proportionnel a 
l'encombrement des elements lorsque ceux-ci 
sont de profondeurs tres differentes, car le 
volume des amenees et des departs d'air est 
independant de cette profondeur. La propor
tionnalite du debit de reference au volume de 
!'element n'est done valable que pour des ele
ments de profondeurs comparables. 

Pour le plus petit element couramment utilise 
en France, ce debit nominal est pris egal a 
100 m 8fh. La valeur correspondante pour !'ele
ment de 600 X 600 X 300 mm est de 1 400 m 8{h. 

1.2. 1. Perte de charge. La mesure de Ia perte de 
charge d'un element filtrant ne presente pas de 
difficulte particuliere. II faut toutefois s'assurer 
que le circuit d'essai lui-meme ne presente 
aucune perte de charge sensible en !'absence 
de filtre. 

1.2. 2. Colmatage. La duree de vie d'un filtre 
est generalement limitee par son colmatage, 
c'est-a-dire par !'augmentation de sa perte de 
charge, au fur et a mesure de !'accumulation 
des poussieres. L'experience prouve que, dans 
les memes conditions d'empoussierage, cet 
accroissement est tres variable d'un type de filtre 
a un autre et depend au premier chef de la 
vitesse de l'air a travers le papier filtre et, done, 
de la surface de papier disponible dans un 
volume donne, et aussi du mode de plissage du 
papier. 

La caracteristique de colmatage d'un filtre 
est determinee en faisant fonctionner ce filtre 
dans des conditions voisines des conditions 
d'utilisation, c'est-a-dire en atmosphere natu
relle. La perte de charge est periodiquement 
relevee, en meme temps que l'empoussierage at
mospherique. II est ainsi possible d'etablir 
la courbe de colmatage du filtre. Le defaut 
de la methode est sa lenteur et nous cherchons 
a definir une methode artificielle de colmatage 
accelere qui soit representative du colmatage 
naturel. 

1.2. 3. Ininjlammabilite. L'ininflammabilite des 
filtres a air ne se definit pas aisement et on est 
conduit a considerer differents comportements 
possibles des filtres au contact d'une flamme. <4> 

On aboutit ainsi a la classification suivante: 
Classe A: filtres ne propageant pas la flamme 

ou la combustion d'un element a I' autre. 
Classe B: filtres ne propageant pas la flamme 
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ou Ia combustion au sein du medium filtrant, 
ne relachant pas de debris incandescents et ne 
degageant pas de fumee abondante. 

Classe C: filtres de Ia classe B ne relachant 
pas les poussieres stockees. 

Classe D: filtres de Ia classe C conservant une 
efficacite suffisante, a preciser dans chaque cas 
en fonction des conditions particulieres d'emploi 
notamment de Ia presence eventuelle de pous
sieres pyrophoriques. 

Classe 0: filtres eminemment infl.ammables. 
Le principe de l'essai d'un filtre en vue de son 

classement est le suivant: 

Le filtre est monte sur un circuit permettant 
son fonctionnement au debit nominal. Pendant 
une minute, on amene au contact du filtre Ia 
fl.amme d'un brweur a gaz, definie en dimen
sions et en temperature et on note les effets 
observes. On effectue plusieurs essais en dif
ferents points du filtre, notamment au centre 
eta proximite du cadre; l'epreuve est repetee a 
tres faible debit d'air, car on a constate que 
certains elements propagent Ia fl.amme a tres 
faible debit alors qu'il n'y a aucune propagation 
au debit nominal. 

L'abondance des fumees eventuellement pro
duites est reperee au moyen d'un photometre a 
aerosols. La baisse d'efficacite eventuelle est 
mesuree au moyen du meme appareil par une 
mesure avant et apres l'epreuve avec un aerosol 
produit par un fumigene. 

1.2. 4. Inaltirabilite a l' eau. Un filtre peut, dans 
certaines conditions, etre soumis a !'action d'ae
rosols liquides. 11 est interessant de connaitre et 
de controler Ia tenue du filtre dans ces condi
tions. On peut craindre, en dehors du colmatage 
inevitable mais provisoire, une alteration per
manente des caracteristiques d'efficacite, de 
perte de charge et de resistance mecanique, par 
suite d'une modification de Ia texture du papier. 

La methode utilisee consiste a immerger avec 
precautions dans un bac rempli d'eau !'element 
a controler. On evite notamment toute dif
ference importante de pression de part et d'autre 
du medium filtrant. A pres un sejour d'une heure 
dans l'eau, le filtre est retire du bac avec les 
memes precautions. Apres sechage nature! 
jusqu'a equilibre avec !'atmosphere ambiante, 
on determine les nouvelles valeurs d'efficacite, 
de perte de charge et de resistance mecanique. 

Cette methode peut paraitre severe; nous l'avons 
choisie pour sa facilite de definition et de mise en 
a::uvre. 

1.2. 5. Tetzue a La temperature. Pour verifier Ia 
tenue d'un filtre a Ia temperature, on le soumet 
a une epreuve simplifiee. Alors que le principe 
de l'epreuve conforme a !'utilisation reelle 
serait de fairc fonctionner le filtre a Ia tempera
ture prevue, pendant une longue periode, par 
exemple un mois, l'epreuve simplifiee consiste a 
placer le filtre dans une etuve, sans circulation 
d'air, pendant 24 heures, a une temperature 
superieure a Ia temperature limite pour un 
fonctionnement permanent. 

On etablit Ia correlation entre Ia temperature 
d'epreuve et la temperature limite de fonctionne
ment permanent au moyen d'essais comparatifs 
preliminaires dans une etuve et sur un circuit a 
haute temperature. 

1.2. 6. Resistance micanique. 11 est interessant 
de controler Ia resistance mecanique des filtres 
a air, c'est-a-dire Ia pression differentielle maxi
mum qu'ils peuvent supporter avant rupture ou 
deformation notable, puisque cette caracteris
tique permet de prejuger de leur comportement 
en cas de surpression accidentelle, dans un 
hall de reacteur par exemple. 

Pour ce controle, !'element filtrant est monte 
sur un circuit permettant dele faire fonctionner 
a un debit regulierement croissant, depuis Ia 
valeur nominale jusqu'a une valeur 40 fois 
superieure. On enregistre Ia courbe de la perte 
de charge en fonction du debit grace a des 
manometres a traduction electrique. Dans ces 
conditions, toute deformation du filtre et a 
fortiori, sa rupture, se traduit par une variation 
brusque de Ia pente de Ia courbe. Les coordon
nees correspondantes sont les valeurs limites 
de perte de charge et de debit. Comme Ia perte 
de charge mesuree dans ces conditions extremes 
est plus infl.uencee par les caracteristiques dyna
miques de l'ecoulement que par Ia resistance 
aeraulique du medium filtrant lui-meme, on 
choisit d'exprimer Ia resistance mecanique de 
l'element par Ia valeur du debit limite. 

1.3. Controle des Installations de Filtration In Situ 

Le controle des installations de filtration sur 
le site se reduit a Ia verification de Ia perte de 
charge et de l'efficacite. 
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La methode de controle de l'effi.cacite a 
l'uranine est tout a fait adaptee du fait de sa 
grande sensibilite. On elimine ainsi toute possi
bilite de colmatage meme apres de nombreux 
essais (concentration amont: quelques micro
grammes par metre cube; cf. essais des papiers 
illtrants) et il est possible de controler des 
installations importantes, de plusieurs centaines 
de milliers de metres cubes par heure, a partir 
d'un · seul generateur portatif. Cependant, la 
mesure est rarement faite dans d'aussi bonnes 
conditions que pour les elements filtrants, par 
suite des diffi.cultes generalement rencontrees 
pour le choix des points d'introduction et de 
prelevement d'aerosol. 

2. CONTR0LE DES PIEGES A lODE 

Comme pour les filtres a aerosols, le controle 
est divise en trois parties : 

-controle du materiau adsorbant, c'est-a
dire du charbon actif, 

-controle de I' element adsorbant, 
-controle du piege installe sur le site. 

2.1. Controle duCharhon Actif 

Contrairement ace qui se passe pour les illtres, 
qui sont d'utilisation courante dans l'industrie, 
le charbon actif destine a la confection de 
pieges a iode est commande pour une utilisation 
specifique. Mais sa fabrication ne peut etre 
entreprise que pour des quantites minimums su
perieures a celle necessaire a l'equipement d'une 
installation. Le charbon est done commande 
et controle separement par lots. 

Les caracteristiques verifiees sont: 

-la densite, 
-l'humidite, 
-la granulometrie, 
-la perte de charge, 
-la friabilite, 
-le pH, 
-l'indice d'adsorption de benzene, 
-Ia teneur en corps volatils et en impreg-

nants eventuels, 
-la temperature d'inflammation, 
-l'effi.cacite a l'iode moleculaire, 
-1' effi.cacite a l'iodure de methyle. 

2.1. 1. Densite. Le charbon actif est vendu au 
poids. Mais pour le remplissage d'un piege, c'est 
le volume qui est defini. La relation entre ces 

grandeurs est la densite. Il est done important 
de la controler. 

La determination d'une densite implique la 
mesure d'un volume. Or, le volume occupe par 
un materiau granuleux est essentiellement fonc
tion de son tassement. 11 faut done definir 
celui-ci le mieux possible en precisant les carac
teristiques du dispositif adopte et son utilisation. 

2.1. 2. Humiditi. La densite d'un charbon actif 
est essentiellement variable avec la proportion 
d'humidite adsorbee. On verifie que cette pro
portion est inferieure a une valeur limite afin 
que le prix du charbon ne puisse etre artificielle
ment fausse. 

2.1. 3. Granulometrie. La granulometrie d'un 
charbon actif est une caracteristique fondamen
dale pour son effi.cacite vis-a-vis de l'iode. <&) Par 
ailleurs, la proportion de grains fins doit etre 
aussi faible que possible pour eviter le colmatage 
du tamis qui maintient le charbon et un eventuel 
detassement par elimination d'une partie du 
materiau. 

La granulometrie d'un charbon actif est 
classiquement etablie au moyen d'un jeu de 
passoires. On adopte un dispositif vibrateur 
mecanique qu'il est plus facile de definir qu'une 
methode manuelle, toujours subjective. 

2.1. 4. Perte de charge. La mesure de la perte 
de charge d'un charbon ne presente pas de 
diffi.culte particuliere. Il est toutefois preferable 
de definir le materiel utilise, en particulier 
le dispositif pour tasser le charbon, le porte
charbon, l'epaisseur de couche et la vitesse de 
passage de l'air. 
Les valeurs adoptees sont: 

-diametre du porte-charbon: 60 mm, 
-epaisseur de couche: 50 mm, 
-vitesse de l'air: 30 cmfs. 

2.1. 5. Friabiliti. La friabilite d'un charbon 
actif est une caracteristique de resistance meca
nique a considerer. En effet, les elements rem
plis d'un charbon friable supportent mal un 
transport ou des manutentions sans precautions 
speciales. Les grains s'effritent et il y a produc
tion de grains plus fins, avec risque de detasse
ment et de colmatage du tamis qui maintient 
le charbon. De meme, en cours de fonctionne
ment sur un circuit d'air, les vibrations even
tuelles peuvent produire les memes effets. 

11 importe done de fixer une valeur limite de Ia 
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friabilite admissible, et de definir sa mesure. Le 
principe de la mesure est le suivant: dans un 
cylindre perfore, on introduit une quantite 
determinee de charbon et une masselotte cylin
drique. On fait tourner le cylindre a la vitesse 
de 100 tfmn pendant 10 minutes. La poussiere 
de charbon produite est recueillie a travers les 
perforations du cylindre. L'indice de friabilite 
du charbon est egal a mille fois le rapport du 
poids de poussiere recueillie au poids de charbon 
introduit. Par exemple, si 5 grammes de char
bon donnent un gramme de poussiere, l'indice 
de friabilite correspondant est egal a 200. 

2.1. 6. pH. Le pH du charbon actif est con
trole dans le but d'eliminer le risque de corro
sion de I' element. 

Le principe de la mesure du pH d'un charbon 
actif est le suivant: on met a digerer pendant 
deux heures un echantillon de charbon dans de 
l'eau distillee dans la proportion de 10 g de 
charbon pour 100 cm3 d'eau. .Apres filtration, 
on mesure le pH de l'eau. Par convention, ce 
pH est considere comme etant celui du charbon. 

2.1. 7. Indice d'adsorption de benzene. L'indice 
d'adsorption de benzene caracterise le degre 
d'activation du charbon dont depend en partie 
l'efficacite a l'iode. Pour la determiner, on 
amene un echantillon de charbon en equilibre 
avec de l'air sec a 18oC contenant du benzene 
a 10% de sa pression saturante. Le pourcentage 
en poids de benzene est, par definition, l'indice 
d'adsorption de benzene du charbon considere. 

2.1. 8. Teneur en corps impregnants volatils. On a 
observe I' action desastreuse de certaines vapeurs 
facilement condensables sur l'efficacite du char
bon actif vis-a-vis de l'iode. 11 peut etre utile 
de verifier que le charbon destine au remplissage 
de pieges n'en contient pas. Pour ce faire, on 
fait traverser par de l'azote a temperature pro
gressivement croissante jusqu'a 300° un echan
tillon de charbon place dans un tube laboratoire 
calorifuge. On recueille le condensat, qui peut 
etre eventuellement analyse et on determine par 
pesee la perte de poids de l'echantillon. 

2.1. 9. Temperature d'injlammation. En cas d'ac
cident de reacteur, les effluents gazeux a epurer 
avant rejet sont souvent portes a haute tempera
ture. 11 est done important de connaitre et de 
verifier la temperature d'inflammation du char
bon. A cette fin, on utilise le dispositif decrit 

au paragraphe precedent. L'azote est remplace 
par de l'air, ou du gaz carbonique, et on enregis
tre les temperatures en amont et en aval du 
charbon en augmentant progressivement le 
chauffage. L'ignition se traduit par un change
ment de pente de la courbe d'enregistrement de 
la temperature aval. 

2.1. 10. Efficaciti a l'iode. L'efficacite a l'iode 
d'un charbon actif destine a la fabrication de 
pieges a iode est evidemment Ja caracteristique 
essentielle. 

La methode de generation d'iode 131 telle 
qu'elle a deja ete exposee<5> a subi quelques 
modifications. Initialement, un depot sec 
diodure alcalin marque a l'iode 131 etait oxyde 
par de l'air sec a haute temperature (600 a 
800°C). <6 > Mais, a cette temperature, se formait 
probablement un compose gazeuxr instable de 
silice et d'iode qui perturbait les mesures. En 
outre, la generation de fortes concentrations 
d'iode etait limitee par la volatilisation partielle 
de l'iodure, entrainant par condensation la 
formation de depots genants et d'aerosols inde
sirables. Dans le nouveau procede, on n'intro
duit plus l'iode 127 sous forme d'iodure, mais 
sous forme vapeur melangee a l'air de balayage. 
On obtient ainsi une liberation d'iode 131 par 
echange isotopique a la temperature ambiante. 

Le charbon a controler est tasse dans . un 
porte-charbon comme pour la mesure de la 
perte de charge. Les prelevements amont et 
aval sont effectues a travers des porte-charbons 
semblables, dont on mesure la radio-activite 
du contenu, ainsi qu'il a deja ete decrit dans 
les documents precites. 

2.1. 11. Efficaciti a l'iodure de methyle. Des ex
perimentateurs anglais et americains <7•15> · ayant 
demontre !'existence de la forme iodure de · 
methyle et la possibilite de la pieger au moyen 
de charbon impregne, il apparait necessaire de 
controler a l'iodure de methyle de tels charbons. 

Dans l'appareillage en cours de realisation, 
l'iodure de methyle gazeux marque a l'iode 131 
est produit par reaction du sulfate de methyle 
sur l'iodure de potassium <18> suivant un procede 
utilise par Collins. L'iodure de methyle est 
alors stocke dans des ampoules en verre et 
ulterieurement envoye pour l'essai dans un 
circuit d'air conditionne a 90% d'humidite. 
La duree d'emission d'iodure de methy1e est de 
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quinze minutes et la duree totale de l'essai de 
quatre heures. Les pieges de reference sont 
constitues de couches de charbon de houille 
active impregne a 5% de triethylenediamine. 

2.2. Controle des Elements Adsorbants 

Pour la fabrication des elements adsorbants, 
la quantite necessaire de charbon actif est pre
levee dans le lot deja receptionne, pour etre 
livree au constructeur. 

Apres fabrication, un pourcentage d'elements 
adsorbants, variable avec !'importance i:lu lot, 
est alors preleve pour contrOle. 

En dehors des examens de conformite con
cernant les dimensions, les dispositifs garantissant 
le maintien du tassement, la protection, les 
joints, etc .... , on verifie les caracteristiques 
suivantes: 

-perte de charge, 
-effi.cacite a l'iode, 
-resistance aux chocs et vibration!>. 

La mesure de l'efficacite a l'iodure de me
thyle n'apparait pas strictement necessaire, puis
que la mesure de l'effi.cacite a l'iode suffi.t en 
principe a etablir que la mise en ceuvre du 
charbon actif, deja essaye a l'iodure de methyle, 
a ete correctement effectuee. Nous estimons 
done pouvoir nous en dispenser, ce qui evite 
!'installation d'un dispositif de conditionnement 
a forte humidite sur le bane d'essai a grand 
debit utilise. 

2.2. 1. Perte de charge. La mesure de la perte de 
charge d'un element adsorbant ne presente au
cune difficulte. Elle est deterrninee pour une 
vitesse moyenne de passage de l'air a travers 
la couche de charbon de 30 cmfs . . 

2.2. 2. Efficacite a l'iode. L'efficacite a l'iode 
des elements adsorbants est controlee suivant 
la methode appliquee au controle de l'efficacite 
du materiau adsorbant. 

2.2. 3. Resistanee aux chocs et aux vibrations. L'ef
ficacite d'un piege est liee ala qualite du tasse
ment du charbon. I1 est important que ce 
tassement se maintienne en depit des chocs 
durant la manutention ou des vibrations even
tuelles en cours de fonctionnement. Le con
structeur des pieges prevoit generalement divers 
dispositifs pour garantir la conservation du 
tassement et eviter la formation de passages 

preferentiels. Pour eprouver l'efficacite de ces 
dispositifs, on soumet l'element a controler aux 
chocs d'une machine vibrante en repetant 
l'essai pour differentes positions. On verifie 
ensuite l'efficacite a l'iode. 

2.3. Controle sur le Site des Installations de Piegeage 
d'iode 

Le controle des pieges a iode installes se 
reduit a la verification de l'efficacite a l'iode 
moleculaire, puisque la mesure de l'effi.cacite 
a l'iodure de methyle serait peu significative en 
raison de l'impossibilite pratique de conditionner 
a forte humidite l'air traversant le piege a con
troler. 

Le controle in situ a l'iode moleculaire est 
effectue suivant la methode deja decrite pour 
le charbon actif; 1 ~> on utilise une source d'iode 
portative de volume et de poids tres reduits par 
rapport au premier modele. Cette nouvelle 
source est beaucoup plus robuste et peut suppor
ter des chocs importants sans que son etancheite 
vis-a-vis de 1' exterieur soit rompue. Elle est 
constituee d'une ampoule de verre munie de 
deux sorties avec robinets, l'une des sorties 
aboutissant a un tube plongeur. Cette ampoule 
est maintenue par l'intermediaire d'un moulage 
en mousse de polyurethane, a l'interieur d'un 
chateau de plomb etanche. Les sorties et les 
commandes des robinets sont protegees par des 
bouchons etanches pendant le transport. Le 
chargement s'obtient par introduction d'une 
solution d'iodure de sodium, ensuite reduite a 
un extrait sec par distillation sous vide. La 
capacite de cette source est de 3 curies. Pour 
obtenir ulterieurement la generation d'iode 131, 
on balaie !'ampoule avec de l'air sec charge 
d'iode 127 a la temperature ambiante. Pour 
assurer dans le circuit d'air de !'installation a 
controler une concentration en iode total rep
resentative d'un accident, on place un genera
teur supplementaire d'iode 127 en amont du 
generateur d'iode radio-actif. 

L'experience prouve qu'il est necessaire de 
controler assez frequemment-plusieurs fois par 
an-les pieges a iode installes sur un circuit 
en fonctionnement permanent. En effet, l'effi.ca
cite du charbon actifvis-a-vis de l'iode est affec
tee par des vapeurs diverses, en particulier par 
celles emises par les peintures. Pour reduire 
la frequence des essais in situ, toujours onereux 
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et souvent genants pour !'exploitation du reac
teur, on installe, en derivation sur le piege 
principal, un ou deux petits pieges temoins qu'il 
est facile de retirer de temps a autre pour un 
controle d'efficacite au laboratoire. On prevoit 
une marge de securite entre la baisse d'efficacite 
du piege principal et celle du temoin en redui
sant l'epaisseur de la couche de charbon de ce 
dernier. Cet artifice permet en outre d'etablir 
la circulation a travers le piege temoin et son 
circuit de raccordement, comprenant un debit
metre et une vanne de reglage, par la seule 
pression differentielle du piege principal. 

CONCLUSION 

Si les methodes succinctement decrites de 
controle des filtres et des pieges a iode ne peuvent 
etre elaborees et ameliorees au fur et a mesure 
de !'evolution des techniques que par un labora
toire du C.E.A., au fait des problemes d'epura
tion de l'air, il a paru cependant important que 
la mise en ceuvre du controle soit confiee a un 
organisme dont l'independance vis-a-vis du 
C.E.A. comme des constructeurs, ne puisse etre 
mise en doute. 

Cependant, en raison des fortes activites 
d'iode manipulees, une exception a dtl etre 
faite pour les controles in situ des pieges a iode, 
qui seront confies aux services de radioprotec
tion des centres nucleaires. Pour tous les autres 
controles, le Centre d'Etudes de Prevention, 
auquel nous nous sommes adresses, a acquis 
la formation necessaire, si bien que l'on peut 
esperer leur systematisation prochaine au C.E.A. 
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ON-SITE TESTING OF FILTERS WITH SPECIAL 

REFERENCE TO SOLID AEROSOLS 
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Research Establishment Riso, Danish Atomic Energy Commission 

Abstract-A lithium flame photometer test is proposed for on-site testing of filter installations. 
The lithium test is intercalibrated with the standard Sodium Flame Test. The spraying time 
needed to introduce the lithium salt into a ventilation system is considered inconvenient for 
systems handling more than 106 m 3/hr. For such systems photoelectric particle counters can 
be used with the dust naturally present in the local atmosphere. Where the dust level is too 
low, Aitken nuclei can easily be artificially generated in sufficient amounts. The relation 
between filter evaluation by such particle counting and by lithium measurements is established. 

INTRODUCTION 

The on-site testing of installed filters presents 
problems which are generally absent from the 
techniques involved in the laboratory testing of 
filter elements. 

In the laboratory a small filter element or 
system can be treated as a single unit and the 
test set-up arranged so that the efficiency of 
the unit appears in the results as the ratio 
between truly representative samples of particle 
concen ti:'ations taken before and after the test unit. 

In on-site testing, the physical layout might 
make it impossible to carry out determinations 
equivalent to those on the laboratory scale. 
Usually large filter banks are dealt with, con
taining one or more dust filters and the same 
number of absolute filters. These filter banks are 
installed to accommodate one or more large 
ventilation channels servicing an entire building 
section. The air flow in these channels is of 
the order of thousands to tens of thousands of 
cubic metres per hour. 

It is the intention here to discuss some of the 
laboratory methods available for measuring the 
effectiveness of filters and to show how one of 
these methods can be adapted to accommodate 
the on-site evaluation of filter installations. 

ment in which a cloud of particles in the micron 
range, moving at a certain velocity, is passed 
through the filter. The ratio between the con
centrations of particles in the air before and 
after the filter is then determined. 

The experimental techniques discussed here 
involve the use of an inhomogeneous test cloud 
consisting of solid particles with an approximate 
mean size of about 0.5 micron. Examples of 
the employment of an inhomogeneous test cloud 
are the two British Standard tests, the Methylene 
Blue Test(1> and the later developed Sodium 
Flame Test. <2> Both tests involve an atomizer 
which delivers a spray from a solution of methy
lene blue or sodium chloride. The spray is 
dried in an evaporation tube, thus forming a 
particulate cloud with particles of about 0.5 
micron. 

A common feature of the Methylene Blue and 
the Sodium Flame Test is that the attainment 
of reliable results depends on a most careful 
control of the atomizer air-flow system. 

In the Methylene Blue Test a subjective com
parison is made of the stain intensities on two fil
ter papers sampling the air on either side of the 
test filter. The air sample from before the filter 
is obtained within a few seconds by means of a 
small hand pump, while the collection of an 

DISCUSSION OF SOME STANDARD LABORA- air sample from behind the filter takes about half 
TORY FILTER TESTS IN RELATION TO an hour for highly efficient test filters. For a 

ON-SITE TESTING test filter with a penetrability of 0.2% the 
An estimation of the performance of a highly unfiltered volume of methylene-blue cloud may 

efficient filter is made on the basis of an experi- have to be about 12 ml (drawn evenly with a 
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hand pump) as compared with 60 l. of the fil
tered cloud, so that the two stain intensities 
lie close together for reliable comparison. In a 
comparable situation the lithium-flame test 
requires one or two litres as a sufficient sample. 
The lithium test <3> is furthermore free of sub
jective approximations, and the lithium amounts 
sampled before and after the test filter are mea
sured quite independently of each other. 

The Sodium Flame Test requires an even 
more carefully controlled atomizer air-flow sys
tem as no air sample is taken before the filter, 
the efficiency of the latter being evaluated only 
by measurement of the concentration of sodium 
in the air after the filter. The measurement is 
made by means of a specially designed flame 
photometer that can analyse a continuous air 
stream. The instrument has to be calibrated 
every time it is to be used, by allowing a diluted 
sample of thd unfiltered test gas to enter the 
flame. In an on-site test, the required calibra
tion equipment, which may involve the me of 
two flow meters and a mixing bottle for each 
decade by which the unfiltered test gas is diluted, 
is very inconvenient. In some, not uncommon, 
cases the section before a filter bank is in fact 
isolated from the effluent side by the wall in 
which the filter bank has been installed. In 
such cases it may prove impossible to con
nect the calibration equipment to the flame 
apparatus. 

To avoid such difficulties, an essential speci
fication for onsite equipment is that the sampling 
units bc;fore and after the test filter must be 
independent of each other. The equipment for 
the lithium flame test fulfils this demand and 
avoids the tedious task of repeated calibration 
of an air-flow system. 

The hardware required for the construction 
of the sodium flame photometer is not among 
standard production items and must therefore 
be produced by each individual laboratory from 
the Porton specifications. <4> Any type of high 
quality flame photometer may be used for the 
lithium test. 

The application of the lithium flame test 
on-site will be discussed later in connection 
with a practical example. 

The basic scheme of the lithium flame photo
meter test is briefly as, follows: 

A 2% aqueous solution ofLi 2S04 is atomized 

by a Collison atomizer (see Fig. 1). The spray 
is diluted with prefiltered dry air in an evapora
tion tube, which thus yields a diluted particulate 
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FIG. 1. Modified Collison atomizer. This design 
allows the atomizer to be used for small quantities 
of radioactive solutions. The cap construction 

ensures complete tightness of the system. 

stream of Li 2S04 crystals. The stream enters a 
mixing chamber where a few litres per minute is 
tapped and passed through a membrane filter. 
A portion, or all, of the remaining flow is passed 
through the filter to be tested. The effluent air 
enters a second mixing chamber identical with 
the first, and an appropriate amount of the flow 
is tapped and passed through a second membrane 
filter. The membrane filters are then processed 



ON-SITE TESTING OF FILTERS WITH SPECIAL REFERENCE TO SOLID AEROSOLS 1553 

chemically, and two solutions are produced 
in which concentrations of lithium as low as 
0.0002 y/ml can be detected with a sensitive 
flame photometer. 

The ratio between the lithium contents of 
the two solutions is then, a(ter compensation for 
differences of air volumes sampled, a measure 
of the effectiveness of the test filter. 

Lithium has been chosen as a tracer substance 
although a flame photometer is about ten times 
as sensitive to sodium as to lithium, because 
of the relative rarity of lithium in laboratory 
surroundings and the ease with which it is 
measured on a flame photometer because of the 
lack of interference from other alkali metals 
present. <6> In coastal areas, concentrations of 
NaCl in the air<8> of up to 20,000 p.g NaCl 
per m 3 have been measured. 

A set of membrane filters rubbed over various 
surfaces at this laboratory were processed for 
lithium determinations on a photometer capable 
of detecting 0.0002 y Li/ml in the 5 ml solution 
used. In no case was any lithium found. 

The inapplicability of sodium as a tracer 
component is further emphasized by the varia
tions in the amounts of sodium found on fresh 
membrane filters. An amount of sodium large 
enough to allow us to neglect the variation in 
the sodium content of the filters should be 
sampled from the air after the filter to be tested, 
which means in practice that sodium would be 
much less sensitive than. lithium as a tracer 
component. 

The mean size by mass of the Li 2S04 particles 
was not measured, but the atomizers employed 
in all the experiments deliver NaCl particles 
of a mean size by mass of 0.6 micron from a 
2%NaCl solution. 

Electron microscopy reveals that Li 2SO, crys
tals appear as elongated rhombic forms unlike 
the cubic NaCl crystals from a Sodium Flame 
Test cloud. 

As the original atomizer made from the 
Porton specifications was of steel, it was recon
structed in a hard plastic to avoid corrosion. 
At the same time the container was changed, 
the glass jar originally used being replaced by 
a plastic bottle to avoid the difficulties of tighten
ing the screw-lid. For radioactive tracer experi
ments, in· which the amount of radioactivity 
applied .in the atomizer should not exceed that 

necessary for the experiment, a special beaker 
was attached to the bottom of the impaction 
shield. In this case the holes in the impaction 
shield should be closed to avoid waste of liquid. 

CALIBRATION OF THE LlTIUUM TEST 

WITH THE SODIUM FLAME TEST AND 

POLLAK COUNTERS 

In order to determine what differences a 
filter might display between a sodium chloride 
cloud and a lithium sulfate cloud, a series of 
investigations was made. The importance of 
such inter-calibration is apparent as the Sodium 
Flame Test is a standard test widely used by 
filter manufacturers. 

The inter-calibration was carried out by 
spraying 2% solutions of Li 2S04 and NaCl into 
the open end of a cylindrical duct of diameter 
8 em leading to the test filter. From the latter 
the duct continued to a larger one through 
which a ventilation fan drew the air. The air 
flow through the test filter was measured by a 
flow meter of the rotameter type and controlled 
by adjusting a valve opening into the large duct. 

The cylindrical duct from inlet to test filter 
was about 8 metres long and contained two 
baffle plates. It had a sharp bend two metres 
from the test filter. 

A before-filter tap-hole was situated after 
the bend and an after-filter tap-hole about 8 m 
from the test filter, after a baffle plate. 

The atomizer was of the type shown in Fig. 4. 
An aluminium pot contains three atomizers of 
the collision type, made from the Porton speci
fications. The atomizers are interconnected by 
a distributor plate allowing a general feed of 
compressed air to them of about 7 atm. In order 
to obtain an efficient impingement of the atom
ized liquid, the atomizers are surrounded by a 
special baffle-plate arrangement allowing an 
equally efficient impingement of the droplets 
from all sides. Fast evaporation of the droplets 
and an improved yield of lithium crystals are 
obtained by the addition of an air flow through 
a range of small holes placed along the circum
ference of the aluminium pot. The extra air is 
distributed through the holes by means of a 
circular tube welded to the outside of the pot. 

The total output from the atomizer pot was . 
measured at about 8 ml liquid/min. With a 
compressed-air flow at 7 atm and an auxiliary 
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evaporation air flow of about 100 1./min the 
consumption of compressed air is 252 1. air 
(760 mm Hg)/min. 

The NaCl solution was spiked with 24Na 
so that the test-filter penetration could be mea
sured directly by counting the activities sampled 
from the air before and after the filter. 

The lithium measurements were made by 
the method mentioned previously. The details 
of this method are described in the following 
section. 

The test filters comprised the types 33, 44, 55 
manufactured by the British filter manufactur
ing company Vokes Ltd. The manufacturer's 
penetration ratings for the filter in the above 
order were 25%, 2% and 0.05%. The filters 
were tested at a flow rate of 850 litres per 
minute. 

In addition to these tests the natural particles 
found in the building were used to test the 
filters. The before and after particle concentra
tions were determined by means of two Pollak 
counters<7> operating from the two tap-holes. 
The penetration of these natural aerosols is 
shown together with the results of the inter
calibration. The reason for using the Pollak 
counters is to demonstrate the relation between 
the mass penetration of the lithium and sodium 
salts and the particle-number penetration of 
the natural aerosol. 

In cases where the natural particles found in 
the air are present in concentrations too low to 
be measured accurately after passage through a 
highly efficient filter, particles can be generated 
artificially by inflating a large rubber balloon 
with air containing particles from a heated 
filament over which a boat of TUFNOL is sus
pended. Within a short time a large reservoir 
can be loaded with a very high particle con
centration. 

The particles generated in this way have a 
diameter of about 10-6 em provided that during 
the heating process, the air around the Tufnol 
boat is only circulated by the free convection 
from the heat developed. If forced convection 
is applied, the diameter of the particles may fall 
in the range of I 0-6 to 10-7 em. 

A test with a 66 type filter (manufacturer's 
rating 0.1% penetration) displays the so-called 
pinhole effect, see Fig. 2. The effect, when pre
sent, can easily be demonstrated by means of a 
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FIG. 2. Plot of results from tests with filter 66; 

Pollak counter as well as by a lithium test as the 
penetration appears to decrease with increasing 
air speed through the filter. The pinhole effect 
may dominate the performance of a filter. 

Whether there were actual pinholes in the 
filter material or pinhole leaks due to damage 
or faulty installation, was not determined. It 
can only be said that the unit did not function 
according to the manufacturer's specifications. 

PREPARATION OF THE FLAME-PHOTOMETER 

SOLUTIONS FOR THE DETERMINATION 

OF LITIUUM ON MEMBRANE FILTERS 

A Gottingen membrane filter type MF of 
50 mm diam. can be dissolved under gentle 
heating in 1 ml cone. HN0 3• If this solution is 
diluted with H 20 to 5 ml, a Zeiss flame photo
meter (type PF 5) is able to detect the presence 
of 0.003 yfml Li. It has been found that the 
response of the photometer to these solutions 
is not linear in the range 0.003 yfml Li to 0.03 
yfml Li. Further, the responses are quite un
stable. 

In order to increase the sensitivity of the 
photometer readings, the addition of I part of 
acetone to 4 parts of the final solution was tried. 

A membrane filter was dissolved in I ml con
centrated HN0 3 in a 5 ml measuring flask by 
heating gently over a bunsen flame and shaking. 
Mter cooling to room temperature I ml of 
distilled water was added, and the solution was 
again allowed to cool to room ·temperature. 
The following quantities of a 3 y Lifml solution 
were added to the measuring flasks: 5, 10, 
20, 25, and 50 p.l, giving standard solutions of 
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0.003, 0.006, 0.012, 0.015, and 0.03 y Li/ml. 
1 ml of acetone was added producing a white 
precipitate. Distilled H 20 was added up to the 
5 ml mark, and the flask was shaken thoroughly. 
After filtration through a Whatman glass-fibre 
filter the clean effluent was set aside in another 
5 ml measuring flask. On account of the con
stant formation of gas from this solution it is 
advisable to leave the flasks only lightly covered. 

In the determination of the amount oflithium 
adsorbed on a membrane filter, a total solution 
of 5 ml (minimum) is used to allow a reasonable 
measuring time of up to 45 sec. One must be 
particularly careful with these small amounts 
to measure the 1 ml of acetone accurately. 

It was noted that even after 7 days the solu
tions, standing in open measuring flasks, did not 
show any change in their concentration of 
lithium. In order to ascertain whether any of 
the lithium was lost in the precipitate, another 
calibration series was made in which the ali
quots of 3 y Lifml sol. were added in the final 
step after filtration. 

The measurements on the flame photometer 
are shown in Fig. 3. In addition to these tests, 
one was performed in which the photometer 

was set at its maximum sensitivity and the null 
solution adjusted to zero on the scale. In this 
case the 0.003 y Lifml sol. read 25 units on the 
scale. If the instrument is assumed to respond 
approximately linearly to these solutions at this 
setting, then a solution containing about 0.0002 
y Lifml would give a scale deflection of more 
than one unit. 

All the above readings were quite stable and 
easily reproducible. 

DISCUSSION OF AND CONCLUSIONS 

FROM INTER-CALIBRATION TEST 

Some initial experiments were performed in 
which the test filter was omitted to ensure that 
losses to the walls and baffie plates did not affect 
the Li and Na contents in the air samples from 
the different tap-holes. It was found that the Li 
and Na contents of the air samples were within 
the measuring accuracy of the gasometers. 

The Li and Na calibration experiments for the 
two filter types 55 and 44 (see Figs. 5 and 6), 
while very consistent individually revealed a 
qualitative shift in the Li-Na ratio of penetra
bility ofthe two filters. The shift was somewhat 
surprising and could not be explained by means 

0 Li aliquots add~d b~tore precipitation . 

lithium 
con cent. 

in 

YLi/ 
/ml 

X Li aliquots added otter tiltration 

h. Maximum sensitivitv s .. tting 

Scale readings 

FIG. 3. Calibration curves for Zeiss PF5 flame photometer: air pressure = later; 
acetylene pressure = 90 mm W. 
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II 

Top view of atomizer 
with top plate on 

I Aluminium container 

2 Distributor plate 

3 Atomizer 

4 Nut 

5 Atomizing chamber 

6 Screw 

3 

5 

10 

External side v1ew showinq 
compressed air input and 
output nozzle 

Top view with top plate 

removed 

7 Top plale 

8 Unbroko-screw 

9 Unbroko- screw 

10 Plug 

II Rubber goskel 

FIG. 4. Portable atomizer for on-site testing. 
The three atomizer elements included are equi
valent in structure to the elements used in the 

Collison Atomizer shown in Fig. 1. 

0.06 

o Li 
l1 No 
X Z 

Typ" 55 

0.05 '/, Pt'nl'trotion 

0.04 

0.03 

5 

X 

X 
X 

11 13 15x102 lit/mm 

FIG. 5. Plot of results from tests with filter 55. 

5 •t. Pe-n•tration 

ty~44 

4 

11 

o Li 
A Na 
X Z 

13 15 17 

a 

19x102 

tit/min 

FIG. 6. Plot of results from tests with filter 44. 

of the filtration theory. The filters were conse
quently reinstalled, and the calibration experi
ments were repeated. Figures 8 and 9 display 
the results. Comparing the results from Fig. 5 
with those from Fig. 8 and the results from Fig. 
6 with those from Fig. 9, we notice the same 
qualitative shift in the Li-Na ratio of penetra
bility, but in this particular case it is not related 

26 •1. ~netratlon 

Typ•33 

24 

22 

12 

o Li 
ANa 
X Z 

lOL---~----~--~----~----L----L----~--_j 
5 11 13 15 17 19xto• 

FIG. 7. Plot of results from tests with filter 33. 
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6 Na Cl 
o Li 2 504 Type 55 

0.02 

0 0---::j. 
0.01 L--~---:':-''---:':-:::-:-.-::-:.-:----' 

5 9 11X102 lit/min 

Fra. 8. Repetition of tests with filter 55 after 
removal and reinstallation. 

to a shift in filter type, but connected with the 
same individual filter. 

The observed difference may have been 
caused by using two different G.M. counters, 
depending upon the activity to be measured. 
Therefore, a new series of similar experiments 
with the same 44-filter was performed in which 
all the counting was done on a single scintillation 
counter. The shifts between the effectivity 
curves from test to test for both sodium and 
lithium were found to be the same as those 
observed previously. Therefore it was concluded 
that the counting technique was not a cause of 
this apparent shifting. 

3 '/.p~n. 

6 Na Cl 
0 u, so. 

0~-~--~--~-~--~-~ 
5 9 11 13 15x10 2 1il/min 

Fm. 9. Repetition of tests with filter 44 after 
removal and reinstallation. 

There were two other possibilities that might 
each lead to such variations. 

(1) If a variation in the atomizer mechanism 
were responsible for the shifts then one could 
hope to observe such variations by taking effec
tivity measurements before and after stopping 
and starting the atomizer again. 

(2) If there is an intrinsic variation in the 
filter itself from test to test then one could try 
to produce such variations by varying the air
flow through the filter from extreme to extreme 
and seeing if a given effectivity determination 
taken before and after these impressed flow 
changes holds the same value. 

It was shown that no significant shifts were 
present due to either cause but that there was a 
shift when the air flow was completely stopped 
then started again. For the 44 type filter, there 
was a change from a penetrability of 4.85% to 
a penetrability of 4.50%, at a flow of 1000 ljmin. 

Two experiments were performed to confirm 
this phenomena. 

A test cloud of 2•Na spiked NaCl was used 
with the 44-filter. Points on each curve were 
determined as the air flow was increased from 
zero to maximum and back to zero again. The 
shift between the two curves shown in Fig. 10 
indicates the existence of the start phenomenon. 

•J. Peonf'tro1ion 
Typl'44 

o I 

• J: 

a :& . "' 
~---"-----=~-~10:---::,2:--~,4---;:16 x102 Lit/min. 

Fm. 10. Repetition of tests with filter 44 
demonstrating the start phenomenon. 

Therefore, according to ·our measurements a 
given filter of the type 33, 44 or 55 displays a 
start phenomenon that dominates any discrimi
nation of these filters between Li 2SO, and NaCl 
particles. The Li 2SO, test is therefore practically 
equivalent to the NaCl test. 

The Pollak counter curves, on the other hand, 
are consistent relative to the lithium and sodium 
curves as shown. 
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DISCUSSION OF AN EXAMPLE OF AN 

ON-SITE TEST 

An example of a large installed filter system 
is that cleansing the air of the reactor building 
DR 3 at Riso. 

The installation consists of a single ventilation 
channel, cross-section about 1 m 2, in which the 
flow is 6000 m 3/hr. In this duct a primary dust 
filter and an absolute filter are installed. The 
under-pressure in the channel is about 80 mm 
H 20 before the primary filter and about 150 mm 
H 20 after the absolute filter. 

At a point about six metres from the face of 
the primary filter a cloud of droplets atomized 
from a 2% Li 2S04 aqueous solution is sprayed 
into a tap-hole. At a point between the primary 
and the absolute filter another tap-hole is con
nected to a piston pump which draws about 
20 1./min from the channel air through a mem
brane filter. Further downstream, about ten 
channel diameters from the end face of the 
absolute filter and round a gradual right-angle 
bend in the channel, a final tap-hole draws 
20 1./min of air through a membrane filter. 

The flow of sampled air is monitored by two 
flow meters of the float type, and the air volumes 
are measured by two gasometers. The atomizer 
used was of the type shown in Fig. 4. Four 
runs were performed, and the results were as 
follows: trial 1 : 0.69%, trial 2: 0. 70%, trial 
3: 0.10%, and trial 4: 0.60% penetration. 

According to recent determinations, <8> 

thorough mixing in such a duct is assumed for 
points lying more than 30 channel diameters 
downstream of a source of contamination or 
the effluent face of a filter, and then only if 
there is some baffle arrangement within this 
length. If the duct has one or more bends 
within the region from the point of injection of 
the aerosol to the final hole, these bends might, 
if sufficiently acute, be effective as baffle sur
faces. If sampling points exist which satisfy 
these criteria and are accessible, the above 
procedure can yield a measurement of the 
efficiency of the filter bank as a whole. 

A second on-site test that fulfilled the above 
requirements was therefore carried out on the 
same filter at the DR 3 reactor. In this case, 
the aerosol, a 24Na spiked 2% NaCl solution from 
a modified Collison atomizer delivery 15 ml/hr 
was introduced into one ofthe inlets of a ventila-

tion duct in the reactor hall itself. The tap-hole 
for the before filter was situated just before the 
primary filter face and the after tap-hole about 
15 m downstream of the absolute filter; the 
length of duct in between had four sharp bends. 
The measured penetration was 0.06%. 

A total of 10 mCi 24Na was sprayed into the 
ventilating system in order to ensure good after
filter measurements. The spraying time was 
6 hr. The same DR 3 filter bank could have 
been evaluated by means of a 2% Li 2S04 solu
tion atomized by the portable atomizing unit 
capable of delivering 8 ml solution per min. The 
total number oflitres to be sampled by the after 
filter in order to ensure a good flame photometer 
reading was calculated at about 80. 

The above test using 24Na was performed on an 
auxiliary filter unit situated in parallel to the 
first, the penetration was 0.10%. 

A test was then performed with the Pollak 
counters, using the natural aerosol. The first 
filter displayed a particle-number penetration 
of 0.12%, twice that of the NaCl cloud. The 
auxiliary filter displayed a particle-number pene
tration of0.25%, 2! times that of the NaCl cloud. 

CONCLUDING REMARKS 

The question arises as to the significance of 
the efficiency measured by these methods. It 
is not the inherent penetrability of the adsorbing 
material that is of principal interest since it is. 
always specified by the manufacturer. What 
concerns us here is the performance of the 
installed units, since such a determination can 
reveal a malfunction in the filter bank, e.g. 
a badly installed or damaged filter. 

When the results of an on-site lithium test 
indicate that the manufacturer's specifications 
are not fulfilled by the installation as a whole, one 
knows exactly the extent of the failure because 
the lithium test is directly comparable with the 
Sodium Flame Test used by the manufacturer. 
Thus one is in a position to quantitatively 
evaluate the performance of a filter installation 
by direct comparison with the figures offered 
by the manufacturer as to the expected perfor
mance of the unit. In other words, the lithium 
on-site test represents an easy way of comparing 
the actual efficiency of a filter installation in 
operation with the efficiency attainable accord
ing to the manufacturer's test. 
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The spraying time needed to introduce suffi
cient amounts of lithium salts into a ventilation 
system sets a practical upper limit to the utiliza
tion of a lithiuxp. salt as a tracer in very high 
capacity systems. For example, in a ventilating 
system through which the flow is 100,000 m 3fhr 
and whose filter bank shows a penetration of 
0.01 %, it would be necessary to sample about 
80001. on the after filter. This figure is based 
upon the output of the portable atomizer unit 
mentioned previously. The time of sampling 
based upon a sampling rate of 20-50 l.fmin 
through a 5 em diameter membrane filter would 
be from 7 to 3 hr. 

For these very high capacity systems the 
use of Pollak counters measuring the natural 
particles found before and after the filter bank 
is a reliable indication of the integrity of the 
filter bank. Allowance must be made for the 
difference between the effectiveness of a filter 
bank as determined by Pollak counting and the 
effectiveness as an expression of mass concentra
tions before and after the filter bank. This 
difference is demonstrated and established by 
the inter-calibration curves (Figs. 5-9). These 
curves are valid only for filters in which the 
pinhole effect is not significant. 

In cases where it is possible to vary the air 
flow through a filter bank and thus demonstrate 
the existence of a pinhole effect by Pollak 
counting, the effectiveness thus obtained con
verges with the effectiveness as measured by 
the lithium and sodium methods (Fig. 2). 

It might be desirable to determine the exact 
location of a pinhole defect (if it cannot be 
tolerated fiom a safety point of view). This 
can be done by scanning the back surface of each 
filter with a flexible probe introduced through a 
hole in the conduit wall. The air injected into 
this probe, e.g. by means of an ejector, is passed 
directly into a flame, and the intensity of the 
lithium line is registered on a photometer. In 
this way a continuous profile of the lithium in 
the effluent air is obtained. In this procedure 
the lithium concentrations due to a leak are very 
high, and thus it suffices to use a cheap and 
simple flame-photometer device. Such a system 
has been constructed (Fig. 11) by modifying a 
cheap, commercially available flame photometer 
(Evans Electroselium Ltd.). At the most sensi-

I.R.P. VOL II-AA* 

tive setting a scale deflection of 10 units (,_, 1.5 
em) is obtained from a channel concentration 
of 1.2 X 10-2 y Li/1. air. 

(i) Compressed Air Supply 

@ Test Air Input @ Burner GQs Input 

® Test Air Mixture @ Ejector Pump 

@ Shunt (j) Manometer 

FIG. 11. Flow diagram of the modified EEL 
flame photometer. 

ACKNOWLEDGEMENTS 

We wish to thank P. 0. Heidemann for his 
help in planning and drawing the atomizer 
assemblies shown in Figs. 1 and 4. 

REFERENCES 

I. Methylene Blue Particulate Test for Respirator 
Filters. British Standard No. 2577 (1955). 

2. Sodium Flame Particulate Test. Chemical Defence 
Experimental Establishment, Porton Down, Salis
bury, Wilts, England. Porton Specification No. 

1632 A. 
3. H. FL YGER and H. C. RosENBAUM. A lithium 

flame photometer test for highly efficient filters. 
]. Am. Ind. Hyg. Ass. 26 (1965). 

4. Drawing No. 6536, Sodium Flame Test Equipment. 
Chemical Defence Experimental Establishment, 
Porton Down, Salisbury, Wilts. 

5. T. F. BoROVIK-ROMANOVA. Mutual influence of 
alkali metals in their determination by flame 
photometry. Bull. Acad. Sci. USSR No. 7,955 

(1962). 
6. R. M. MoYERMAN and K. E. SHULER. The con

centration of contaminant alkali salts in ground
level air. Science 118, 512 (1953). 

7. A. L. METNIEKS and L. W. PoLLAK. Instruction for 
the use of photoelectric condensation nucleus 

counters. Geophys. Bull. 16 (1959). 
8. S. E. SMITH and P. A. WHITE. Design of radioactive 

filtration systems. Nucl. Eng. June (1962). 



COMPARISON OF PERFORMANCE CHARACTERISTICS 

OF SOME FILTERS USING THORON DAUGHTERS AS 

RADIOACTIVE AEROSOL 

YOSHIKAZU YOSJDDA, KYOSHIRO KITANO, MIKIO MURATA 

Division of Health Physics and Safety, Japan Atomic Energy Research Institute, 
Tokai-mura, Ibaraki-ken, Japan 

and 

SEIZABURO MORIYASU 
Nuclear Power Department, Kansai Electric Power. Company, 

3-5 Nakanoshima, Kita-ku, Osaka-shi, Japan 

Abstract-The important characteristics of air sampling filters are collection efficiency, flow 
resistance and surface collection efficiency. A comparison was made for these performance 
characteristics between the filters used at present in JAERI for air sampling (mostly imported) 
and those (made in trial) by a Japanese manufacturer. Collection efficiency, and surface 
collection efficiency and also alpha energy resolution were tested using the Millipore AA filter 
as a reference filter and thoron decay daughters as a test aerosol; the significant particles were less 
than 0.1 micron in diameter. 

In the cellulose filters tested, Toyo No. SA and Toyo No. 1 showed neariy the same perform
ance characteristics as Whatman 41, and the collection efficiencies of these three types of 
filters were over 90% at face velocities larger than 64 meters per minute. 

In the cellulose asbestos filters tested, for alpha air sampling Toyo HE-40 proved superior to 
HV-70. This filter has a collection efficiency greater than 99.5%, and about the same surface 
collection efficiency as the glass fiber filter Gelman E, generally used for alpha air sampling. 
On .the basis of these tests, it was decided to use the cellulose asbestos filter Toyo HE-40 for 
alpha air sampling in JAERI. 

I. INTRODUCTION 

The important characteristics of air sampling 
filters are collection efficiency, air flow resistance 
and surface collection efficiency.· The last one 
is more important for alpha air sampling, be
cause direct alpha counting is only effective for 
particles collected on or near the filter surface. 
A comparison was made for these performance 
characteristics between the filters used at present 
in JAERI for air sampling (mostly imported) 
and those proposed for use (mostly made in trial 
by a Japanese manufacturer). 

Collection efficiency, surface collection effi
ciency, and also alpha energy resolution were 
tested using the Millipore AA filter as a reference 
filter and thoron decay daughters as a test aero
sol; the significant particles were less than 0.1 
micron in diameter. 

It is recognized that Millipore AA does not 
collect all particles in the size range of natural 
activity, <1> whereas it is reported that Millipore 
AA has an efficiency over 99.9% for D.O.P. 
particles 0.3 micron in diameter, (z, 3> and for 
uranine particles both 0.27 micron and 0.025 
micron in diameter.<4> 

The present report describes the testing pro
cedure and the results obtained. The data 
obtained were compared on relative, rather than 
absolute, values. 

2. FILTERS TESTED AND RADIOACTIVE 

AEROSOL USED 

The characteristics of filters used at present 
and proposed for use in air sampling in J AERI 
are shown in Table 1. The pore sizes tabulated 
for the filters, except Millipore AA, were 

1561 
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Table 1. Filter Tested 

Filter and type 
Thickness Weight 

rom mgfcm 2 

Cellulose 
Whatman 41 0.22 12.1 
Toyo No.1 0.21 11.6 
Toyo No. SA 0.23 12.1 

Cellulose asbestos 
HV-70 9 mil 0.39 16.6 
Toyo HE-10 1.11 41.5 
Toyo HE-13 0.97 36.2 
Toyo HE-40 0.42 13.5 

Glass Fiber 
Gelman E 0.29 9.7 
Toyo GA-100 0.30 10.0 
Toyo GA-200 0.75 31.0 
Toyo GB-100 0.41 14.8 
Toyo GH-100 0.36 17.2 

Membrane 
Millipore AA 0.17 4.2 

obtained using the so-called bubble test* based 
on capillarity, which measures the maximum 
value. Millipore AA was found to have a pore 
size of 2.5 microns when measured by this 
method. 

Thoron decay daughters were used as the 
test aerosol; the decay series is shown in Fig. 1. 

The size distribution for the series of particles 

ThC' 
.42.25~21tPo ~8.77Mev 

"'6-28Mev oo:6.77Mev 
13 8:5§~:: "'%3Jtl0'"

7
1 "' 

Tn~ThA-ThB-·-ThC JhD 
22oRn 21sPo tt2Pb r0.2 4 ~12Bi ~% /zoepb 

Ms. O.l6s 10.6h so.em / Stablt 

« %:~~~:~ h c".$ ::~6~:~ 
l" 0.239MBv 201TI l.28Mav 

3.1 m of 2.61 Mev 

FIG. 1. Thoron decay series. 

* The data were presented by the research group 
of Toyo Roshi Co., Ltd. 

Tensile 
Pore size 

Fiber 
strength diameter 
kgfcm /-1. 

/-1. 

1.40 38 25 
2.60 25 25 
1.13 30 25 

2.66 30 25 
1.13 36 25 
1.40 44 25 
3.07 32 25 

0.55 8.9 0.4 
0.08 12 0.6 
0.16 12 0.6 
0.08 8 0.3 
0.33 12 0.6 

0.33 0.80 -

was measured using an electron microscope, 
after collecting the particles on a collodion film. 
This method was used because measurements 
made first by the cascade impactor method 
indicated most of the particles to be smaller 
than 0.3 micron in diameter. The results of 
electron microscope measurements showed that 
most of the particles were smaller than 0.1 

. micron in size. Consequently, the size distribu
tion for the test aerosol was considered as approx
imately the same as, or a little larger than, the 
size range of the natural radioactive aerosol in 
the atmosphere-0.015-0.5 micron in size 
range.<6l 

3. TEST PROCEDURE AND RESULTS 

3.1. Collection Efficiency 

The experimental apparatus used is shown 
in Fig. 2. Two air samplers, with a Millipore 
AA filter as the reference collector, were used 



COMPARISON OF PERFORMANCE CHARACTERISTICS OF SOME FILTERS 1563 

~~[:::~ Pressure gouge 

Aero~~ Filter '\ 
~ Ml\11~ ~ l 

lL ~- .~&.. :::~---~~Flow met 

FIG. 2. Experimental apparatus. 

simultaneously at the same flow rate. The 
reference filter (A) collected the aerosol pene
trating the test filter, and the other, (B), collected 
the aerosol directly. 

The collection efficiency t: was determined 
from the following equation; 

t: = (1 - 7J) X 100 (o/o), 

where nA = gross alpha count rate for the par
ticles collected on the reference 
filter (A), 

nB = gross alpha count rate for the 
particles collected on the reference 
filter (B). 

The sampling period~ varied from about 10 
to 30 min, depending on the concentration of 
airborne activity, which was of the order of 
10-s p.Cifcc during the test. As a rule, the 
sampling time was determined by the times 
required for the counting rate of the reference 
filter (B) to be more than 2000 cpm. The effec
tive diameters of the filters were 40 mm, and 
the face velocities tested were 32, 48 and 64 
mfmin. Gelman E was selected as the reference 
filter at the face velocities of 48 and 64 m/min. 
This was because Millipore AA could not be 
used at higher velocities due to a shortage of 
the pumping power. The collection efficiency 
of Gelman E was considered to be over 99%, 
compared with Millipore AA, from the results 
obtained in the measurements described below 
and by others. <2 • s) 

· The results, obtained for the cellulose filters, 
are shown in Fig. 3, in which it is seen that the 
collection efficiency will increase with the face 
velocity, as described in other reports. (2-4J The 

average values of collection efficiencies for the 
filters tested are summarized in Table 2, to
gether with other performance data. From 
the collection efficiency data in Table 2, it is 
seen that Toyo HE-10 and HE-40 are not 
inferior to HV-70 of the cellulose asbestos 
filters. 
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FIG. 3. Collection efficiency of cellulose filters. 

3.2. Surface Collection E.ffici.ency 

In order to compare surface collection, two 
different techniques are usually used: one <6> is 
to measure the counting loss due to the burial of 
radioactive particles in the filter material, and 
the other<7> is to measure the alpha· energy reso
lution of particles collected on the filter material. 
In the present experiment, both techniques were 
used for comparing surface collection efficiency 
for the thoron decay daughters. For the ¥illi
pore AA filter used as a reference filter, the 
alpha counting loss due to burial can be neg
lected because of the filter thickness (4 mg/cm2 

in weight) and the superiority in surface collec
tion efficiency; that is, the surface collection 

efficiency is considered to be approximately one. 

(a) Comparison of counting loss due to burial. In 
order to compare the surface collection efficiency 
of test filters with that of Millipore AA, the 
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ratios were determined by the following equa
tion: 

where Ff (i = a, {3) = relative surface col
lection efficiency for 
alpha or beta activity, 
respectively, 

N'/ (i = a, {3) = counting rate of the 
alpha or beta emit
ters, respectively, col
lected on the filters 
denoted by x, 

N; = net count rate of 
the 0.239-MeV ThC 
gamma, which is 
that within the chan
nel width of a half 
maximum in the gam
ma pulse height spec
trum. 

Filters were counted using the following 
detectors: a ZnS(Ag) scintillation counter for 
alphas, a G.M. counter for betas, and a Nal 
scintillation counter with pulse height analyzer 
for gammas. The measurements were made at 
the face velocities of 32 and 64 mfmin, but 
no significant difference was observed in the 
ratios at the two velocities. The average values 
for the face velocity of 32 m/min are shown in 
Table2. 

(b) Alpha energy resolution. Measurements 
were made of the thoron daughters collected 
on the filters at both a face velocity of32 m/min, 
and at the maximum face velocity available 
by the 2 h.p. vacuum pump, which is used for 
air sampling in JAERI. The energy resolution 
(%)for 8.77 MeV ThC' alphas was determined, 
usinga solid-state (silicon p-njunction) detector 
and multichannel PHA, at room temperature 
(20oC) and without a collimator. Under these 
conditions the energy resolution was 6.0% for a 
238Pu (E"' = 5.15 MeV) source, thinly deposited 
on a metal disk. 

The alpha spectra for HE-40 are shown in 
Fig. 4. The energy resolution data obtained are 

shown in the right columns of Table 2, in 
which it can be seen that the energy resolution 
improves with increase of the face velocity. 
These results agree with theory because the 
contribution of impaction to the collection is 
larger at higher velocities. 
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FIG. 4. Alpha spectra of Tn daughters collected 
on HE-40 filter. 

From the data on surface collection efficiency 
and alpha energy resolution in Table 2, it can 
be seen that the glass fiber filters Gelman E 
and GB-100, and the cellulose asbestos filter 
HE-40 are superior in surface collection effi
ciency to the others, excepting Millipore AA. 

3.3. Air Flow Resistance 

The relationship between the air flow rate 
and pressure drop was measured on the test 
filters for an effective filter diameter of 50 mm. 
The results obtained for the celullose filters are 
shown in Fig. 5. The glass fiber filters GB-100 
and GH-100 were mechanically so weak that 
they broke at higher velocities. The face velo
cities for the test filters at the pressure drops 
200 and 300 mm Hg are shown in Table 2. 



Table 2. Summary of Characteristics of the Filter Tested 

-
Face velocity Collection Surface collection Alpha 

(m/min) efficiency (%) efficiency energy resolution 
Filter and Type at 8.77 MeV 

Pressure drop Face velocity a f3 

mm/Hg mm/Hg m/min mfmin m/min m/min mfmin m/min max face 
200 300 32 48 64 32 32 32 velocity 

Whatman 41 t:, 92 t:, 120 
52 84 97 0.67 0.73 37 (%) 

X 120 X 180 28 (95 mjmin) 
Cellulose Toyo No.1 80 100 81 92 97 0.36 0.49 45 26 (80 mfmin) 

Toyo No. 5A 100 140 85 81 97 0.63 0.81 38 26 (87 mjmin) 

HV-70 100 150 99 98 98 0.61 0.76 28 18 (130 mfmin) 
Cellulose Toyo HE-10 100 140 99.7 99.7 99.7 0.55 0.74 46 24 ( 100 m/min) 

asbestos Toyo HE-13 200 - 79 92 89 0.12 0.36 30 31 (160m/min) 
Toyo HE-40 100 140 99.7 99.9 99.6 0.81 0.86 16 13 (110 mfmin) 

Gelman E 130 180 99.7 (99.9) - 0.91 0.89 19 13 (96 mfmin) 
Toyo GA-200 150 190 98 97 99 0.53 0.86 32 24 (96 mfmin) 

Glass fiber Toyo GB-100 160 - 99 (99.9) 99.95 0.95 0.69 20 13 (80 m/min) 
Toyo GH-100 200 - 79 85 93 0.55 0.86 28 18 (80 mjmin) 

Membrane Millipore AA - - 99.95 - - 1.0 1.0 8.4 8.4 (34m/min) 

/::,and X show that the weight of the filter paper is 19 and I 7 mgfcm•, respectively. 
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FIG. 5. Pressure drop vs. flow rate of cellulose 
filters. 

4. DISCUSSION 

4.1. Comparison of the Results With Those by Others 

The collection efficiency of filters depends a 
great deal on the characteristics and size dis
tribution of the particles. In Table 3, the data 
obtained by other workers <3

• 
4

• 
8> are compared 

with the data obtained by the authors. It 
appears that no significant difference can be 
observed among the given data. 

The surface collection efficiencies measured 
by others<8• B) are compared with the authors' 
data in Table 4, where the values by C. L. 
Lindeken <6> were measured relative to Millipore 
AA. In Table 4, it can be seen that the data 
agree on a relative basis with respect to filter 
material. 

Table 3. Collection Efficiency qf Filter for Various Aerosols 

Particle Collection efficiency 
Filter 

Diameter 
m/min m/min m/min Reference 

Material 15 30 60 
,.,. 

% % % 

D.O.P. 0.3 72 84 98 3 
Uranine 0.025 82.0 75.0 82.0 4 
Uranine 0.27 87.2 91.0 94.5 4 

Whatman 41 Natural activity - 52 68 78 6 
Natural activity - - 69.0 86.1 3 
Tn daughters <0.1 - 52 97 

D.O.P. 0.3 68 76 86 3 
Toyo No. SA Natural activity - - - - 6 

.. Natural activity - - 77.8 91.6 3 
Tn daughters <0.1 - 85 97 

D.O.P. 0.3 98.2 99.2 99.8 3 
Uranine 0.025 95.2 97.6 98.9 4 

HV-70 Uranine 0.27 98.2 97.2 96.5 4 
Natural activity - - - 98 6 
Natural activity - - 98.4 99.8 3 
Tn daughters <0.1 - 99 98 

D.O.P. 0.3 99.93 99.98 99.996 3 
Toyo HE-40 Natural activity - - - - 6 

Natural activity - - 100.1 99.3 3 
Tn daughters <0.1 - 99.7 99.7 

D.O.P. 0.3 99.964 99.970 99.986 3 
Gelman E Natural activity - - - 98 6 

Natural activity - - 99.8 99.5 3 
Tn daughters <0.1 - 99.7 -
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Table 4. Comparison of Surface Collection Efficiency of Filters 

Surface collection efficiency 

Filter Uranium 
compound<8l 

Whatman 41 ,_.70 

HV-70 
Gelman E 

4.2. Reliability of the Data 

The data obtained for the collection efficiency 
and the surface collection efficiency, relative to 
Millipore AA, were not very accurate. However, 
from the comparisons given above and because 
of the rather good performance of Millipore AA 
as a reference filter, the data obtained could 
furnish information of considerable value. 

S.SUMMARY 

The important performance characteristics 
of filters were measured, mainly relative to 
Millipore AA. The results obtained are sum
marized in Table 2, in which it is seen that the 
data obtained agree well with those by others. 

Of the cellulose filters tested, Toyo No. 5A 
and No. 1 showed similar performances to 
Whatman 41, and the collection efficiencies of 
these three filters were over 90% for thoron 
daughters at face velocities larger than 64m/min. 
However, these filters are not suitable for alpha 
air sampling because of poor surface collection 
efficiency. 

The collection efficiencies of the cellulose as
bestos filters, excepting Toyo HE-13, were over 
98% at the face velocities tested. Toyo HE-40 
proved to be superior to HV -70 in alpha air 
sampling because this filter has a large collection 
efficiency and about the same surface collection 
efficiency as the glass fiber filter, Gelman E. 

Of the glass fiber filters, Toyo GB-100 showed 
a similar performance to Gelman E which is 
usually used for alpha air sampling due to its 
good performance. This filter, made in trial, 

Natural 
Tn daughters 

activity<6> 

38 67 
80 61 
89 91 

cannot be used for routine air sampling because 
of mechanical weakness. 

Finally, it may be considered that for air 
sampling, the cellulose filter Toyo No. 5A and 
No. 1 can be used instead ofWhatman 41, and 
the cellulose asbestos filter Toyo HE-40 can be 
used instead ofHV-70 and Gelman E. That is, 
Toyo HE-40 is found to be sufficiently usable 

for alpha air sampling. 
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A NEW APPROACH TO THE REDUCTION OF 

INHALATION DOSE IN WORKING AREAS USING 

MOBILE ELECTROSTATIC PRECIPITATORS 

K. G. VOHRA and P. V. N. NAIR 

Bhabha Atomic Research Centre, Bombay, India 

Abstract-A system for the rapid continuous decontamination of air has been investigated for 
reducing the inhalation dose in working areas where continuous small releases of radioactive 
contaminants in the air are unavoidable due to the nature of the operations involved. Con
tinuous replacement of conditioned air used in such areas with the atmospheric air is generally 
not feasible due to large differences between the temperature of the conditioned air and the 
atmospheric air. Consequently recirculation has to be employed. Recirculation through the 
filters in the air conditioning system generally does not remove a large fraction of the sub
micron particles which are mainly responsible for the dose to the lung. The system described 
in this paper is based on a mobile electrostatic precipitator which can remove the particulate 
matter from the air down to the submicron size range at large flow rates. A description of the 
electrostatic precipitator used for continuous decontamination of the air, ~d studies carried 
out with the system in a test room and in typical working areas are presented. 

1. INTRODUCTION 

Inhalation dose in nuclear energy operations 
and handling and processing of radioactive 
materials is mainly caused by the deposition 
of submicron sized radioactive particles in the 
lower respiratory system. The · total bulk of 
solid matter responsible for this dose is generally 
very small. Therefore, the problem of filtration 
of radioactive particulate matter from the air 
in nuclear energy plants and laboratories has 
to be treated differently from the problem of 
normal air cleaning, where large dust loads 
have to be handled. This is particularly so 
because these areas are normally fed with dust 
free conditioned air and the problem is essen
tially that of removal of radioactive and other 
particulate matter generated within the plant or 
laboratory. The radiotoxic particulate matter 
in the air is generally in the form of submicron 
particles. To remove such particles from the air 
effectively it is necessary to have a special 
filtering system. Mechanical filtration with 
absolute filters for efficient removal of these 
particles generally gives large pressure drops 
across the filters and it is very expensive to 
treat large volumes of air with such filters m 
most working areas. 

In this paper we have described a recirculat
ing system for high efficiency filtration of large 
volumes of air in working areas by electrostatic 
precipitation. The important features of this 
system are, (a) large volumes of air can be 
cleaned without excessive pressure drop across 
the filtering system, (b) filtering efficiency is par
ticularly high for submicron particles in which we 
are mainly interested, (c) running power required 
is less than that for mechanical filters by more 
than an order of magnitude, (d) the filtering 
system can be made mobile and (e) the normal 
conditioned air supplied to the laboratory is 
adequate for the filtering system. 

2. INHALATION DOSE AND AIR ACTIVITY 

The concept of inhalation dose has been 
recently reconsidered by the ICRP on the basis 
of a new lung model. <1> This model recognises 
the importance of particle size distribution and 
takes into consideration the mass median dia
meter of the particles for pulmonary deposition 
mainly responsible for dose to the lung. The 
highly retained dust particles with mass median 
diameters in the range of 0.1 to l micron give 
pulmonary deposition of 20 to SO% of that 
inhaled (although pulmonary deposition for 
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particles below 0.1 micron is higher, their 
diffusion coefficients are so large that they are 
retained in the upper respiratory tract). Con
siderable reduction in the dose to the lung could 
therefore be achieved by the removal of sub
micron particles. 

The fraction of the inhaled particles deposited 
in the lung can be reduced by 3 to 4 orders of 
magnitude by the removal of submicron par
ticles from the air with an efficiency of 99.99% 
and higher. A recirculating filtering system can 
attain a very high efficiency for the removal of 
submicron aerosols from the air in working 
areas. Therefore in the present paper we have 

· laid emphasis on this system of air cleaning 
for achieving very large decontamination factors. 

In a recirculating system the rate of decrease 
in the concentration of particulate matter in 
the air would depend on the total volume of 
the room and the volume of air decontaminated 
per unit time. If C0 is the initial concentration 
and C' the concentration after time t, the reduc
tion factor is given by 

Co _ =ekt 
C' 

where k is the constant (i.e. fraction removed 
per unit time) given by 

k= 

v (volume filtered per unit tirhe) X efficiency 

V (volume of the room) 

The efficiency term would account for filtering 
efficiency and the efficiency of mixing in the 
room. 

If there is a constant supply of the radioactive 
aerosol in a room at a rate of N particles per 
unit time, the following equations give the num
ber of particles N' in the room at any timet after 
the start of the filter 

dN' =N-kN' 
dt 

N 
N' =-(I - e-kt) 

k 

For t much larger than the decontamination 

halftime (0.693/k), N' = ~· The reduced con

centration C' is given by 

I N' N 1 c =-=-.-v v k 

This shows that the concentration of aerosols 
can be maintained at the supply level as k 
approaches unity, and the build up of radioactive 
atoms attached to aerosols is prevented. In 
the case of radioactive aerosol contamination 
in the air the supply level is generally small and 
the build up of activity i·n the air with time is 
an important consideration. 

3. DESCRIPTION OF THE FILTERING 

SYSTEM 

The filtering system which is based on the 
conventional two stage electrostatic precipitator 
has been designed to meet the special require
ments of working areas where the normal dust 
load is small and the supply of conditioned air 
has to be conserved. The special design features 
are, (a) free flowing decontaminated air at the 
breathing level, (b) low consumption of corona 
power, (c) extremely small production of ozone, 
(d) large collecting surface to handle significant 
loads of submicron particles and (e) high effi
ciency for submicron particles. 

Figure 1 gives the schematic illustrating the 
main components. of the precipitator. The 
overall dimensions of the unit are 34 X 34 X 72 
in. (high). The clean air oudet is provided on 
all four sides of the cabinet with the main flow 
at a height of 3.5 ft from the ground. A 24 in. 
propeller fan is used for drawing the air through 
the filtering system located on the top of the 
cabinet as illustrated in the sketch in Fig. 1. 
The integrated flow rate at the outlet is 3500 
ft3 (min. 

The dimensions of the precipitator inlet are. 
31 x 31 in. The ionizer consists of 30 parallel 
wires. The collection surface is provided partly 
by the perforated plates on either side of the 
ionizer and partly by 30 parallel collecting 
plates placed after the ionizer. The charging 
and collecting potentials are adjusted to give 
nearly 100% efficiency for submicron particles. 
The high voltage supply consisting of a voltage 
tripler is placed in the bottom compartment of 
the cabinet. The ionizer and collecting plate 
assemblies are made readily removable for 
cleaning. 

A dacron fibre pre-filter is placed at the inlet 
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FIG. 1. Schematic illustrating the main com
ponents of the precipitator. 

to remove fibrous material and large particles 
from the air. The present filtering unit was 
fabricated as a "test model" for initial studies. 

4. EXPERIMENTS 

(a) Studies in the test room with a thoron generator 

The first study with the filtering system was 
made in a small test room having a total volume 
of about 2000 ft3

• This room was fitted with a 
normal air conditioning unit which maintained 
the temperature in the room at 25°C. Thoron 
gas was generated in the room from a thoron 
generator consisting of a specially designed 
bubbler containing thorium nitrate solution. 
A continuous air monitor with a moving filter 
paper and a strip chart recorder was installed 
in the test room to record the levels of thoron 
daughter activity continuously. The initial 
equilibrium concentration of thoron daughter 
activity with the bubbler was attained in about 
3-4 hr. After the equilibrium was attained, 
thoron daughter activity showed almost a 
steady level with the thoron generator in opera
tion. The electrostatic filter was then switched 

on. The airborne activity in the room decreased 
with time with the electrostatic filter in operation 
and with the thoron generator continuously run
ning. After the filter was in operation for about 
50 min, the airborne activity in the room shown 
by the continuous air monitor was even lower 
than the normal background air activity in the 
room. 

(b) Studies at the laboratory room attached to Apsara 
Hall 

The airborne radioactivity in the swimming 
pool reactor area is mainly due to ssKr and 
138Xe daughters, present during the normal 
operation. <2

• 
3> For our studies we selected a 

large enclosed laboratory room attached to the 
main hall of the swimming pool reactor Apsara 
at Trombay. A moving filter-paper type of 
continuous air monitor was first placed in the 
room to find the normal level of activity with 
the reactor in operation. This showed an initial 
build-up of activity on the filter paper (paper 
speed 2 in./hr) for about 20 min, before attaining 
a steady value. When the electrostatic filter was 
started in the room the airborne activity 
started decreasing and came down to the normal 
background value (the reactor was running 
at its normal power). Figure 2 shows the de
crease in activity caused by the electrostatic 
filter. The room volume is about 7000 ft3 and a 

FIG. 2. Continuous air monitor trace showing 
decontamination of the air attained with the 
electrostatic filter operated in the laboratory 
room in the Apsara Reactor Building. Filter 

started at point P. 
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volume of air equivalent to the volume of the 
room passed through the filter in about 2 min. 
Although complete decontamination of the 
room air would be expected after 4 to 5 air 
passages through the recirculating filter, the 
longer time shown by the air monitor was due 
to the movement of the filter paper being slower 
compared to the speed of decontamination. 

In both of the above experiments an additional 
indication of the cleanliness of decontaminated 
rooms was provided by the appearance of a 
completely unstained filter paper in the air 
monitor after the precipitator had run long 
enough to give a few air circulations through the 
filter. 

(c) Studies at the Thorium Plant at Trombay 

The packing room attached to the crushing 
room of the Thorium Plant at Trombay was 
selected for studies on decontamination of the 
air in a plant area. This room is fed by a supply 
line of conditioned air at a small flow-rate 
and is kept closed to prevent direct spray of 
thorium nitrate from the crushing room. The 
room had an equilibrium concentration of 
thorium (B+C). The continuous air monitor 
showed a steady level after nearly 25 min. of 
operation. Figure 3 shows a typical trace indi-

FIG. 3. Continuous air monitor trace showing 
decontamination of the air attained with the 
electrostatic filter installed in the packing 
room of the Thorium Plant. Filter started at 

point P (Equilibrium case). 

eating a decrease in activity with operation of 
the electrostatic filter. It is interesting to note 
that in spite of high initial levels of activity, 
the degree of decontamination was so large 
that the air monitor showed negligible air 
activity after the initial operation of the filter 
for 30-40 min (as in the previous case, actual 
time of decontamination would be smaller). 
Nearly all the particulate airborne activity in 
the room was due to build-up of thorium (B+C) 
which could be controlled by rapid decontami
nation of the air. 

FIG. 4. Continuous air monitor trace showing 
decontamination of the air attained with the 
electrostatic filter operated in the packing room 
of the Thorium Plant. Filter started at point P 

(Non-equilibrium case). 

Figure 4 gives the trace from the continuous air 
monitor showing the building-up of air activity 
in the room when the electrostatic filter was 
switched off. The filter was restarted at time 
corresponding to point P in the figure, and the 
trace also shows the decrease in air activity. 
The longer time of build-up in this case was 
due to growth of thorium-B and thorium-C 
in the room air (from the decay of thoron 
continuously produced in the room). 

5. DISCUSSION 

On the basis of the experiments carried out 
with the present system we can define the situa
tions in nuclear energy operations where elec
trostatic filters of the present design can be 
applied with great advantage. Our suggested 
approach using mobile electrostatic filters has 
taken into consideration the adverse experiences 
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of installed electrostatic filters<4 > where the 
initial costs and maintenance problems have 
been the limiting factors and absolute filters with 
asbestos and glass fibre have been extensively 
used. 

The working areas involving small unavoid
able releases of radioactive materials in the 
form of fine particles from the processes can 
be ideally protected by using the suggested 
recirculating type of electrostatic filters. Al
though the normal concentration of contami
nants in the air in these areas may be less than 
the maximum permissible concentration in the 
air by one or two orders of magnitude, it may 
be desirable to reduce the inhalation dose for 
maintaining higher standards of radiation hy
giene in these areas. 

A recirculating electrostatic filter, installed 
in an air-conditioned room, passing one volume 
of the room air through it per minute is equiva
lent in performance to the supply of one air 
change in the room per minute through absolute 
filters and conditioning unit. Whereas for most 
working areas the latter would be prohibitively 
expensive in initial cost and running expendi
ture, the former could be installed at moderate 
initial investment and very small running 
expenditure. 

From the limited operational experience, the 
suggested areas for use of the proposed filtering 
system are the working areas in uranium and 
thorium processing plants where major con
tamination is due to radon and thoron daughter 
products, working areas in the swimming pool 
type of reactors where the contamination is 
caused by the daughter products ofgaseous fission 
products 88Kr and 188Xe, chemical laboratories 
attached to isotope production plants and chemi
cal control laboratories attached to fuel process-

ing plants where the hazard is primarily due 
to airborne plutonium. 

Several minor radiochemical operations nor
mally carried out in glove boxes can be carried 
out more freely in open laboratories with the 
protection from air contamination provided 
by mobile electrostatic filters. This would in
crease the production efficiency considerably. 
This filtering system would be particularly use
ful in sterile areas for the preparation oflabelled 
compounds for medical uses. 

The obvious limitation to the suggested 
system for use in areas of higher contamination 
is the build-up of radioactivity on the collecting 
plates giving rise to higher radiation dose in the 
vicinity of the filtering unit. For this purpose 
it is proposed to incorporate a gamma radiation 
dosimeter in the filtering unit to provide a 
warning of the need for decontamination of 
the filter plates. 

Further investigations on the applications of 
the proposed filtering system are in progress. 
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ABSCHEIDUNG VON RADIOAKTIVEM JOD IN 

ATEMFILTERN 

J. HACKE und W. JACOBI 

Hahn-Meitner-Institut ftir Kernforschung Berlin, Abteilung Strahlenphysik, 
Berlin 39, Glienicker StraBe 100, Germany 

Zusamm.enfassung-Die Abscheidung von Radiojod im Atemfilter und seinen heiden 
Bestandteilen (Faser- und Aktivkohlefilter) wurde mit Hilfe der Mehrfiltermethode unter
sucht. Mit dieser Methode konnten die verschieden filterbaren Jodkomponenten in der Luft 
getrennt und ihre Anteile bestimmt werden. Elementares Jod und an Aerosolteilchen ange
lagertes Jod werden im Filter nahezu vollstiindig zuruckgehalten. Ftir eine dritte schwache 
Jodkomponente, bei der es sich wahrscheinlich vorwiegend urn Methyljodid handelt, ist das 
Filter relativ durchliissig. Der Anteil dieser Komponente nahm umgekehrt proportional der 
J-Konzentration in der Luft ab und betrug bei einer spezifischen ]132-Aktivitiit der Luft von 
etwa I0-4 Cifm 3 etwa 0,03%; dem entsprach eine Gesamt-Jod-Durchliissigkeit des Atemfilters 
von 0,02%. Die Eignung des Geriits ffu den beabsichtigen Verwendungszweck wird 
diskutiert. 

1. EINLEITUNG 

Bei einem Reaktorunfall spielt beziiglich der 
Gefahrdung von Menschen das freigesetzte Jod 

Abscheidewirkungsgrades dieses Atemfilters fur 
Radiojod durchzufiihren. 

eine entscheidende Rolle. Wahrend alle ande- 2. VERSUCHSANORDNUNG UND 

ren Spaltprodukte von Schwebstoffiltern nahezu VERSUCHSDURCHFtlHRUNG 

vollstandig zurtickgehalten werden, gelingt dies Die Versuche wurden mit dem Jodisotop 
bei Jod nur sehr unvollstii.ndig. In den letzten 132J (Halbwertszeit t 112 = 2,26 h) durchgefuhrt, 
Jahren wurden deshalb zahlreiche Untersuch- das als Tochtersubstanz von mTe gewonnen 
ungen tiber die Freisetzung von Jod aus Kern- wurde. 
brennstoffen und sein physikalisch-chemisches Abb. 1 zeigt eine schematische Darstellung 
Verhalten in verschiedenen Gasatmosphii.ren der Versuchsanordnung. Die aus demJodgene
bei U nfallbedingungen ( 1-12), sowie tiber Ver- rator entweichende J -haltige Luft durchstromte 
fahren der Jodfilterung (13-22) durchgefiihrt. zunachst ein Glaswattefilter, urn den Luftstrom 
Das Ziel dieser Untersuchungen war die Ent- von Wassertropfchen zu befreien und wurde 
wicklung geeigneter J odfilter fUr die Abluft von dann am Eingang einer zylindrischen Misch
Reaktoranlagen zum Schutze der benachbarten kammer einem Luftstrom von normaler, unge
Bevolkerung bei Reaktorunfallen. Urn auch das filterter Zimmerluft zugesetzt (Temperatur 20-
Reaktorpersonal bei einem Unfall wirksam vor 22°C, relative Feuchte 35-45%). Der gesamte 
der Inhalation von Spaltprodukten zu schtitzen, Luftdurchsatz durch die Mischkammer betrug 
wurde von der Auergesellschaft mbH Berlin ein (i~ntsprechend der mittleren Atemleistung des 
als "Reaktorfluchtgerat" bezeichnetes Atem- Menschen) v = 30 lfmin. Am Ausgang der 
gerat entwickelt, das aus einem Mundstiick in Mischkammer befand sich die Filteranordnung, 
V erbindung mit einem kombinierten Schweb- die a us mehreren-mindestens drei-in Reihe 
stoff-Aktivkohle-Atemfilter besteht. Die Ab- geschalteten Filtern der zu prufenden Filterart 
teilung Strahlenphysik am Hahn-Meitner- hestand. 
Institut fiir Kernforschung Berlin wurde von Die Sammelzeit betrug bei den Versuchen 
der Auergesellschaft beauftragt, Messungen des l h. Danach wurden die relativen Aktivitaten 
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der einzelnen hintereinandergeschalteten Filter 
mit einem y-Szintillationsspektrometer bei kon
stanter MeBgeometrie gemessen. 

Die Bestimmung des Abscheidewirkungsgrads 
der Filter erfolgte nach der bei Schwebstoffiltern 
iiblichen Mehrfiltermethode, wobei bei jedem 
Versuch 3-4 Filter in Reihe in den Luftstrom 
geschaltet wurden. Die gemessenen relativen 
Aktivitaten AI> As. A3 und A, des 1., 2., 3. und 4. 
Filters in der Reihe wurden in halblogarith
mischer Darstellung in Abhangigkeit von der 
Nummer n des Filters in der Filterreihe auf
getragen. 

Die Versuche zeigten (vgl. Abschnitt 3), daB 
die Filteraktivitat hinter dem 1. Filter innerhalb 
der Fehlergrenzen exponentiell mit n abfallt, 
d.h. das Verhii.ltnis 

An+ 1 
q=~ · (n>2) 

ist beijedem Versuch konstant. q wurde aus der 
mittleren Neigung der Exponentialkurve im 
Bereich n = 2 - 4 bestimmt. Die gesamte filter
bare Aktivitii.t Lo der angesaugten Luft folgt 
somit zu 

<X; 

La = A1 + A 2 + A3 +A,. (1 + ~ q') 
i-1 

1 
= A1 + As + As + A, . -

1-q 

Das Verhaltnis An/Lo gibt den relativen Anteil 
der Luftaktivitat an, der im n Filter der Filter
reihe zuriickbleibt. Die Durchlii.ssigkeit D(n) 
einer Filterreihe a us n Filtern betrligt demnach: 

D(n) = 1- ; At 
t-1 Lo 

Fiir das 1. Filter der Filterreihe ist somit der 
Abscheidewirkungsgrad 7] 1 = A 1 /Lo und die 
l)urchlii.ssigkeit D 1 = 1 - 7] 1• 

3. VERSUCHSERGEBNISSE UND 

DISKUSSION 

Es wurden drei Versuchsreihen durchgefiihrt. 
Bei der ersten V ersuchsreihe wurden jeweils 3 
Kombinationsfilter, wie sie in den Reaktor
ftuchtgerii.ten verwendet werden, hintereinan
dergeschaltet. Jedes Kombinationsfilter ent
hielt ein Schwebstoff- und ein Kohlefilter. Bei 
der zweiten V ersuchsreihe wurde das Kohle
filter entfernt, urn den Wirkungsgrad des 
Schwebstoffilters allein zu priifen. Bei diesen 
Versuchen wurden jeweils 4 Schwebstoffilter 
hintereinandergeschaltet; dahinter wurde als 5. 
Filter noch ein Kohlefilter gesetzt, urn den 
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durch die Schwebstoffilter durchgehenden Jod
anteil zu erfassen. Bei der dritten Versuchs
reihe wurde umgekehrt wie bei der zweiten 
Versuchsreihe verfahren. Aus den Kombina
tionsfiltern wurden in diesem Fall die Schweb
stoffilter entfernt, urn die Abscheidung im 
Kohlefilter allein zu bestimmen. Es wurden 
jeweils 4 Kohlefilter hintereinandergeschaltet; 
dahinter befand sich ein Schwebstoffilter, urn 
den von den Kohlefiltern durchgelassenen Jod
anteil zu erfassen. 

Die spezifische 132J-Aktivitat der am l. Filter 
anstromenden Luft hing von dem Alter des 
Te-J-Praparates ab und variierte bei denVer
suchsreihen von 10-3 - 10-11 Cifm3, was einer 
Jod-Konzentration von 10-10

- 10-12 g/m3 in 
der Luft entspricht. 

Im fo1gendl!n sind die Ergebnisse der einzel
nen Versuchsreihen zusammengestellt. 

3 .1. Jodabscheidung in Schwebstoffiltem 

In Tabelle 1 ist die gemessene 132J-Aktivitat 
Al> A 2, A3, A4 des 1., 2., 3. und 4 .. Schwebstoff
filters im Verhaltnis zur gesamten 1

R
1J-Aktivitat 

Lo der angesaugten Luft angegeben, auBerdem 
ist das entsprechende Verhaltnis fiir das nach
geschaltete Kohlefilter angegeben. Das V er
hiiltnis A 1{Lo ist somit gleich dem Abscheide
wirkungsgrad fur ein einzelnes Schwebstoffilter. 
Die Zahlen sind Mittelwerte aus 5 Versuchen. 

Von der anstromenden 132J-Aktivitat der Luft 
werden also im Mittel im 

1. Schwebstoffilter 55% 
(Schwankungsbereich 28-76%) 

2. Schwebstoffilter 11% 
(Schwankungsbereich 7-14%) 

3. Schwebstoffilter 10% 
(Schwankungsbereich 5-21 %) 

4. Schwebstoffilter 6,5% 
(Schwankungsbereich 3-12%) 

zuriickgehalten. 
In Abb. 2 ist die Durchlassigkeit in Abhangig

keit von der Zahl der hintereinandergeschalteten 
Schwebstoffilter aufgetragen. Hinter dem 1. 

S-5 

S-4 

0,1~--J---~----L----L--~--~ 

0 1 2 3 4 5 
Fi/terzahl n 

ABB. 2. 132]-Durchlii.ssigkeit in Abhiingigkeit 
von der Zahl der hintereinandergeschalteten 

Schwebstoffilter. 

Tabelle 1. Relative m J-Aktivitiit A von 4 hintereinandergeschalteten Schwebstoffiltern und 
einem nachgeschalteten Kohlefilter (bezogen auf die Aktivitiit L 0 der angesaugten Lift vor 

der Filteranordnung) 

Schwebstoffilter Kohlefilter 

Al/Lo A 1/L0 Aa/Lo AJL0 A5/Lo 

0,546 0,108 0,103 0,065 0,147 
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Filter fallt die Durchlassigkeit annahernd expo
nentiell ab, wobei die Durchlassigkeitskurven 
bei allen Versuchen anniihernd parallel ver
laufen. Aus Abb. 2 folgt, daB im Hinblick auf 
die Filterung von Jod durch Schwebstoffilter 
2 Komponenten unterschieden werden konnen: 

( 1.) Eine gut filterbare Komponente, die 
praktisch vollstiindig im 1. Schweb
stoffilter zuriickgehalten wird. 

(2.) Eine schlecht filterbare Komponente, 
welcher der langsame exponentielle Ab
fall der Durchlassigkeitskurve hinter 
dem 1. Filter zuzuschreiben ist. Der 
Abscheidewirkungsgrad der Schweb
stoffilter fiir diese Komponente betragt 
im Mittel 26% (Schwankungsbereich 
1~31%). 

Eine Extrapolation der Durchlassigkeitskurven 
gegen n = 0 ergibt, daB auf die erste Kompo
nente im Mittel 40% (Schwankungsbereich 
15-70%), auf die 2. schlecht filterbare Kom
ponente im Mittel 60% (Schwankungsbereich 
30-85%) der Jodaktivitat in der angesaugten 
Luft entfallen. Da der Abscheidewirkungsgrad 
der Schwebstoffilter fiir Aerosole nahezu 100% 
betriigt, ist die gut filterbare Jodkomponente 
offensichtlich dem an Aerosolteilchen angela
gerten Jod zuzuschreiben. 

Aus Abb. 2 folgtjedoch, daB selbst 4 hinterein
andergeschaltete Schwebstoffilter noch im Mit
tel 18% (Schwankungsbereich 9-33%) der 
schlecht filterbarenjodkomponente durchlassen. 
Dieser Wert stimmt innerhalb der Feh1ergren
zen iiberein mit der relativen Jodaktivitiit auf 
dem nachgeschalteten Kohlefilter (vgl. Tab. I). 
Daraus folgt, daB es sich bei der durch Schweb
stoffilter schlecht filterbaren Jodkomponente 
vorwiegend urn gasformiges, an der Aktivkohle 
gut adsorbierbares Jod handelt. Andererseits 

zeigt dieses Ergebnis, daB Schwebstoffilter auch 
eine recht betriichtliche Abscheidefiihigkeit fiir 
gasfOrmiges Jod besitzen. Die Unterschiede in 
dem Abscheidewirkungsgrad bzw. der Durch
lassigkeit der 1. Schwebstoffilter werden offen
sichtlich durch die unterschiedlichen Anteile 
beider Jodkomponenten in der anstromenden 
Luft bei den einzelnen Versuchen verursacht. 

3.2. jodabscheidung in Aktivkohlefiltern 

In Tabelle 2 ist die gemessene 132J-Aktivitat 
A1 , A 2, A3, A, des 1., 2., 3. und 4. Kohlefilters 
im Verhaltnis zur gesamten 132J-Aktivitat Lo 
der angesaugteri Luft angegeben; die letzte 
Spalte zeigt das entsprechende Verhaltnis fiir 
das nachgeschaltete Schwebstoffilter. Das Ver
hiiltnis A 1/Lo gibt somit den Abscheidewirkungs
grad eines einzelnen Kohlefilters fur Radiojod 
ohne vorherige Schwebstoffilterung an. Die 
Zahlen sind Mittelwerte aus 6 Versuchen. 

Von der anstromenden 132]-Aktivitat der Luft 
werden also im Mittel im 

1. Kohlefilter 99,2% 
(Schwankungsbereich 98,():-99,97%) 

2. Koh1efilter 0,19% 
(Schwankungsbereich 0,004- 0,42%) 

3. Kohlefilter 0,14% 
(Schwankungsbereich 0,008- 0,34%) 

4. Kohlefilter 0,12% 
(Schwankungsbereich 0,004- 0,29%) 

zuriickgehalten. 
Abb. 3 zeigt die Jod-Durchliissigkeit in 

Abhiingigkeit von der Zahl der hintereinander
geschalteten Aktivkohlefilter. Wie bei den 
V ersuchen mit Schwebstoffiltern kann auch bier 
aus dem Kurvenverlauf auf die Existenz von 
2 J odkomponenten geschlossen werden, einer 
gut . filterbaren Komponente, die praktisch 
vollstiindig bereits im 1. Filter zuriickgehalten 

Tabelle 2. Relative mj-Aktiuitiit A von 4 hintereinandergeschalteten Aktivkohlefiltern und 
einem nachgeschalteten Schwebstoifilter (be zogen azif die Aktivitiit L 0 der angesaugten Luft) 

Kohlefilter Schwebstoffilter 

Al/Lo As/Lo Aa/Lo AJLo A6/Lo 

0,99185 0,00186 0,00137 0,00119 0,00350 
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ABB. 3. 132]-DurchHissigkeit in Abhii.ngigkeit 
von der Zahl der hintereinandergeschalteten 

Kohlefilter. 

wird, und einer demgegeniiber schlecht filter
baren Komponente, der der langsame exponen
tielle Abfall hinter dem 1. Filter zuzuschreiben 
ist. Der Abscheide~rkungsgrad eines einzelnen 
Kohlefilters fur letztere Komponente betragt im 
Mittel 24% (Schwankungsbereich 16-35%). 
Extrapoliert man auch hier wieder die Durch
lassigkeitskurve dieser Komponente gegen n = 0 
(s. Abb. 3), so ergibt sich ihr Anteil an der 
gesamten Jodaktivitat der anstromenden Luft 
vor dem I. Filter im Mittel zu l% (Schwan
kungsbereich 0,05-3%). Im Mittel entfallen 
also 99% der Jodaktivitat auf die gut filterbare 
Komponente (Schwankmigsbereich 97-99,9%). 

Bei der Deutung der gemessenen Durchlassig
keitskurven fiir die Aktivkohlefilter ist zu beriick
sichtigen, daB derartige Filter fur Aerosole-im 
Gegensatz zu den verwendeten Schwebstoff-

filtern-nur einen beg:renzten und von der 
Teilchengr6Be abhiingigen Wirkungsgrad ha
ben. Auf Grund der Erfahrungen tiber die 
Abscheidung von Aerosolen in Faser-, Poren
und Kornfiltern ist zu erwarten, daB in einem 
derartigen Kohlefilter sowohl der feindisperse 
Aerosolanteil durch Diffusion als auch der 
grobdisperse Aerosolanteil infolge der Massen
tragheit der Teilchen weitgehend zuriickgehal
ten werden und das Minimum der Abscheidung 
in dem dazwischen liegenden TeilchengroBen
bereich liegt. 

Daraus folgt fiir die Jodfilterung im Kohle
filter, daB die beobachtete gut filterbare Kompo
nente sich aus gasformigem, gut adsorbierbarem 
Jod-es handelt sich hierbei wahrscheinlich 
in erster Linie urn elementares Jod-und aus 
dem an das grab- bzw. feindisperse Aerosol 
angelagerten Jod zusammensetzt. Dement
sprechend enthalt die zweite, relativ schlecht 
filterbare Komponente das vorwiegend an das 
mitteldisperse Aerosol angelagerte Jod sowie 
gasformiges, aber an Aktivkohle schlecht ad
sorbierbares Jod (letzteres liegt wahrscheinlich 
vorwiegend in Form von Methyljodid vor). 

Die Ergebnisse vermogen auch bereits Auf
schluB dariiber zu geben, ob bei der zweiten, 
durch das Kohlefilter schlecht filterbaren Kom
ponente die gasfOrmige oder die Aerosolkom
ponente des Jods iiberwiegt. Ein Vergleich der 
von 4 hintereinandergeschalteten Kohlefiltern 
durchgelassenenJodaktivitat (Abb. 3) mit der im 
nachgeschalteten Schwebstoffilter abgeschie
denen Aktivitat (A 5/Lo in Tab. 2) zeigt, daB 
bei allen Versuchen diese W erte annahernd 
gleich sind. Betrachtet man z.B. die Mittel
werte, so betragt nach Abb. 3 die von 4 Kohle
filtern noch durchgelassene relative Aktivitat 
0,37% (Schwankungsbereich 0,013-0,95%) und 
nach Tab. 2 die relative Aktivitat des nach
geschalteten Schwebstoffilters 0,35% (Schwan
kungsbereich 0,01-0,98%). Aus dieser Uber
einstimmung folgt, daB die vom Kohlefilter 
schlecht zuriickgehaltene Jodkomponente, auf 
die im Mittel 1% der Jodaktivitat in der Luft 
entfallt, zum gr6Bten Teil am Aerosol angela
gert sein muB. 

3.3. jodabscheidung in Kombinations.filtern 

Es wurden sechs Versuche mit Kombinations
filtern ohne Jodvorbeladung und ein Versuch 
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mit Kombinationsfiltern, die vor Versuchs
beginn mit 20 g inaktivem Jod vorbeladen wor
den waren, durchgefiihrt. Bei allen Versuchen 
waren jeweils drei Kombinationsfilter hinterein
andergeschal tet. 

Aus den Versuchsergebnissen folgt, daB bei 
den vorliegenden Versuchsbedingungen die 
Durchliissigkeit eines einzelnen Kombinations
filters 0,002-0,2% betragt. Sie liegt im Mittel 
etwa eine GroBenordnung niedriger als die 
Durchlassigkeit des Kohlefilters (vgl. 3.2.). Dies 
ist auf Grund der Messungen bei den Kohle
filtern zu erwarten, aus denen hervorging, daB 
diese Filter fUr einen Teil der Schwebstoffkom
ponente relativ durchliissig sind. Bei dem Kom
binationsfilter wird dieser Anteil durch das 
vorgeschaltete Schwebstoffi.lter praktisch effek
tiv zuriickgehalten. 

Auffallend ist der relativ groBe Schwankungs
bereich der Durchlassigkeitswerte, der weder 
durch MeBfehler noch durch fabrikations
technisch bedingte Unterschiede der Filter 
verursacht wird. 

AufschluB tiber die Ursache ergibt die in Abb. 
4 dargestellte Abhiingigkeit der Durchlassigkeit 
von der Zahl der hintereinandergeschalteten 
Kombinationsfilter. Danach muB auch bei 
den Kombinationsfiltern wieder zwischen einer 
gut und schlecht filterbaren Komponente un
terschieden werden, wobei der Abscheidewir
kungsgrad fiir letztere Komponente bei allen 
Versuchen etwa gleich blieb und im Mittel 
43% (Schwankungsbereich 30-50%) betrug. 
Durch Extrapolation der Durchlassigkeitskurve 
fur diese 2. Komponente ergibt sich fiir n = 0 
der relative Aktivitatsanteil dieser Jodkom
ponente an der gesamten Jodaktivitat der 
angesaugten Luft. Dieser Anteil schwankt 
offensichtlich zwischen 0,005% und 0,4% und 
betragt im Mittel 0,08%. 

Daraus ergibt sich, daB die beobachteten 
Schwankungen der Durchlassigkeit des Kom
binationsfilters auf den unterschiedlichen Anteil 
der schlecht filterbaren J odkomponente in der 
anstromenden Luft bei den einzelnen Ver
suchen zuriickzufiihren sind. Nach Unter
suchungen von Eggleton et al., <19> Collins et 
al., <17> Adams et al., <18> Parker et al. <11> und 
Parsley et al. <12> handelt ·es sich bei dieser Kom
ponente wahrscheinlich urn gasfOrmiges Jod 
in Form von Aklyljodiden, und zwar vor-
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ABB. 4. 132J -Durchliissigkeit in Abhiingigkeit 
von der Zahl der hintereinandergeschalteten 

Kombinationsfil ter. 

wiegend urn Methyljodid. Im folgenden wird 
daher diese Komponente als Methyljodid 
bezeichnet. 

Untersuchungen von Collins et al. <3> sowie 
von Billard et al. <80

• 81> tiber die 131J-Durch
lassigkeit von Aktivkohle bei Jodkonzentra
tionen von 10-9 - 10-a gJ/m3 Luft lassen die 
Tendenz erkennen, daB die Durchlassigkeit mit 
zunehmender Jodkonzentration abnimmt. Die 
vorliegenden Messungen an Kombinations
filtern ergeben den gleichen Zusammenhang. 
Abb. 5 zeigt die aus den Messungen resultier
ende Abhiingigkeit der 182J-Durchlassigkeit des 1. 
Filters von der Filter- bzw. Luftaktivitat Lo. 

Letztere ist proportional der spezifischen 138J
Aktivitat der anstromenden Luft; unter den 
vorliegenden MeBbedingungen entspricht einer 
Luftaktivitat Lo von 108 ipm eine mittlere spe-
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ABn. 5. Abhiingigkeit der 13 2]-Durchliissigkeit 
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zifische 132J-Aktivitlit der Luft von 10-4 Cifm3 • 

Die vorliegenden Messungen erfassen somit 
einen Konzentrationsbereich von 10-a - 10-o 
Ci/m3 bzw. 10-1° - 10-u g Jodfm3 Luft. 

Aus Abb. 5 geht hervor, daB in diesem Bereich 
die J-Durchlassigkeit des Kombinationsfilters 
umgekehrt proportional der Jodkonzentration 
in der Luft ist. Dieser Zusammenhang wird 
nicht durch eine Anderung der Filtereigenschaf
ten mit der Jodkonzentration verursacht. Die 
mit Hilfe der angewandten Mehrfiltermethode 
mogliche Analyse der Durchllissigkeitskurven 
(Abb. 4) zeigt vielmehr eindeutig, daB die 
Konzentration der schlecht filterbaren Methyl
jodid-Komponente umgekehrt proportional mit 
der Jodkonzentration der Luft abnimmt. 

Eine Vorbeladung der Kombinationsfilter 
mit 20 g inaktivem Jod hatte keinen erkenn
baren Einfl.uB auf die Durchlassigkeit fiir 
Radiojod. Aus Abb. 5 geht hervor, daB die 
in diesem Fall gemessene Durchlassigkeit von 
0,02% mit dem fiir unbeladene Filter zu erwar
tenden Wert iibereinstimmt. Eine Abnahme 

der Filterwirksamkeit infolge Erschopfung des 
Aktivkohlefilters tritt daher offensichtlich erst 
bei Jodmengen ein, die weit oberhalb der fiir 
den beabsichtigten Verwendungszweck des Re
aktorfl.uchtgerlits in Frage kommenden Jodkon
zentrationen liegen. 

4. SCHLUSSFOLGERUNGEN 

Aus den durchgefiihrten Untersuchungen 
tiber die Abscheidung von Radiojod in den 
Atemfiltern ergeben sich zusammenfassend 
nachstehende SchluBfolgerungen: 

l. Hinsichtlich der Abscheidung des Radio
jods konnen auf Grund der vorliegenden Ver
suche folgende Komponenten unterschieden 
werden: 

(a) Gasformiges Jod, das von Aktivkohle gut 
adsorbiert wird; hierbei diirfte es sich 
vorwiegend urn elementaresjod handeln. 

(b) Jod, das vom Schwebstoffilter des Atem
filters effektiv zuriickgehalten wird; hier
bei handelt es sich urn an Aerosolteilchen 
angelagertes J od. 

(c) Jod, das weder im Schwebstoff- noch im 
Aktivkohlefilter gut zuriickgehalten wird; 
bei dieser Komponente liegt das Jod gas
fdrmig, und zwar wahrscheinlich in 
Form von organischen Jodverbindungen, 
hauptslichlich als Methyljodid, vor. 

2. Die zur Priifung der Wirksamkeit der 
Filter fiir Radiojod angewandte Mehrfilter
methode ermoglicht in einfacher Weise die 
Trennung dieser Komponenten und die Bestim
mung ihrer relativen Anteile in der zu filternden 
Luft. Bei den vorliegenden Versuchsbedingun
gen entfielen von der Jodaktivitlit in der anstr6-
menden Luft im Mittel etwa 60% auf elemen
tares Jod, etwa 40% auf das am Aerosol 
gebundene Jod und nur etwa 0,1% auf die 
Methyljodidkomponente. 

3. Das Schwebstoffilter des Atemfilters halt 
das am Aerosol angelagerte J od vollstlindig zu-

. rUck, wahrend sein Abscheidewirkungsgrad fiir 
elementares Jod im Mittel nur 26% (Schwan
kungsbereich 16-31 %) betrligt. Der hindurch
gehende Restanteil des elementaren Jods wird 
im nachgeschalteten Aktivkohlefilter vollstandig 
zuriickgehalten. Das Atemfilter ist- somit ein 
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sehr effektives Filter sowohl fiir elementares 
Jod als auch fiir das am Aerosol angelagerte Jod. 
Die Verteilung der Aktivitat auf das Schweb
stoff- und Kohlefilter hangt von den Anteilen 
beider Komponenten in der austromenden Luft 
ab. Unter Beriicksichtigung der oben angege
benen mittleren Anteile wird im Schwebstoff
filter etwa 55% und im Kohlefilter etwa 45% 
der Aktivitat zuruckgehalten. 

4. Der Abscheidewirkungsgrad des Atem
filters fiir die Methyljodidkomponente betragt 
im Mittel 43% (Schwankungsbereich 30-50%). 
Die Durchlassigkeit des Atetnfi.lters fiir Radiojod 
wird daher nahezu ausschlieBlich durch den 
Anteil der Methyljodidkomponente in der an
stromenden Luft bestimmt. Dieser Anteil nahm 
unter den vorliegenden Versuchsbedingungen 
umgekehrt proportional der Jodkonzentration 
in der Luft ab. Er betrug bei einer spezifischen 
138J-Aktivitat der Luft von 10--5 Ci/m3 etwa 
0,3%, bei 10-3 Cifm3 etwa 0,003%. Dement
sprechend sank die Joddurchlassigkeit des Atem
filters von etwa 0,2% bei 10-5 Cifm3 auf etwa 
0,002% bei l0-3 Ci/m3 ab. 

5. Eine Vorbeladung des Atemfilters mit 20 g 
inaktivem Jod hatte keine Anderung der Durch
lassigkeit fur Radiojod zur Folge. 

6. Die Versuche wurden bei einer relativen 
Luftfeuchtigkeit von 35-45% durchgefiihrt; 
bei 90% Feuchte ist mit einer Erh6hung der 
Joddurchlassigkeit um etwa den Faktor 3 zu 
rechnen (vgl.<20 • 21l), die in erster Linie durch 
die Zunahme des Anteils der Methyljodidkom
ponente in der Luft mit steigender Feuchte 
bedingt ist. 

Die Ergebnisse zeigen, daB das vorliegende 
Atemfilter fur die Methyljodidkomponente 
weitgehend durchlassig ist. Nach AbschluB 
dieser Messungen veroffentlichte Untersuchun
gen von Collins<22l sowie am Oak Ridge Na
tional Laboratory<23 l haben ergeben, daB die 
Durchliissigkeit von Aktivkohle fiir Methyljo
did durch geeignete Impragnierung, z.B. mit 
inaktivem Jod, Brom, einigen Jod- bzw. Brom
salzen sowie mit Triii.thylendiamen aufunter 1% 
reduziert werden kann. Bei dem beschriebenen 
Atemfiltergerat ist eine entsprechende Imprag
nierung der Aktivkohle beabsichtigt, da die 
jetzige Impragnierung mit Schwermetallen 
offensichtlich ohne EinfluB auf die Methyl
jodidkomponente ist. 
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A HOSPITAL RADIUM ACCIDENT 

OLE BERG, KNUD KRISTENSEN, P. GRANDE and C. B. MADSEN 

The Radiation Hygiene Laboratory, The National Health Service, Copenhagen, 
and Radiophysical Laboratory, Radium Center, Arhus, Denmark 

Abstract-Uncontrolled spread of radium from a damaged radium tube resulted in extensive 
building contamination. There was no serious contamination of personnel. Decontamination 
work and the measurement of internal contamination of personnel is described. 

ON THE 24th of November 1964, damage was 
discovered to one of the tubes in the radium 
safe in the Radiumstation's operating theatre in 
Arhus. The Radiophysica1 Laboratory estab
lished that there was a hole in one end of the 
tube and that the inner cell containing the 
radium sulphate powder had disappeared. 
Measurements showed contamination in the 
room containing the combined radium safe 
and radium bench, indicating that the missing 
cell was not in tact. 

The accident was assumed to have happened 
on 20th ofNovember, 4 days before its discovery, 
since the type of tube concerned was last used 
on that day, though it cannot be completely 
excluded that it happened even earlier. 

The damaged 10 mg radium tube was of the 
type RAC9, manufactured by the Radiochemi
cal Centre, Amersham. This type is designed 
for calibration purposes and is not so strongly 
made as those normally used for clinical purposes. 

The tube was sent to the Radiochemical 
Centre for examination and it appears from 
the metallurgical laboratory's report that the 
tube had no manufacturing faults and that the 
most probable cause of failure was that the tube 
had suffered mechanical damage such as a 
blow or by bending. 

It has not been possible to explain satisfac
torily how the damage could have happened, 
but the possibility cannot be entirely excluded 
that the tube was cut open in the radium safe 
as the drawer containing it was moved in or out. 

and from the Radiation Hygiene Laboratory. 
Measurements were made with a portable 
battery-powered a-monitor and a gamma scin
tillation monitor. 

Measurable contamination was confined to 
the surgical department and to the hospital 
laundry, where it was probably carried in 
cloths used for wiping down the radium bench 
before the accident was discovered. 

In the surgical department, the radium room 
was highly contaminated. The greatest activity 
was measured on the radium bench around 
the part of the safe where the leaky tube had 
been kept. The contamination level of the floor 
in the radium room which, like the rest of 
the department, is terrazzo-covered, was 
higher than 10-4 p.Cifcm2, the limit of per
missible a-contamination (MPL) in an "active 
area" according to British recommendations 
(1957). 

Floor contamination was measured over all 
the actual walking space in the department, 
but nowhere else was it more than 10-4 p.Cifcm2• 

Besides the floor, there was detectable con
tamination of porous surfaces, such as the joints 
between wall tiles. The rubber soles of the 
staff's wooden shoes were also found to be 
contaminated. 

In the laundry, the waste ducts of the two 
laundering units were contaminated. The sides 
and bottoms of these ducts had a calcareous 
deposit (from the washing water) in which 
appreciable quantities of activity had been 
found (estimated quantity about 1.5 mg). 

EXTENT OF CONTAMINATION Among the finished articles on the laundry 
Mapping of the contamination was done shelves there was a pile of hand towels with 

by personnel from the Radiophysical Laboratory, measurable but insignificant activity. A bag 
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of unwashed articles from the surgical depart
ment was also weakly contaminated. 

The staff of the surgical department and the 
laundry sorting departments were examined 
for surface contamination with an a.-monitor 
the day after the discovery of the accident. Of 
the first group, all but one had contaminated 
fingers, but none exceeded the maximum per
missible level for "parts of the body", i.e. l 0-5 

/LCifcm2 according to the British recommenda
tions ( 195 7). (1) There was no sign of contami
nation among the laundry staff. 

None of the clothes and personal effects of 
the surgical department and laundry staff were 
found contaminated. 

A rough estimate of the amount of activity 
found by the contamination survey can be 
given as follows : 

Table 1. 

Place 

Laundry drainage ducts 
Remainder in tube 
Wall and floor in radium tooni 
Radium safe and bench 
Floor of rest of surgical dept. 

Total found 

Estimated 
amount ofRa 

(mg) 

1·5 
l 
0·25 
0·2 
0·05 

3mg 

When evaluating the amount of radium on 
contaminated surfaces it was assumed that one 
half of the radon had escaped. 

This corresponds to about 30% of the original 
activity. Most of the missing 70% presumably 
has gone out through the laundry sewer, as 
indicated by the large quantity found in the 
waste ducts. The radium cell, which was never 
found, may have been picked up in a cleaning 
cloth and carried to the laundry with much of 
its original contents. This would explain the 
comparatively small contamination of places 
apart from the radium room. 

After the mapping out of the contamination, 
it was necessary to prevent its further spread 
and to check the surgical department staff for 

. internal contamination. These operations were 

carried out by the Radiophysical Laboratory 
and the Radiation Hygiene Laboratory re
spectively. 

DECONTAMINATION 

Decontamination of the laundry drainage 
ducts was begun the day after the discovery. 
The ducts were filled with 0 · l N sodium hy
droxide containing 1% EDT A-3 N a. The 
solution remained for 15 hr, after which the 
ducts were rinsed out. Mter this there was no 
detectable a.-activity. 

The decontamination of the radium safe and 
room proceeded as follows: All radium appli
ances were cleaned with a mixture of nitric and 
sulphuric acids and taken to another safe. The 
safe and all walls and furniture were covered 
with a layer of plastic strip-coat. When dry, 
this was stripped off and removed 90% of 
the activity with it. The safe needed several 
applications and the drawers had to be removed 
for cleaning. Rubber gloves, face masks and 
special overalls were used in the b.eginning but 
precautions were relaxed as the contamination 
was reduced. A few parts of the safe could not 
be sufficiently cleaned in this way so the paint 
had to be dissolved and scraped off. 

While the walls and safe were being cleaned 
the floor was covered with thick plastic sheeting. 
The cleaning of the floor was left to the end so 
as not to recontaminate it while the other parts 
of the room were being cleaned. From the 
experience with the walls, it had been hoped 
that the strip-coat would remove the activity 

. from the floor, but it was soon apparent that the 
method would not work on terrazzo, so the 
surface had to be ground off, using wet grinding 
to avoid dust. Afterwards the room and safe 
were painted. 

The lower contamination in the corridor 
outside the radium room was removed by similar 
methods. 

During decontamination the activity was 
followed with an a-monitor. When all was 
finished in January 1965, the average surface 
contamination was 5% of the MPL. 

The activity has decreased continuously 
throughout 1965, presumably because· of daily 
cleaning. After 20 months only a few places 
with uneven surfaces showed activity approxi
mately 2% of the MPL. 
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All waste was collected in bags and buried 
in a deep hole on the hospital grounds. 

CONTROL OF INTERNAL CONTAMINA

TION OF PERSONNEL 

Urine samples collected from the surgical 
department staff during the first week after the 
discovery showed definite signs of activity in 
8 of 13 persons. More samples were taken 8 
weeks later, this time also from the Radio
physical Laboratory, but no more cases were 
discovered. Urine measurements were chosen for 
sorting the exposed personnel because this was 
a simple and sufficiently sensitive method. 

The two apparently most contaminated per
sons were further examined by whole-body, 
faeces and urine sample counting 2, 6, 12 and 
19 months after the accident. At the time of the 
12 months whole-body count, exhaled radon-222 
was measured, with a view to determining accu
rately 226Ra body burden. 

Methods: 

Urine Sample Measurements 

12-hour urine samples were collected away 
from the premises in polythene bottles con
taining 10 ml of 10% nitric acid. A longer col
lection time might have been desirable and 
was in fact used for the three latest measure
ments, but would have entailed collection at the 
hospital, with possible contamination of the 
samples. A method given by Harley in a WHO
report<2> was used. Two independent analyses 
of each sample were made. 10 mg of barium
carrier were added and samples were counted 
in a windowless flow counter with a background 
ofabout0·2 cpm. Counting efficiency was 82% 
as determined by a standard radium solution 
(IAEA, Vienna). Radium was identified by 
counting samples at different intervals after 

preparation and thereby noting the increase of 
daughter products. 

Faeces Sample Measurements 

About 30 g from a 24 hr faeces sample was 
ashed by a combination of wet combustion and 
incineration at 900°0. The ash was then treated 
with hydrofluoric acid and dissolved in con
centrated sulphuric acid. 20 mg of barium
carrier were used. 

Whole Body Measurements 

Whole body measurements of the y-emission 
from Ra-G (mBi) were used to determine that 
part of the body 228Ra content, which is in 
equilibrium with the retained 222Rn. The total 
body burden is obtained by adding that quan
tity of 226Ra, which is in physical equilibrium 
with the exhaled 222Rn. 

Whole body measurements were made at 
Lund University with a 8 X 4 in. sodium 
iodide crystal in both scanning .bed and chair 
arrangements. <3> 

Determination of exhaled radon was made at 
Statens stralskyddsinstitutt Stockholm. <4> 

RESULTS 

The results of the urine measurements for the 
two persons (P. and M.) who were followed 
further are given in Table 2. 

It should be emphasized that the figures refer 
only to amounts excreted in 24 hr and that the 
relevant metabolic periods can differ from 24 hr. 
The actual uncertainty is therefore greater than 
that given in the table, which only includes 
counting errors. Faeces results are given in 
Table 3. 

None of the results indicated contamination 
during collection or preparation. 

There are few reports on excretion of radium 

Table 2. Urinary ExcretWn, pCi mRa/24 hr 

Time after 
accident, months 0·3 1 6 11 12 20 

P. 9·5 ± 1·0 2·4 ± 0·3 1·4 ± 0·1 0·3 ± 0·1 0·4 ± 0·1 0·3 ± 0·1 
M. 7·4 ± 0·5 1·2±0·1 0·5 ± 0·1 <0·1 0·3 ± 0·1 0·4±0·1 
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Table 3. Faecal Excretion, pCi 228Raf24 hr 

Time after 
11 

accident, months 

P. 20 ± 2 
M. 1 ± 1 

in urine after intake of radium sulphate. 
Marinelli <•> has followed a few cases but gives 
little information specifically on urinary excre
tion. On the other hand, Norris el al. <6 > have 
good information on radium chloride. Basing 
our calculations on this work, P. and M. 
should have body burdens 2 months after the 
accident of about 20 and 8 nCi respectively 
(MPBB = 100 nCi). This first estimate of 
internal contamination should, of course, be 
taken with all possible reservations. 

Whole body measurements were made on 
P. and M. at Lund University after 2, 6, 12 and 
19 months. A third person from the staff with a 
small radium excretion in urine compared with 
P and M. was also measured on the first occa
sion. The values found are given in Table 4. 

The values for l month and 6 months were 
obtained from measurements using chair geo
metry which is more sensitive to an inhomo
genous distribution of 214Bi in the body than 
the more accurate scanning-bed geometry used 
in the two last measurements. 

Exhaled Radon 

_ Determination of radon exhaled by P. and M. 
was made after 12 months. The calculated 
amount of 226Ra in physical equilibrium with 
the observed rate of exhaled 122Rn, was for P. 
4·3 ± 1·1 nCiandforM. 2·7 ± 1·1 nCi. 

12 20 

3 ± 1 10 ± 2 
3 ± 1 4 ± 1 

Total Body Burden 

From the whole body measurements 12 
months after the accident and exhaled radon 
measurements, the total body burdens of 226Ra 
ofP. and M. can be determined as: · 

1 year after the accident 

P.: 8·4 + 4·3 = 12·7 ,_, 13 nCi (± 2 nCi) 
M.:2·1 +2·7 = 4·8,_, 5nCi(±2nCi) 

From these figures the retention of 222Rn 
can be calculated to be P.: 66 + 13% and 
M.: 44 + 27%. 

DISCUSSION 

The retention values found for 222Rn · are 
relatively high compared with _the figure of 30% 
normally used. This might be due to external 
contamination contributing to the whole body 
measurement, but Marinelli <5> has also found 
comparable values in some cases of RaSO' 
inhalation. 

Figure 1 shows results from case P. Total 
body burden is calculated from a Rn retention 
value of66%. The function described by Norris 
et al. <6> is given for comparison and a rather good · 
agreement is found. 

The urinary excretion rate is also given in the 
figure. We found a slower urinary excretion 
rate than Norris. This may easily be explained 
by RaS04 being a very inso1~ble compound. 

Table 4. Body Content, nCi 214Bi 

Time after 
1 6 12 19 

accident, months 

P. 18 10·6 8·4 ± 1·0 4·4 ± 1·0 
M; 4·6 '3·4 ·2:1 ± 1·0 1·1 ± 1·0 
R. 3 (not measured) 

. ·~·- ·- -
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FIG. I. 228Ra body burden and urinary 
excretion rate (case P). 

Unfortunately faeces samples were not obtained 
until the last three measurements, so no con
clusion could be drawn about what percentage 
of the total excretion was represented by the 
urine measurements. 

CONCLUSION 

1. From the available measurements it can 
safely be concluded that none of the 20 persons 
investigated after the accident has acquired a 
lasting 218Ra body burden of more than one-tenth 

of the maximum permissible according to the 
ICRP, i.e. 0 ·I ,.,.ci. 

2. The accident shows how important it is 
for a radium clinic to have some system of 
control that can detect leaky radium appli
ances in time. A simple and inexpensive solu
tion is the daily use of a reliable handy a

monitor with low {3- and y-sensitivity. 
In Denmark, as a direct result of the accident 

just described, the Radiation Hygiene Labora
tory has now ordered all users of radium to make 
such a daily check. 
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FAILURE OF RADIUM NEEDLE LEAK TESTING 

PROCEDURES 

E.W.MASON 

Argonne Cancer Research Hospital,* Chicago, Illinois 

and M. L. ROZENFELD 

Department of Radiology and Argonne Cancer Research Hospital,* University of Chicago, 
Illinois (U.S.A.) 

Abstract-The extreme personnel health hazard due to radium contamination associated 
with the use of radium needles and tubes in the medical profession was recognized several 
decades ago. Chief among the concerns was, and remains, the need to detect those needles 
which are likely to leak radium. The most widely used procedures rely on the collection of 
radon gas, a daughter product of radium, which emanates from openings too small for radium 
salt to pass through. Such tests are frequently required by law at six-month intervals. Results 
of such tests can be misleading unless the exposure of the needles or tubes to liquids is known. 
Liquids which are likely to have been in contact with radium needles and tubes include 
washing and sterilizing solutions. In this paper, long term observations of radon leak rate 
modification by liquids are presented for about a dozen radium needles and tubes. Other 
methods for predicting needle and tube failure are discussed including subjection to elevated 
temperatures under controlled conditions. 

* Operated by the University of Chicago for the United States Atomic Energy Commission. 
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RADIATION SAFETY HAZARD OF CHLORMERODRIN 

PHILIP C. JOHNSON, LEO WADE 

Radioisotope Department, Methodist Hospital, and Department of Medicine, 
Baylor University College of Medicine, Texas Medical Center, Houston, Texas 77025 

and 0. L. PIRTLE 

Hastings Radiochemical Works, Highway 35, Houston, Texas 

Abstract-Elemental mercury is a well known occupational hazard which vaporizes slowly at 
room temperature permitting inhalation of toxic quantities. Not usually appreciated is the· 
tendency of organic compounds containing radioactive mercury to release mercury vapor in 
amounts large enough to cause significant radioactive contamination of laboratory areas and 
to pose a possible radiation hazard to employees working in these areas. This is a particular 
hazard in medical radioisotope laboratories where chlormerodrin, ~ 08 Hg, is used in large 
quantities for scanning of the brain and kidneys. 

At room temperatures, release of mercury occurs continuously from commercial solutions of 
radioactive chlormerodrin prepared for human use. While the release rate is variable from 
bottle to bottle, we have found multi-injection bottles containing 5-15 mCi of chlormerodrin 
which release, even before the top has been punctured by a needle, 22.5 P.ILCi 208Hg/24 hr. 
Release was measured by placing a beaker of trichloracetic acid into a closed jar containing a 
vial of radioactive chlormerodrin. Release of mercury vapor could be increased by alkalinization. 
Vaporization was decreased by acidification and the addition of weak protein solutions to the 
bottle of chlormerodrin. Areas in which this compound are used or prepared show significant 
contamination with mercury not only in areas accessible to liquid spillage but also in exhaust 
ducts and on ceilings. 

Because of its long half-time, progressive build-up of 208Hg was found to occur in our 
radioisotope laboratory. This occurs particularly on containers used to store chlormerodrin 
bottles and in the storage hood. The high absorption of mercury into glassware sets the stage 
for later release of mercury from bottles during storage for radioactive decay. The methods we 
developed for controlling this hazard will be discussed. 

IN A recent discussion of the properties of 208Hg 
labeled Chlormerodrin, it was suggested by one 
of us that the use of this compound might result 
in the contamination of radioisotope laboratories 

this explains our finding radioactive mercury 
as a contaminant on the outside of bottles 
containing millicurie amounts of Chlormerodrin. 

because of the ease with which elemental mer- METHOD 

cury and certain mercury compounds vaporize In this study bottles of 203Hg Chlormerodrin 
if exposed to the atmosphere.<l-8> We thought were used as soon as they were delivered. With 
it might be advisable to determine whether the exception of one local company, these 
808Hg Chlormerodrin would volatize and bottles were sent by air express, leaving the 
whether tliis could result in a radiation health manufacturing plant about 18 hours before 
hazard. This seemed particularly pertinent being tested. Chlormerodrin from various 
because of the long physical half-life of 203Hg United States suppliers was used. Several ofth~ 
and because of the long biological half-lives of studies were done using Chlormerodrin ob
mercury compounds. tained from firm A because their bottles had the 

Our investigation showed that pharmaceutic- highest amount of contamination and because 
ally prepared solutions of 208Hg Chlormerodrin they were our primary supplier of Chlormero
do volatize at room temperature. We believe drin at the time of these tests. In addition, the 
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Chlormerodrin bottles of firms B, C, D, and E 
were used. Hereafter, each company product 
will be referred to by these letters to indicate 
common origin of some of the samples. 

Each Chlormerodrin stock bottle was removed 
from the outer cardboard protective container 
and was immediately placed in a 400-ml glass 
beaker which contained an open-topped glass 
vial into which 1 rnl of 15% trichloracetic acid 
solution had been pipetted. The beaker was 
sealed with Parafilm M* and masking tape. 
The beaker remained at room temperature in 
subdued light or darkness. After 24 hr, 0.5 ml 
of the trichloracetic acid solution was removed 
and its gamma activity was determined in a 
scintillation well counter by its pulse height 
analyzer. Enough counts were accumulated 
to obtain a 5% average statistical counting 
error. 208Hg was proved to be the only con
taminant by the use of spectrum analysis with a 
400-channel analyzer and by the estimation of 
the rate of decay. In the laboratory in which 
these studies were performed, 181J is the only 
other radioisotope which is used in large enough 
quantities to make it a potential contaminant. 

Another phase of the study consisted of 

* Marathon Division, American Can Company, 
Neenah, Wisconsin. 

testing the effect of pH on the release of 208Hg 
from Chlormerodrin. One-millicurie amounts 
of 203Hg Chlormerodrin (A) were injected into 
each of three 30-rnl, multi-injection, rubber
stoppered vials (sodium chloride iqjection, 
U.S.P.-Cutter Labs., Berkeley, Calif.). The 
pH of the normal saline had been adjusted with 
NaOH and HOI to pH 2, 7, and 10. These 
bottles were placed in 400-rnl beakers with 
vials of TCA solution in the manner already 
described. After 24 hr the gamma activity of 
the TCA solution was determined. 

RESULTS 

Table 1 shows the mercury contamination 
found from the bottles obtained from the various 
suppliers of radioactive pharmaceuticals. Each 
determination represents a separate shipment. 
This table also contains the results obtained 
during a period between February and June 
1966. 

During that time, two of the suppliers learned 
of our study and we discussed the amounts of 
contamination with them. Evidently the con
tamination is difficult to remove since both 
suppliers continued to have mercury contami
nation on the outside of their bottles four months 
later. One supplier (B) furnished us a single 
shipment of2°8Hg Chlormerodrin which did not 

Table l. 

Supplier 

A 
A 
A 
B 

A 
E 
D 
c 

B 

A 

B 

mCi in stock bottle 

5.15 

10.30 
5.15 
3.00 
5.15 

15.00 
5.00 
5.00 

4 months later 

5.00 
5.00 

5 months later 

5.00 

% trapped X 106 

46.8 
22.4 
17.3 
12.2 
9.2 
0.2 
0.1 
0.1 

8.7 
13.5 

0.1 
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contain contamination. Mter questioning this 
supplier, we learned that these bottles had been 
washed with acid prior to shipment. 

To determine if acid washing the bottles was a 
practical way to prevent this problem, one of 
two bottles which were received at the same time 
from a single manufacturer was washed with 0.1 
N HOI. Both bottles had been shipped by air 
express in the same cardboard container. Bottle 
I was placed in a beaker as it was received from 
the manufacturer. Bottle 2 was immersed once 
in 0.1 N HCl and placed in a separate beaker. 
The trichloracetic acid placed in the beaker 
with bottle 1 contained 455 mp.Ci. The trichlor
acetic acid placed in the beaker with bottle 2 
contained 5 mp.Ci of 208Hg, and the wash water 
from the bottle contained 625 mp.Ci of aoaHg. 
This was good evidence that most of the con
tamination existed on the outside of the bottle 
since these bottles had never been opened. 

The results of the effect of pH on the release 
of 208Hg from Chlormerodrin are shown in 
Table 2. 

Table 2. 

pH % X 10~ 

7 0.12 
2 0.07 

10 0.43 

The highest amount of mercury was released 
at a pH of 10. Neohydrin is known to be 
soluble in alkali and stable at pH 10. <4> There
fore the released radioactive mercury is probably 
not Chlormerodrin but elemental mercury. The 
release of 208Hg from these bottles would indicate 
that the release of mercury vapor is not pre
vented by the rubber stopper of the multi
injection vials used here. 

DISCUSSION 

It has been known since antiquity that mer
cury compounds vaporize producing industrial 
poisonings. <6> Both elemental mercury and 
mercuric chloride are known to vaporize slowly 
at room temperatures. Mercurous chloride, 
in the presence of light, will be converted to 

J,R,P. VOL. ll~CC 

mercuric chloride and elemental mercury. Thus, 
all valence states of mercury are potentially vola
tile. <2> We have found no literature evidence 
that Chlormerodrin will volatize at room tem
perature. Radioactive neohydrin has been 
reported to be stable up to 60 days. <4> However, 
the study which reported this was not designed 
to detect the small amounts of volatilization 
found here. It has been our experience that alkali 
added to Chlormerodrin will at times produce a 
black precipitate characteristic of elemental mer
cury. <8 > Commercial preparation of radioactive 
Chlormerodrin consists of refluxing mercuric 
acetate, sodium acetate, and allyurea in a 
methanol solution. The addition of sodium 
chloride causes the precipitation of the Chlor
merodrin. An alternate route of production 
might be by an isotope exchange method. Both 
techniques are ordinarily followed by chroma
tography to produce a pure Chlormerodrin. 
It is likely that the manufacturing process 
eliminates free mercury from the final product. 
However, during each of these steps volatiliza
tion of the radioactive mercury is potentially 
possible. This might result in contamination 
of the equipment, bottles, etc. in the near 
vicinity. 

The results of the study reported here suggest 
that solutions of Chlormerodrin release mercury 
vapors in small amounts. This was ·shown by 
the presence of mercury in the trichloracetic 
acid solution when it was placed in a beaker 
which also contained a rubber stoppered con
tainer in which a dilute solution of chlormero
drin had been placed. It would seem that the 
mercury vapor is capable of passing around the 
rubber stopper and into the air contained within 
the beaker. Volatilization during shipment 
with subsequent contamination of the bottle 
would explain the results obtained here. It is 
possible that the bottles were shipped by the 
manufacturer without contamination. 

Thus it is not surprising that bottles containing 
radioactive Chlormerodrin are contaminated 
with mercury on the outside surface when they 
are received from the manufacturer. We have 
found some degree of contamination on the 
bottles of all suppliers tested. The degree of 
contamination is greater with some suppliers 
than with others which may relate to the volume 
of Chlormerodrin produced by each and to 
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differences in manufacturing techniques. The 
long half-life of 208Hg makes it probable that 
manufacturers store the Chlormerodrin for 
periods prior to shipment. During this time 
cross contamination among bottles could occur. 

Acid washing of the outside of these bottles 
seems to be an adequate method for removing 
most of this surface contamination. It does not 
prevent further volatilization of the mercury, 
however, and the results show that prolonged 
storage of Chlormerodrin would probably result 
in further release of radioactive mercury vapors. 

The amounts of mercury contamination found 
in our tests are not very great and probably do 
not present a radiation health hazard by them
selves. However, the long half-life of 2°3Hg 
would allow gradually increasing levels to 
accumulate in the laboratory. The released 
mercury vapor is in constant equilibrium with 
the air breathed by the personnel allowing 
continuous inhalation of radioactive mercury. 
Even though large amounts of 908Hg have been 
used in this laboratory over the past two years, 
no personnel have been found who have detect-

able amounts of 208Hg in their urine or in the 
kidney area. Thus to date, this has not proven 
to be a radiation safety· hazard to our personnel. 

SUMMARY 

I. Chlormerodrin manufactured with 208Hg 
volatilizes in the concentrations used by pharma
ceutical manufacturers. 

2. This tendency to volatize causes contami
nation of the outside of containers even though 
these containers are sealed. 

3. Acid washing of the bottles removes much 
of this contamination. 
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NEW TECHNIQUE FOR FULL RADIATION PROTECTION 

OF PERSONNEL IN TELECOBALT TREATMENTS 

L.BOZ6KY 

National Institute for Oncology, Budapest, Hungary 

Abstract-The construction of a special cobalt unit designed for moving field therapy is 
described. The most important characteristic of the apparatus is that when switched off, at 
any point of the treatment head as well as the surrounding area, only natural background 
radiation is measurable. The apparatus can be safely operated even in the absence of electric 
current. Some results of the radiation protection measurements are discussed. 

RADIATION protection in telecobalt treatment 
units, as in other fields, has undergone steady 
improvement. In the years 1930-40 physicians 
·and radiographers were exposed to a significant 
whole body irradiation through the lead shields 
of X-ray tubes. Later, in order to reduce expo
sures, voltage was reduced between consecutive 
treatments, and today the X-ray apparatus is 
switched off during the adjustment of the 
patient. Therefore, the medical staff is not 
·exposed to any radiation hazard at all. 

With cobalt units, switching off the gamma
rays, like X-rays are switched off, is out of the 
question. Here attempts were made to keep 
down the intensities of exposure which some
times reached multiples of 100 mRfhr by 
expensive improvements of the absorption of the 
shielding. The situation was aggravated by 
·new cobalt units of greatly increased activity 
being put into operation. 

With the cobalt units in general use the person 
dealing with the patient is exposed at an average 
distance of 1 m from the source to a whole body 
irradiation by the gamma-rays passing through 
the shielding. In addition, during the adjust
ment of the patient, hands and head are sub
jected to an exposure depending on the surface 
dose rate of the treatment head. International 
recommendations suggest average intensities of 
exposure at 1 m distance to be not more than 
2 mRfhr, and for the surface not more than 
10 mRfhr. It is, however, very difficult to keep 
to these levels and many treatment units fail 
to comply with these requirements. 

In our Institute, work on the development 
of the best practical radiation protection sys
tems has been going on for some thirty years. 
Following this tradition, we have endevoured 
to design a telecobalt unit which, similarly to an 
X-ray apparatus when switched off, gives the 
staff perfect radiation protection, and also pro
vides improved radiation protection for the 
patient. 

The first part of the problem was solved by the 
construction of the Gravicert equipment for 
fixed-field irradiations. <1•

8> The apparatus was 
described at the IXth International Congress 
of Radiology in Munich in 1959. <4> In this 
paper we wish to discuss an improved version 
of the Gravicert system designed for moving 
field irradiation. It is a recently finished new 
design which we have called the Rotacert. <6> 

The most important characteristic of the 
apparatus is that when switched off, at any 
point of the treatment head as well as in the 
surrounding area where the physician and 
radiographer are working only natural back
ground radiation is measurable. The equipment 
offers full protection since when treatment has 
been finished, the radiation source goes auto
matically to the store in the wall. The lead, 
iron and concrete shielding permits a reduction 
of the intensity by 8 to 9 orders of magnitude 
by a most simple and relatively inexpensive 
means. As a consequence, when. dimensioning 
the treatment head, only the radiation protection 
of the patient needs consideration. Due to the 
scattered radiation of the beam directed to the 
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patient, whole body irradiation is unavoidable, 
therefore to aim at maximum radiation pro
tection by the shielding of the treatment head 
is unnecessary. As a rule, a reduction of the 
intensity in a ratio of 5000 to 1 is quite sufficient. 

The cross-section of the apparatus is shown 
diagrammatically in Fig. 1. The treatment head 
is connected to the wall-store through a steel 
tube in which the capsule containing the radia
tion source slides between the treatment head 
and the store. To provide radiation protection 
for the patient, this steel tube is surrounded by an 
eccentrically located lead shield. Treatment 
head, wall-store and connecting steel tube form 
a single, rigid unit attached to a steel drum of 
150 em diameter. The drum is fitted into a 
circular orifice in the concrete wall of 11 0 em 
thickness, in which, being balanced about its 
horizontal axis, it readily rotates. 

Another feature of Rotacert is that the move
ment of the source from the wall container to 
the treatment head and back occurs by means 
of gravity, which is similar to radioactivity in 
being impossible to switch off and never fails. 
The apparatus can, therefore, be safely operated 
even after failure of the electricity supply. The 

110 em. 

TREATMENT ROOM 

capsule including the radiation source is moved 
back and forth by a steel cable fixed to a con
necting rod. One end of the steel cable is loaded . 
with weight No. 2, the other end with weight 
No. 1, somewhat heavier than No. 2 and de
tachable. When weight No. 1 is lifted either 
by a small motor or by a hand crank, the 
apparatus is cocked and, being operated with a 
push button, automatically sends the radiation 
source into the treatment head, or returns it 
to the wall-store. The button releases the locking 
of the lifted, heavier weight, the weight falls 
down and the steel cable connected to it moves 
the rod, which pushes the capsule into the head. 
At the same time it lifts the lighter weight, No.2, 
fastened to the other end of the cable. The 
OFF button releases the connection of the 
heavier weight, No. 1 and so weight No. 2 
pulls the capsule back into the wall-store. 

In order to prevent unintentional irradiations 
the door of the treatment room is equipped with 
an automatic lock and pilot lamps. Should 
anything unusual occur, e.g. the patient hap
pens to move, then photoelectric-cell controlled 
mechanical safety devices switch off the appara
tus instantly. 

1-~~k 75cm. 

AXIS OF ROTATION 

1oocm. 

FIG. 1. Rotacert equipment. Schematic cross-section. 
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RADIATION PROTECTION MEASUREMENTS 

Control measurements were made with a 6 °Co 
source of 3000 Ci activity in tlie treatment room, 
gate, machine room and control room, as well 
as in the vicinity of the equipment and under it. 

Measurements made while the apparatus 
was switched off have proved that at any point 
behind the head and near the supporting bar, 
as well as in the surrounding area where physi
cian and assistant deal with the patient, the 
exposure rates are lower than 0 · 02 mR/hr 
which means that practically only natural back
ground radiation is measurable. Only at the 
two corners of the wall containing the radiation 
source and in some parts of the treatment room 
above head height was 6 °Co gamma-radiation 
of the same order of magnitude as the background 
measured. 

With the apparatus switched to a maximum 
treatment field of 10 by 15 em and with a tissue
equivalent scattering medium of 20 em thick
ness, exposure rates were measured in the treat
ment room, gate, control room, and passages, 
at the points shown in Fig. 2. At the same 
places the exposure rates produced by the pas
sing of the source through the supporting 
arm were measured. The results are listed in 

Table l. 
In addition to the above, the exposure rates 

of the primary gamma-radiation were checked 
in the rooms adjacent to and lying under the 
treatment room, at all points which in the course 
of the rotation of the source might possibly be 
subjected to direct gamma-radiation. At all 
points only natural background radiation could 
be measured. 

X -RAY lOCATOR 

Fro. 2. Floor plan of the Rotacert telecobalt unit. 
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Table 1. Results of Measurements at Points indicated in Fig. 2. 

mR/hr 
mR 

Measuring apparatus switched 
for 1 transfer and 

points 
return of source 

off on 

~ . A background 360 2 
B 

" 
720 6 

c 
" 

650 17 
D 

" 
430 1 

E 
" 

1350 2 
F 

" 
520 3 

G 
" 

750 7 
H 

" 
42 -

I 
" 

30 -
K 

" 
18 -

L 
" 

5 -
M 

" 
10 -

N 
" 

10 -
0 

" 
1 -

p 
" 

3·5 -
R 

" 
3 -

s 
" 

2·5 -
T 

" 
0·3 -

u 
" 

0·1 -
v 

" 
0·06 -

A' 
" 

background -
B' 

" C' 
" D' 
" E' 
" F' 
" G' 0·03 

H' 0·03 
I' 0·15 
K' 0·08 
M' 0·06 

In the machine room several hundred mea
surements were made along the rotary drum and 
the radiation protection head as well as at 
other components of the equipment. Measure
ments were taken with the source in the wall 
store, in the treatment head and in mid-position 
in the arm. In contrast to the situation- found 
in the treatment room, with the apparatus 
switched off, exposure rates in the machine 
room averaged 0·1 to 1·0 mRfhr. However, 
for periodical maintenance, these exposure rates 
may be cut down to the level of background 

" 
" 
" 
" 
" 
" 
" 
" 
" 
" 

-
-
-
-
-
-

-
-
-
-

radiation by shifting the source into the treat
ment head. 

The whole-body exposure rates to which the 
patient is exposed in the course of the treatment 
were measured and the exposure for 1 transfer 
and return of the source was determined. Ac
cording to the results, primary gamma-radiation 
passing through the shielding of the treatment · 
head produces an exposure rate of 20 to 120 
mR/min on the body of the patient, which 
corresponds to about 0 ·1% of the exposure rate 
of a treatment. The rate to which the patient 
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is subjected in the course of the transfer and 
return of the source is 5 to 20 mR, which, taking 
only 100 R exposures into consideration, means 
onlyO·Ol o/o. 

The foregoing proves that we have achieved 
our objective that with Rotacert medical and 
technical maintenance work can be done 
without the staff being exposed to radiation 
above natural background and that it ensures 
excellent radiation protection for the patient 
as well. 
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RADIATION SAFETY PROBLEMS CONNECTED WITH 

THE MEDICAL USE OF RADIOISOTOPES 

R. J. CLOUTIER* and C. P. DALTON* 

Oak Ridge Associated Universities, P.O. Box 117, Oak Ridge, Tennessee 

Abstract-More than 3800 physicians and medical institutions in the United States use 
radioisotopes in diagnosis, therapy, and research. We review our work and others' on sorrie 
of the connected radiation protection problems: techniques of administering radioactive 
drugs, control of radiation and contamination hazards to hospital personnel and visitors, 
criteria for release of radioactive patients from a hospital, autopsies of radioactive cadavers, 
and the radiation safety training of a hospital staff. 

The problems are not completely solved. More thought, research, and communication 
among professional health physicists are needed to speed the work that remains to be done. 

INTRODUCTION 

The use of radioisotopes in medical diagnosis 
and therapy has developed rapidly in the United 
States since reactor-produced isotopes became 
available in the late 1940's. By 1966 about 3800 
licenses,permitting the medical use of radioactive 
material had been issued by the United States 
Atomic Energy Commission and the state gov
ernments that have assumed this responsibility. 
Approximately 1300 of these licenses have been 
issued to individual physicians, and about 2500 
have been granted to medical institutions. <1> 

Since many physicians may use radioisotopes 
when an institution has a license, these are 
actually conservative estimates. About 90%. 
of the licenses authorize diagnostic tests with 
radioisotopes; 50-60% control therapeutic uses; 
and slightly more than l% permit use of radio
active materials in medical research. 

Radium and X-rays are still the greatest 
sources of potential exposure to medical radia
tion workers and the public, but the medical 
uses of radioisotopes other than radium are 
increasing. Physicians use nearly 50 radioiso
topes in more than l 00 diagnostic tests and thera
peutic procedures. <2> The recent introduction of 
radioisotope generators, an inexpensive and 
convenient source of short-lived isotopes, is 
likely to expand the variety. <3> 

* From the Medical Division, Oak Ridge Institute 
of Nuclear Studies, an operating unit of Oak Ridge 
Associated Universities, Inc., Oak Ridge, Tennessee, 
under contract with the United States Atomic Energy 
Commission. 

The USAEC regulations<4> and the recom
mendations of the ICRP, <5> IAEA, <8 > and 
NCRP(7) establish general guidelines for a 
radiation safety program. The book Safe Hand
ling of Radioactive Isotopes in Medical Practice, <8> 

the Manual on Use of Radioisotopes in Hospitals, <8> 

and a film Radiation Protection in Nuclear Medi
cine<10> can help the novice health physicist or 
physician who may be responsible for radiation 
protection in a hospital. They supply informa
tion about personnel monitoring programs, 
methods of receiving radioisotopes, keeping 
records, and low-level area monitoring. 

Some radiation protection problems are 
special to medical installations and could well 
benefit from the increased attention of pro
fessional health physicists: methods of dispensing 
radiopharmaceuticals, confinement of contami
nation, patient and visitor control, autopsy of 
radioactive cadavers, and the radiation safety 
training of hospital personnel. 

ADMINISTRATION OF RADIOPHARMA

CEUTICALS TO PATIENTS 

l. Oral Administration . 

To reduce the risk of contamination and 
exposure to the physician, manufacturers usually 
place diagnostic doses of radioiodine (1311) in a 
gelatin capsule for the patient to swallow. 
Therapeutic amounts are sometimes given in a 
capsule, but more often they are administered 
as a liquid. Glass <11> describes a shielded dis
penser that eliminates most of the handling of 
radioiodine and allows the patient to take the 
isotope through a straw. Contamination and 
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radiation exposure are possible during adminis
tration of radioiodine, but the procedure is 
brief and simple-100-millicurie doses can be 
handled without significant hazard. 

2. Administration by Intravenous Injection 

At the ORINS Medical Division an intra
venous drip of saline solution is established to 
prepare a patient for an injected radiopharma
ceutical. Using a shielded syringe, Fig. 1, the 
physician injects the radioisotope into a rubber 
adaptor in the drip tube. This method has 
several advantages. The physician can take 
time to locate the patient's vein before he 
withdraws the radioactive material from its 
shielded container. Thus the doctor need not 
hunt for a vein while he is handling a radioactive 
syringe. His exposure and the chance of con
tamination are reduced. More importantly, 
extravasation of the radioisotope, which would 

FIG. 1. Radioisotope syringes. The physician 
uses lucite shields to keep his hands at a distance 
from the radioactive syringe. The shields are 

beveled on one side for easier handling. 

result in a useless high exposure to a small part 
of the patient's body, is unlikely to occur. 

3. Intracavitary Deposition 

One-hundred-millicurie amounts of colloidal 
198Au, or occasionally Cr32PO, or 90Y, are used 
for local irradiation of the pleural or peritoneal 

FIG. 2a. Apparatus for intracavitary admini
stration of a radioisotope by pressure. Long- · 
handled forceps are used to insert the needles 
connected to catheters into the rubber-

membrane-top radioisotope container. 
. . . 

GOLD CONTAINER 

FIG. 2b. Apparatus for intracavitary admini
stration of a radioisotope by· gravity. A long
handled tool is used to remove the radioisotope 
from its transport container and to pour it into 
the container at the top of this apparatus. 
The clamps that regulate the rate of flow of 
radioisotope into the patient are adjusted with 

another long-handled tool. 
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Fm. 3. Radioisotope caddy. This transport container reduces radiation 
levels and lessens the chance of contamination while radio-pharma
ceuticals are transferred from the preparation area to the place where 
the patient will receive the isotope. Shielding is about lt in. of lead. 

cavity wall. Two methods of administration are 
diagrammed in Fig. 2, a and b; both rely on 
distance, efficient timing, and a small amount 
of shielding as protection factors. 

The entrance to the patient's body cavity is 
made with a trocar, which is threaded with a 
catheter and then removed, leaving the catheter 
in place. Mter the doctor prepares the patient, 
a technician brings the radiogold to the treat
ment area, Fig. 3. The method shown in Fig. 2a 
places the radioisotope into the patient under 
pressure. When the plunger of the syringe is 
depressed, saline slowly forces the gold through 
the catheter into the patient. The likelihood 

of contamination is small since the system is 
closed. Colloidal 198Au is a deep pink; the 
physician can easily see when all the isotope 
has entered the patient so that he can disconnect 
the administration apparatus. He then removes 
the catheter and closes the wound with a purse
string suture to best minimize leakage of the 
isotope. 

4. Sealed Implants 

Radiotherapists have tried many techniques 
and equipment designs for handling sealed 
sources in interstitial therapy, <12> most of them 
for intrauterine radium applicators. One of 
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the major hazards has been high exposure to the 
physician's handswhile he is positioning a radio· 
active applicator, and this has been greatly 
reduced by "afterloading" techniques. A remote 
type of afterloading device using "cycling" 
sources is shown in Fig. 4. <13> Mter the unloaded 
applicator has been placed in position, the 
sources are pumped out of their shielded con· 
tainer through the plastic tubes into the patient. 
When the treatment is complete, the sources 
are remotely returned to their shield. 

FIG. 4. Remote afterloading of uterus applica
tors with cycling sources. Reproduced from 
Amer. ]. Roentgenol. 96, 45 (1966) by per
mission of Charles C Thomas, publisher, and 

U. K. Henschke. 

Another irradiation technique implants many 
small sealed sources in a tumor. The physician 
inserts small, hollow nylon tubes in the tumor 
and then q1;1ickly threads strings of iridium 
seeds through the tubes. The advantage of 
afterloading techniques is that the radiothera-
pist may take all the time he needs to position 
an empty applicator, and he does not need to 
install a radioactive applicator hastily to avoid 
exposing himself. At the end of the irradiation 
period he can quickly and easily remove the 
implanted sources. 

Gold-198 metal is malleable, relatively inex
pensive, easy to obtain and is often a substitute 
for radon seeds in interstitial therapy. Hodt, 
Sinclair, and Smithers <14> first described an auto
matic dispensing gun that promotes accurate 
placement of the gold grains and reduces expo
sure to the radiotherapist. Jones, Taylor and 
Stedeford <15> report modifications of the gun's 

magazine and barrel so that exposure to the 
person loading the gun is also decreased. 

Exposure to a technician preparing radium 
needles for implant therapy can be reduced by 
the use of L-blocks, Fig. 5. Holes drilled in the 
base of the L-block permit insertion of the needle 
with only its eye above the block. A stiff wire 
helps to thread the needle and keep the techni· 
cian's hands at a distance from the radium. 

.. (a) 

(b) 

TRANSPARENT, 
HIGH-DENSITY 
VISOR 

MIRROR 

FIG. 5. Two types of L~blocks used to shield a 
technician working with radioactive materials. 
(b) used through courtesy of Applie<;l Health 

Physics, Inc. 
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Spherical 6 °Co beads are still often used for 
brachytherapy. Legal and Campbell<16> have 
designed an ingenious device for threading these 
beads that considerably reduces handling time 
and the potential of exposure. In the device 
(Fig. 6) the 6 °Co spheres spin like tops and the 
thread holes assume a vertical position. The 
spheres are then dropped, threading themselves 
on a vertical stylus. 

PATIENT CONTROL AND NURSING CARE 

The restrictions required to control contami
nation and radiation hazards that follow the 
administration of a radiopharmaceutical to a 
patient depend upon the isotope, its amount, 
and its physical and chemical form. 

FIG. 6. Device to facilitate threading of 
6°Co beads. A, spinning device; B, steel 
needle; C, solenoid-operated nylon jaws.. Re
produced from Radiology 5, 959 ( 1965) by per
mission of the Radiological Society of North 

America and E. M. Campbell. 

In general, the hazard to hospital personnel 
from diagnostic amounts of radioisotopes is 
small. Nevertheless there is a potential con
tamination hazard to sensitive counting equip
ment so that care is still necessary. 

1. Radiation Hazards 

Patients who have received therapeutic radio
isotopes pose a significant radiation hazard to 
hospital personnel and visitors. Table 1 lists 
approximate exposure rates at various distances 
from patients containing 100 mCi of 131!, 198Au, 
and 226Ra. These radiation levels must be taken 
into account when assigning a nurse, room, and 
bed to a patient and when admitting visitors 
to see the patient. The best way to reduce the 
exposure to nurses is to adjust nursing proce
dures, train the nurses, and divide the work load 
among several so that the time each spends with 
the patient is a minimum. The isodose lines 
around a patient vary according to the location 
of the radioactive material in his body and the 
time elapsed since administration of the dose. 
Thus a patient's bed should be placed so that the 
higher radiation zones are near an outside wall 
or unoccupied area. Radiation exposure to visi
tors can be controlled by limiting the time they 
spend with a radioactive patient and by having 
them sit at a distance from the patient. At the 
ORINS Medical Division visitors are not per
mitted to remain in patient areas where the 
radiation levels exceed 2 mR/hr. 

How long a patient remains a hazard to 
others depends upon the effective half-life of 
the radioisotope in his body. If a patient has 
been given 100 mCi of 1311, the iodine may be 
eliminated from the body as rapidly as 60-90% 
in the first 24 hr. Patients given 3-10 mCi of 
1aq for hyperthyroidism usually excrete only 
20-30%. When colloidal 198Au is in pleural or 
peritoneal cavities, the radiation levels around 
the patient will decrease with the half-life of the 
gold, 2. 7 days, unless the physician removes the 
fluid from these cavities. Theradiation hazard 
from long-lived, sealed implants such as radium 
or iridium will remain undiminished until the 
source is removed from the patient. 

A radioactive patient's maximum body bur
den at the time of his discharge from the hospital 
is not regulated by United States law. For many 
years the USAEC has set 30 mCi as a condition 
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Table 1. Exposure Rates near Patient who has Received Therapeutic Doses of Radioactive 
Material 

Distance from 
patient's 
midline 

(ft) 

Exposure rate (l7· 20> Exposure rate (ro-n) 

from patient containing 
100 mCi 228Ra 

(mR/hr) 

from patient containing 
100 mCi 1 81! or 100 mCi 198Au 

(mR/hr) 

I 
2 
3 (approx. 1 m) 
4 
5 
6 (approx. 2 m) 
7 
8 

150 
40 
25 
15 
6 
5 
3 

for licensing, but where possible this number 
should probably be revised downward. Sear <22> 

has reviewed the problem extensively and 
reached about the same conclusion. If a patient 
contains 30 mCi of 198Au or 181J (Table 1), the 
exposure rates may be as. high as 50 mR/hr 
close to his body. He is potentially a hazard 
to children, pregnant women, and family mem
bers who might spend lengthy times near him. 
The ICRP<6> recommends the following release 
limits: 30 mCi 82P, sealed 90Y, or sealed 198Au; 
15 mCi 131J; 12 mCi sealed 222Rn; 10 mCi 
colloidal ooy or colloidal 198Au. We have found 
that a practical limiting procedure has been to 
restrict patients to their hospital room until the 
exposure rate is approximately 2 mRfhr at 
one meter from the body. This corresponds to a 
body burden of less than 10 mCi of 198Au or 
lBll, 

2. Contamination Hazards 

The control required to prevent contamina
tion after administering a radioisotope depends 
upon the isotope, its amount, arid how the body 
handles it. 

Significant contamination problems may arise 
in connection with the therapeutic use of iart 
since the patient may excrete much of the iodine 
in the urine within the first 24 hr after adminis
tration. Some hospitals use a simple, lightly 
shielded container for urine collection to reduce 
both contamination and radiation hazards. 

200-300 
110 
65 
40 

25 
18 
10 
7 

Iodine may also appear in saliva and perspira
tion, and nurses, aides, and orderlies should be 
aware of this when handling an iodine patient's 
linen and eating utensils. 

Intracavitary colloidal 198Au may not present 
the contamination problem that 131J does be
cause it is not metabolized. Leakage of gold 
from the patient can be controlled by a purse
string suture at the site of administration. Con
tamination is probable during a paracentesis, 
since the fluid withdrawn may contain 20-30% 
of the gold administered. <23> 

We have found that a floor monitor, Fig. 7, 
enables rapid surveys of large areas to detect 
contamination arising from spilled radioactive 
urine or saliva. The instrument is capable of 
detecting contamination levels as low as 0.5 !LCi 
and consists of two GM tubes connected· in 
parallel and shielded by a 2-in. lead hemicy
linder. The operator moves at slightly less than 
normal walking rates and uses earphones so that 
he may view the monitoring area. The meter can 
be removed from the floor monitor and connec
ted to a portable probe for closer monitoring .. 

Contamination of bed clothes. and .linen can 
be expected when patients ha.ve been given 
radioisotopes that the body metabolizes, the 
contamination most frequently arising from 
patients with therapeutic amounts of 131I. At 
ORINS we store contaminated linen in plastic 
bags to allow short-lived isotopes to ·decay, 
and after monitoring, we send the linen to a 
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FIG. 7. A floor monitor for rapidly detecting low-level contamination. 

commercial laundry if the contamination level 
is below 300 d/m/100 cm1 • Methods of handling 
contaminated laundry vary among hospitals 
and other industries as well, as noted by Harring
ton in his review article. (24) 

Brown et al. <26> describe some generally effective 
methods of controlling hospital contamination 
in their report about the measures followed 
after administering 300-500 mCi of 35S to 
patients. Sulfur-35 is a low-energy beta emitter 
that is difficult to monitor. The patients excre
ted the sulfur rapidly, and because it has an 
87-day physical half-life, contamination was 
potentially a serious problem. 

They administered the sulfur in the patient's 
room, or if biopsies were required, they gave the 

dose in the operating room. After administra
tion they established a control point at the 
entrance to the patient's room where they con
fined him except for occasional tests necessary 
elsewhere. All hospital personnel wore protec
tive gowns, gloves, and shoe covers, and after 
leaving the patient's room, they removed this 
clothing and were monitored. They further 
controlled contamination by using disposable 
equipment and by separately washing contami
nated laundry. They found no contamination 
outside the patient's room and used standard 
cleaning techniques to eliminate the low-level 
contamination in the room. 

The technique Hairr and Loughman <26> des-' 
cribed for control of 90Y contamination is unique. 
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FIG. 8. Glove box used to contain a patient treated with 1.5 Ci of 90Y-DTPA. 
Reproduced from Health Physics 9, 987 (1963) bypermission of the Health Physics 

Society and G. M. Hairr. 

They maintained a patient for 24 hr in a 7- X 

4- X 3-ft glove box, Fig. 8, after he was given 
1.5 Ci of9°Y-DTPA. Bag ports permitted minor 
surgery, physiologic monitoring, and collection 
of blood and urine samples. The box was kept 
at a slight negative pressure, and affluent and 
effluent air were passed through high-efficiency 
particulate filters. The glove box was construc
ted of plywood and lucite that reduced radiation 
levels from 20 radfhr inside the box to 0.2-5 
mradfhr outside. Some additional shielding to 
reduce Bremsstrahlung levels was required near , 
the areas where the 90Y-DTPA concentrated. 
Mter they removed the patient from the glove 
box, they isolated him because of his vulner
ability to infection. They restricted the number 
of personnel allowed in the patient's room and 
trained hospital staff members to change air 
filters, collect waste, assess contamination levels, 
and survey the patient. . 

AUTOPSY OF RADIOACTIVE BODIES 

Most autopsies on radioactive cadavers are 
conducted the same as for nonradioa<;tive bodies. 
Clinicians seldom prescribe therapeutic radio
isotopes to terminal patients, and therefore most 
radioaCtive bodies contain less than one or two 
millicuries. Probably the best guide for patholo
gists and radiation safety personnel is NBS 
Handbook 65, Safe Handling of Bodies Containing 

Radioactive Isotopes, <27 > which outlines general 
precautions. 

Usually radioactive contamination will not 
be a .primary problem during an autopsy since 
the precautions customarily taken to prevent the 
spread of bacterial infection simultaneously 
reduce the potential of radioactive contamina
tion. A pathologist can easily adapt to the use 
of heavy gloves, long-handled tools, and plastic 
aprons and shoe covers because they are similar 
to his usual equipment. Contamination surveys 
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of the autopsy area and equipment conducted 
after the autopsy are usually adequate. 

If the cadaver contains a radioisotope that 
concentrates in one or two specific organs, the 
autopsy procedure is modified so that these 
organs are among the first to be dissected and 
removed from. the pathologist's working area. 
If body cavities contain residual radioisotope, 
the cavities are drained and the fluid is flushed 
into a closed system. 

The NCRP<27> states that a body may be 
released djrectly to a funeral director for em
balming if it contains less than 30 mCi, and fur
ther, that a crematorium may each year handle 
bodies containing a total of up to 200 mCi of 
131J and 2000 mCi of other radioisotopes (198Au, 
sap, and 90Y) without hazard to employees or the 
public. These limits have remained essentially 
unchanged since 1953, and probably they will 
not be exceeded or even met. 

RADIATION SAFETY TRAINING FOR 

HOSPITAL PERSONNEL 

1. Physicians 

Training in nuclear medicine is available 
to physicians<28

• 
29> although the content and 

length of the training courses vary widely. <29> 

Most of these courses<80
• 

31> are designed to meet 
two goals: to satisfY the liCensing requirements 
of the USAEC and state governments, and to 
promote professional competence in the use of 
radioactive drugs. The concern of the AEC 
and other licensing agencies is radiation protec
tion, and the regulations state that the physi
cian be "qualified by experience and training 
to use the material for the purpose requested in 
such manner as to protect health and minimize 
danger to life and property."<32> The extent of 
this training and experience is not specified. 
Understandably, the primary interest of the 
medical profession is the effective and competent 
use of radiopharmaceuticals. The American 
Medical Association and the Society of Nuclear 
Medicine have established committees to study 
the problem of professional standards in the use 
of radioactive drugs. The American Board of 
Radiology has a certification program that re
quires three months oftraining and satisfactory 
performance on an examination. 

Although the guidelines are vague, the train
ing for physicians is the most complete of any 

available to people in medical science. Most 
courses for physicians devote about a third of 
their time to basic material such as elementary 
nuclear physics, mathematics, instrumentation, 
and radiation safety. As a rule, physicians are 
interested in radiation safety to the extent of 
being able to satisfy the licensing requirements. 
They are interested in the "how-to-do-it" 
aspects of waste disposal, and they welcome 
information on maximum permissible exposures, 
monitoring equipment, exposure levels around 
radioactive patients, and so on. They need to 
be interested in such topics, for often in small 
hospitals a physician is responsible for the 
entire radiation safety program. On the other 
hand, developing more than a marginal concern 
about radiation protection is difficult, for a 
physician, reasonably enough, is more interested 
in the clinical aspects of radioactive materials. 
For this reason it is well to thoroughly integrate 
radiation safety practices into the physicians' 
clinical training so that radiation safety at least 
becomes a habit. It is surely a mistake to treat 
their training in radiation protection as a topic 
separate from the clinical use of radiopharma
ceuticals. 

2. Nurses and Technologists 

Specialized training available for nurses in 
the care of radioactive patients is not well docu
mented, but it is available. For example, the 
U.S. Public Health Service offers a one-week 
course, and Simon <83> describes a rather extensive 
four-month course for nurses in the U.S. Navy. 
This course devotes about 60 hours to lecture 
and laboratory sessions on radiation safety; 220 
additional hours to mathematics, physics, bio
chemistry, and radiobiology; and the remainder 
of the 550-hour course to the study of clinical 
procedures. 

More often nurses must be trained on the job. 
At the ORINS Medical Division the Radiation 
Safety Office provides about a half day offormal 
basic training for nurses new to the staff. During 
her work the nurse's training is directed by the 
nursing supervisor. Since the health physics 
staff participate in almost all the hospital 
procedures involving radioisotopes, they provide 
further instruction as needed. At frequent inter
vals review training sessions are presented for 
the entire nursing staff. 
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This training aims to provide the nurse with 
enough fundamental and practical knowledge 
so that she may safely and efficiently handle 
her nursing duties and at the same time mini
mize radiation exposure to herself and others. 
The training includes a brief description of the 
properties of different radiations, particularly 
the types that she will most often encounter. 
We emphasize ways of using time, distance, 
and shielding as protective devices. The "how" 
and "why" of monitoring and safety techniques 
are explained, and the nurses are taught to use 
laboratory monitors. 

The American Society of Radiologic Tech
nologists <34> has proposed an excellent minimum 
course of instruction leading to certification for 
both radioisotope and radiotherapy technolo
gists. The Society suggests a 12-month, 300-hour 
course for each group, devoting about 100 hours 
to basic radiation physics, radiobiology, and 
radiological safety. 

3. Aides, Orderlies, Supporting Staff 

Since orderlies, aides, and many other hos
pital employees usually do not have specialized 
training, their instruction in radiation safety 
must be accomplished on the job. The training 
for ORINS hospital personnel is simple, prac
tical, and directly related to their individual 
jobs. For example, we point out possible sites 
of contamination, such as linen, sample con
tainers, and eating utensils, to the aides and 
orderlies who may handle these items. We 
instruct janitors in simple decontamination 
techniques. We teach all to use area monitors 
and to call upon radiation safety personnel for 
help when a mishap occurs or when they suspect 
contamination. 

A CONCLUDING REMARK 

Since radioisotopes became a medical tool, 
many ways ha~e been found to reduce the atten
dant radiation exposure. Sometimes the innova
tions have been made by physicists; often they 
have been the work of physicians. Work still 

remains to be done. We hope our discussion 
will stimulate more thought, research, and com
munication among health physicists on medical 
radiation safety problems and standards. 
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REDUCTION OF UNNECESSARY EXPOSURE THROUGH 

LICENSING OF X-RAY TECHNICIANS 
Saul j. HARRIS 

National Center for Radiological Health, U.S. Public Health Service, New York, N.Y., U.S.A. 

Abstract 

I. Introduction 

In 1964 the New York State legislature enacted, and the Governor signed into law, a bill 
establishing a licensing system for X-ray technicians for the purpose of reducing unneces
j)ary radiation exposure during the use of medical X-ray. The law established a seven member 
Board of X-ray Technician Licensing including a health physicist, defined as "a person who is 
-certified by the American Board of Health Physics, or the American Board of Radiology in 
Physics". The New York State Commissioner of Health appointed the author as the health 
physicist member for a four term commencing October 1964. 

II. Health department activities 

Recognizing the major interest of such licensing as being the promotion of public health, the 
law directs ~e State Health Department to administer the program. The agency responsible 
for this administration is the Bureau of X-ray technology in the Department of Health directed 
by Howard Goldman, a former X-ray technician and previously responsible for the radio
logical health control program associated with the medical and dental use of X-ray. Mr. Gold
man serves as secretary of the Board. Dr. John Roach, a radiologist, was elected the first Chair
man of the Board. 

III. ExamiMtion of applicants 

The law established three initial classifications of applicants: present practitioners having 
more than five years of practice, individuals with one to five years of service, and those with 
less than one year's experience and also set up a system of examinations for each group. In 
addition, the law authorized the Health Department to decide whether to license directly 
X-ray technicians who were registered with the American Registry of Radiation Technologists, 
an action followed after the Board recommended it at its first meeting. There was no automatic 
liCensing of any "grandfathers" in the law. The over-five-year group was required to take a 
modest practical examination. The intermediate group was required to take a special written 
examination and oral exam. The beginning group was required to take a regular written 
examination. Included in the procedure was a system for review. Health physics questions 
were a major component in each examination. 

IV. X-ray technician schooling 

Although the New York State law reduces the number of hours offormal training required of 
X-ray technicians in state-approved schools, greater emphasis has been placed on radiation 
protection in the curriculum and in the operation of the schools. For example, the New York 
State program requires each school to have a staff radiation safety officer and must be in com
pliance with applicable state radiation regulations. More hours for radiation protection have 
been added t{) the basic curriculum. Standards of exposure for students are also stipulated. 

V. Conclusions 

The New York State program to license X-ray technicians provides a direct opportunity to 
improve radia~ion protection to patients as well as the technicians themselves during medical 
use of X-ray. Reduction of unnecessary exposure is consistent with obtaining the best possible 
.radiograph through the employment of qualified personnel. 
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SOFT X-RAY SOURCES AS A MEANS OF REDUCING 

MEDICAL EXPOSURE TO RADIATION 

D. C. LAWRENCE* 

Hazleton Nuclear Science Corporation, Palo Alto, California, U.S.A. 

Abstract-Medical use provides a major source of population radiation exposure. This in
cludes exposure from the use of radium and other radioisotopes in the implant treatment of 
cancer. In such implants, the radio-therapist, patient, visitors, and attending staff, all typically 
receive some unwanted radiation. 

A promising means of essentially eliminating such exposure is through the use of soft X-ray 
emitting radioisotopes as a replacement for radium and radon in brachytherapy. Particularly 
promising are the soft X-ray emitters cesium-131 and iodine-125, which emit monoenergetic 
30 keV X-rays free of beta or higher energy gamma radiation. These radioisotopes, when 
properly encapswated, provide a suitable substitute for use in radiotherapy. They have the 
marked advantage in that their radiation can be completely shielded by thin layers of heavy 
metals, yet they have a practical range in tissue. Physics, dosimetry, animal and clinical tests 
with human cancer patients have been initiated using commercially available miniature sources 
of 12•I and 131Cs. Experience with these sources, called X-seeds, has now shown that they can 
be used to significandy reduce radiation exposure while at the same time they provide a sub
stantially uniform tumor dose. IIi one instance, 970 mCi of 131Cs were inserted in a leisurely series 
of animal implants, and, by the simple expedience of using a radiologist's lead apron, the 
radiotherapist kept his whole body dose under I mR and his hand dose under 10 mR. Recent 
progress ·and clinical experience with these sources will be described. 

*Present address: Radiation Division, Varian Associates, Palo Alto, California (U.S.A.) 
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DISCUSSION 

T. F.jOHNs'(U.K.): 

I was interested to hear that the Riso workers had 
failed to find agreement between the sodium flame 
test and the Pollak counter for determining the effi
ciency of filters. At Winfrith we have found remark
ably good ·agreement between these two methods; and 
as a result we are now beginning to use the Pollak 
counter for the routine in situ testing of filters. This 
technique is so simple that we feel that this represents 
a real break-through in the business of in situ filter 
testing; other methods are difficult to perform, and as 
a result such measurements are frequently not made 
at all. 

D. K. CRAIG (South Africa): 
It depresses me to hear of filter testing procedures 

and filter efficiencies still reported with no reference 
to at;rosol particle size distributions. Theoretically 
speaking, the physical properties of aerosols are such 
that one must obtain a minimum filtration efficiency 
for a given particle size. I know that there has been a 
lot of controversy about this, but, for aerodynamic 
equivalent unit density spheres, this minimum occurs 
at approximately 0.3p. diameter. If results different 
from this are reported, then an attempt should. be 
made to advance a theoretical explanation for the 
difference (e.g. there will be a shift to smaller particle 
diameters in the minimum as the face velocity of air 
passing through the filters is increased). I disagree 
that the Pollack counter method can give an accurate 
measure of the minimum filter efficiency. I still 
believe that the best way to measure the efficiency of 
filters is to use 0.3 p. diameter spheres, such as are 
available from the D.O.P. generator. With the use of 
an 0.3p. diameter D.O.P. aerosol, one is not bothered 
by the varying filter efficiencies as a function of 
particle size. What one is measuring, then, is the 
minimum efficiency of the filter, the parameter in 
which I think we should be interested. 

T. F. JOHNS: 

No one was more surprised than we were when we 
found these two methods gave agreement. The 
explanation appears to be that one is not measuring 
true penetration, but merely finding how much 
aerosol passes through a small number of imperfec
tions, the latter being so big that the apparent pene
tration is quite independent of particle size. 
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D. K. CRAIG: 

In reply to Mr. Johns, what he is measuring is the 
efficiency of installation of the filter, not the filter 
efficiency, and I think that this point should be made 
clear when reporting filtration efficiency results. 

'I:. F.jOHNS: 

I quite agree, but I would point out that the whole 
purpose of in situ testing is to measure the effectiveness 
of the installation. 

H. FLYGER (Denmark): 
The photoelectric nuclei counters are not easily 

moved around for in situ testing of filters. The 
counters are heavy and the light source is easily put 
out of focus. The use of the lithium test is neverthe
less very easy. 

D. c. LAWRENCE (U.S.A.): 
I would like to ask the authors if they can give 

further details on why they feel the testing of radon is 
not satisfactory for leak testing of radium needles and 
what it is they propose or suggest. 

L. B. BEENTJES: 

Possibly Mason refers to sealing of the Ra needles 
by water using the method of carbon in water. This 
was pointed out at the Health Physics meeting in Los 
Angeles in 1964. 

K. KRisTENSEN (Denmark): 
Have any measurements been made with regard to 

internal contamination of personnel? 

PH. C. JOHNSON: 

We have been unable to find Hg 208 in the kidneys 
or urine of our laboratory personnel. 

D. c. LAWRENCE (U.S.A.): 
Were the commercial suppliers advised of the 

problem and if so what was their explanation of the 
apparent contamination? 

PH. C. JOHNSON: 

We notified the manufacturers. Their response was, 
essentially, to deny that it occurs. However, at least 
one supplier has begun to wash his bottles with acid 
prior to shipment. 
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D. c. LAWRENCE: 

If the Chairman would permit, I would like for a 
minute to discuss another approach toward solving 
the problem of radiation eX:posure from interstitial 
therapy. 

Essentially the problem which was outlined in the 
last paper is one of a radioactive patient after he has 
received interstitial therapy, and the patient must be 
handled with extreme care in order to prevent ex
posure of visitors, the person who has installed the 
radioisotope, and even the nursing staff. 

Ideally what is desired is to install the radioisotope 
and have the radiation exposure uniformly distri
buted and yet remain within the tumour volume. 
One way of achieving this can be shown in Table I, 

an improved tumour dose distribution and thera
peutic ratio over seeds of Au198 and Rn. Third, the 
reduction in exposure makes the implant therapy of 
very large tumours possible. We have also found it 
possible to protect healthy adjacent tissues by the use 
of thin metallic foils, particularly gold foils, which 
are non-toxic, and I126 seeds permft simple out-patient 
treatment, because the dose is retained within the 
tumour. It also makes possible the use of such isotope 
therapy in remote areas, because the sources can be 
carried safely by air in a very small lead container. 
The complete protection of the nurses and other 
patient associates also becomes a reality. The P26 

seeds thus developed have now been used to treat 
over a dozen cancer patients. We have been able to 

Table I. Radioisotopes for Permanent Implants 

Radioisotope Half-life Gamma Other Half-value layer 
radiations Pb H 10 (tissue) 

Aules 2.7 days 0.411 & 0.680 Mev 0.97 Mev {3 0.13 inch ~ 7 em 
Rn222 3.8 days 0.24-2.43 Mev Alpha (2) & 0.53 inch ~ 9 em 

(many) 0.65 Mev {3 
JrlH 74.2 days 0.2-1.1 Mev (many) 0.54 & 0.67 Mev {3 0.14 inch ~ 7 em 
JliG 60 days 28 & 35 Kev 
Cs181 9.7 days 29.4 Kev 
Xe1ss 5.3 days 32 and 80 Kev 

which shows several radioisotopes now being used for 
radiotherapy, including Ir191, Rn, and Au198, the 
isotopes which were mentioned by the last author. If 
you look over to the last column, the shielding require
ments as characterized by the lead half-value layers 
for Au198, radon, and iridium range from 0.13 to 0.53 
inches and they have a half-value layer in water of 
7 to 9 centimeters. Now, if we look at the last three 
isotopes, JliG' esm and Xe183' you will note that these 
have varying half-lives from 5.3 days to 60 days and 
emit only soft X-rays. This results in the fact that a 
very small amount of lead can be used to shield these 
isotopes (Pb HVL = 0.001 11

) and yet they still have 
a reasonable range in tissues of 2 to 5 em. 

We have approached the problem of radiation 
safety in interstitial implantation by incorporating 
these isotopes, primarily Jl26 and Cs181 in small seeds. 
By incorporating these isotopes in the small seeds, we 
noted the following advantages in interstitial therapy. 
First of all, by use of a radiologist's lead apron, we can 
eliminate the radiation exposure to the therapist. 
He can handle these isotopes using only a thin lead 
foil for radiation protection. Second, we have found 

None 0.001 inch ~ 2.lcm 
None 0.001 inch ~ 2.1 em 
0.35 Mev fJ ~0.01 inch ~5 em 

see in actual practice all of the. desired advantages, 
and we are going on with clinical testing. 

This is just one way of solving the problem which 
was outlined in the last papers. 

s. LIN (Italy): 

Desidero ricordare un .semplice dispositive che 
viene impiegato nel nostro Laboratorio, costituito da 
un ago da ~estesia tipo Olorson-Gohrd, il quale 
permette di iniettare jl radionuc.lide, attraverso la 
piccolo camera chiusa da. una membrana di gomma, 
dopo aver proceduto all'immissione dell' ago in vena. 

Vorrei chiedere anche all'autore se ha esperienza 
del grado di contaminazione dell'aria ambientale, 
determinata dall'espirazione di pazienti sottoposti a 
terapia con alte dosi di radioiodio. · 

Vorrei infine richiamare l'attenzione su di una 
apparecchiatura costruita in Italia dalla SORIN
Saluggia, la quale permette non solo di eseguire a 
distanza l'infissione di sferule di materiale radio
attivo, rna anche di con tame il numero per mezzo di 

n dispositive elettromagrietico. 
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