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ROLE OF PROBABILISTIC EVENTS 1N THE APPLICATION
OF THE JUSTIFICATION CRITKRION

R. Hock
Kraftwerk Union Aktiengescllschaft, Berlinerstr. 295-2983,
P.0O. Box 962 D-603C Offenbach am Main, FRG.

ABSTRACT

Probabilistic cvents (potential accidents) at large industrial
installations - specifically nuclcar power plants - play a major
role in the public debatce. According to the IALEA (ICRP} criteria
an installation is only justified if it results in a net benefit
for the society. It is logical and in accord with the importance
assigned by public opinion that probabilistic events be included
in a justification evaluation.

This also entails an assessment of the probability of occurrcnce
and the conscguences of such events. As regards the conscgquences,
however, one has to keep in mind that the impact on a given society
not only depends, for example, on an absolute number of casualties
but also to a great cxtent on the fraction of the population
inveolved: a nundred casualties equally distributed over 100 towns
is different from 100 casualties in cnc town.

For the application of the coptimization criterion it has been
recommended that a beta factor be used to describe the more than
linear increase in risk aversion which occurs as the level of risk
to a single indiwvidual increases.

The application of this basic concept for the evaluation of a
societal risk caused by probabilistic events may be cven more useful
than its application in the optimization process. 1n addition, the
ability of a society to heal a limited amount of harm and inversely
the decrease in this ability when an increasing fraction of the
socicty 1s involved could be included in this factor.

It has to be kept in mind that an individual has a limited 1life
expectancy. Therefore even the worst case causes only a shift in
that value. A society, however, usually wishces toc be "immortal" and
will thercfore have a higher aversion tc any risk which may threaten
this desired immortality.

Such a beta factor will therefore approach large values if a
large fraction of a given scclety would be injured by an accident
or even if it would only be forced to leave its homcland. This
cffect will have to be offset by a corresponding decrease in the
probability of occurrence of such events.

A beta factor depending upon the fraction of a society affected
by an accident can therefore vary, depending on whether the
conseguences of such an event are being considerecd, for example,
by the authoritics cf a town adjacent to a plant or by a central
government,

The paper addrecsses potential applications of this methodelogy
as well as some of the problems which may be encountered.



RADIATION RISKS: THE ETHICS OF HEALTH PROTECTICN

Margaret N. Maxey, Ph.D,
The University of Texas at Austin, USA

Since the inception o©f commercial uses of nuclear
technolegy, radiation protection standards established by
regulatory agcncies have reflected moral concerns based on
two assumptions: (1} that the linear, zero-threshold hypothesis
derives from scientific data in radicbiology which are
virtually conclusive; (2} it 1s morally "better" for public
health protection to assume that any radiation exposure, no
matter how small, has some harmful effect which <¢an and ought
to be prevented. These assumptions have been reenforced by a
popular belief that, since World War II, technological man has
introduced into the bilosphere cnormous quantities of synthetic
toxic substanccs contaminating an otherwise benign natural
world. These include "unnatural" radiation sources as well as
huge guantities of T™sinister" chemicals with ne natural
equivalents. (1) Moreover, official policy has enshrined a
quasi-dogma about synthetic substances, chemical and
radiocactive: it is "prudent™ to assume that "even the most
minute dose, even a single molecule, may trigger a lethal
change in a cell that will cause it to multiply
malignantly.™ (2)

In the past few vyears these beliefs and related
assumptions have received closer scrutiry, revealing hidden
reasons for regulatory selection of radiation risks as objects
of paramount ethical concern, with the recsult that greater

risks to health have escaped compariscon and mitigation. Based

on this scrutiny this brief paper explores two guestions:

. Are presupposed assumptions ethically justified on grounds
of scientific evidence and ethical consistency?

s Should moral objections claiming to invalidate

comparative risk assessments be accepted or rejected?
RADIATION RISK SELECTION: SCIENTIFIC EVIDENCE AND IRONY

Radiation exposures from man-made technologies--whether
for medical diagnosis or electricity generation--have been
singled out as a uniqure cause of the dread disease of our age,
cancer, as well as of genetic mutations affecting distant
future generations. An entire ethical framework for social
criticism has been erected on the scaffelding of beliefs which
are at odds with the actual status of scilentific evidence.

1. Hypothetical Harm. More than 25 years have been
spent in developing radiation protection philosophy and
standards—-years dominated by a conservative assumption: every
radiation dose greater than zero entails some possibility of
somatic/genctic harm. The linear, zero-threshold hypothesis
has led the public to believe that "there 1s no safe dose of
radiation” and "every radiation deose is an overdose," Ethical

objections appear to stand or fall on this hypothesis.



Professional ethics compels us to recognize that, despite
a vast array of radiobioleogical data, there is no conclusive
evidence to prove the existence or absence of a threshold,
Moral objections assume the linear hypothesis to be an
unassailable scientific cenclusien; but in fact it is only an
inconclusive theory, an extrapclated hypothesis, an
ultra-conservative and protective rule of prudence. Humans
could not exist if the linear hypecthesis were applied to and
enforced upon personal lifestyle eXposures tao natural
terrestrial and cosmic radiation.

The absence of evidence of harm from low level exposure is
not due to incompetence cor lack of attempts to find effects.
L. Tayler is unambigquous: "No one has been identifiably injured
by radiation while working within the first numerical standards
set by the NCRP and then the ICRP in 1934. Let us stop arguing
about the people who are being injured by exposure to radiation
at the levels far below those where any effects can be found.
The fact is, the effects are not found despite over forty years
of trying to find them. The thecries about people being
injured have still not led to the demonstration of injury and,
though considered as facts by some, must only be looked upon as
figments of the imagination."({3)

A profcund misunderstanding of the inconclusive scientific
status o©of <the linear hypothesis renders moral arguments
dependent on it inherently flawed.

2. Hormesis., It has been scientifically established
that there are net heneficial effects from exposure tc low
levels of toxic substances, e.g. copper, selenium, flucride.
Professional ethics should compel competent members of the
scientific community to examine radiobiclogical data through
the lens of an hypothesis counter to--yet equally worthy of

attention given--a linear, zero-threshold hypothesis. T, D.
Luckey {4} has presented persuasive evidence that exposure to
low-level radiation might have net beneficial effects. Indeed

it may be essential for the continued well-being of living
organisms which have evolved in relation to wide variations in
exposure to natural radiation.

hccording to J. N. Stannard (5), the guideline of ALARA in
USNRC regulations has been interpreted to mean, "If you can do
it technically, you must do it" without any regard to excessive
cost or more effective health protection. An ALARA guideline
unjustifiably assumes that any degree of reduction in radiation
exposure will do some good. However, evidence suggests three
possible hormetic outcomes: {1} increased growth and fertility
of beth plant or animal organisms, {2) increased longevity, and
{3) a reduction in cancer frequency.

3. Eticlogy of Cancer. Thirty vyears ago, when Jochn
Higginson ascribed the incidence of cancer in industrialized
societies to "environmental <causes,"™ he meant a total
environment--i.e. agricultural practices, hygiene, diet and

behavior, social mores--not physical chemicals. (6) Through




misinterpretation and distortion, his complex theory has led
people to believe that some carcinogen lurks in everything
humans eat, drink and breathe. John Totter has shown that
mortality from cancer appears independent of industrialization
in a country and of its man-made pollution. He maintains that
one should look for primary carcinegens--not among man-made
agents--but among all-pervasive "normal"® environmental
components, Totter suggests that the culprit is oxygen: it is
a recognized mutagen; experiments have sheown that it causes
tumors in fruit flies; in the BAmes assay test for screening
carcinogens, it shows up positive. (7}

To summarize: no scientific nor ethical Jjustification
exists for singling out radiation as a unique cause of cancer
or genetic mutations when over a thousand other toxic agents in
common ccmmercial use are capable of producing the same health
effects 1f exposed to them in sufficient doses. There is both
an ethical and scientific basis for recognizing a practical
threshold or de minimis dose below which risks of exposure are
trivial and ought 1legally and morally to be ignored.
A hypothetical harm can entail only a hypothetical wviolation of
rights, fairness, egual ©protection and intergeneraticnal
equity.

COMPARATIVE RISK ASSESSMENT: FALLACY vs, REALITY

Tc counteract moral ocbjections that radiation risks pcse
utterly unique threats to health, at least five methods of
comparative risk assessment have evolved: (1) comparisons among
risks already widely accepted by the public with "new" risks;
{2) compariscns among risks of alternative ways of achieving
the same objective; {3) comparing technology-induced radiation
exposures with natural background; (4} compariscn of risks with
benefits to be achieved; {5} comparative measures of the
cost-effectiveness of various risk-reduction opticns,

Critics of comparative risk assessment object that
each method "begs the question of why an increase in risk,
however small, should be acceptable."(8) These methods are
also attacked because they assume that radiation risks are not
unique but commensurable with other risks, =soc that expenditures
for risk reduction can achieve "equity"” by a more economically
efficient use of dollars-per-life-saved, (9)

The first objection commits the fallacy of misplaced

concreteness. It is fradulent to isolate one technology in
such a way that it only represents incremental risks--as if
these were simple additions tc a current risk background. To
the contrary, any "new" risk in reality reorders an entire
system by displacing, offsetting, substituting for, or

otherwise restructuring a prior pattern of benefits and harms.
Only systemic risk analysis which surveys a total spectrum of
threats to health, and endeavors tc compare risk-reducticn
cptions and associated costs, can be expected to achieve the
most equitable health protection for an entire population,



The incommensurability objection c¢laims that "efficient
use"™ of risk-reduction decllars cannot achieve "equity" because
risk is not distributed in a populaticon equally, nor 1is
"efficient life saving" the only goal of safety policy. The

objecticn fails on two acccunts: it confuses "efficiency" with
effectiveness, and it misinterprets "equal protection" as
absolute protection. It is an inescapable reality that a
public policy cannot possibly “"do no harm," Even the most

conscilenticus of policies will entail risks of some unintended
harm to some hypothetical individual. When we compare more or
less cost=-effective methods of reducing risks to people and the
bicsphere, and compare net bhenefits, we are not wielding
utilitarian teceols for placing a callous dollar-value on human
life or impairment as a moral judgment of individual worth.
Much less are we estimating economic losses to society as a
measure of personal expendability sacrificed to achieve
techneological advancement or "benefits® to an abstract society.
In the real world of decisions about setting priorities for
allocating public money, we are maximizing the value we place
on human life by endeavoring to reduce widespread harm, thereby
preventing diminished quality of life and premature loss of
life expectancy. These decisicns are covenantal expressicns of
our common humanity.

In conclusicn, a fundamental ethical imperative of
fairness should prevent moral ccncerns for health protection
from being trivialized by an obsession with hypothetical health
effects from but cone technology, thus siphoning public concern
away from preventable causes of widespread disease,
malnutrition, merbidity and death claiming thousands of lives
daily, and endangering a basic set of conditions £for the
well-being of our posterity.
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THREE-DIMENSIONAL DOSE-RESPONSE MCDELS OF RISK
FOR RADIATION INJURY AND CARCINOGENESIS®

Ottc G. Raabe, Ph.D.
University of California, Davis, California 95616 USA
ABSTRACT

The use of computer graphiecs in conjunction with three-dimensional
models of dose-response relaticonships for chronie exposure to lonizing
radlation dramatiecly clarifies <the separate and interactive roles of
competing risks. The three dimensions are average dose rate, exposure time,
and risk. As an example, the [functionally injurious and ecarcinogenic
responses atter systemle uptake of Ra-226 by beagles, mice and people with
consequent alpha particle irradiation of the bone are represented by
three~dimensicnal dose-rate/time/respense surfaces that demonstrate the
contributions with the passage of time of the competing deleterious
responses. These relationanips are further evaluated by mathematical
stripping with three-dimensional illustrations that graphically show the
resultant separate contribution of each effect. Radlation bone injury
predominates at high dose rates and bone cancer at intermediate dose rates.
Low dose rates result in spontaneous deaths from natural aging, ylelding a
type of practical threshold for bone cancer induction. Risk assessment is
benefited by the inaights that become apparent with these three-dimensional
models. The ilmproved conceptualization afforded by them contributea to
planning and evaluating epldemiclogical analyses and experimental studies.

METHODS

Mathematical relationships for risk distributions.

The bodlily intake of radicactive materlals, such as Ra=-22b, can lead to
protracted, chronic irradiation of tissues, such asz the bone, with subsequent
cancer l1nduction or systemic injury. Similar responses may be observed for
repeated external exposure to penetrating radlation. The i1independent risk
probabllity of fatal induced cancer 15 cbscured by the separate independent
competing risks of deeth, especlally those that occur near the end of the
normal 1life span, The observed occurrence of fatal cancer induced by
exposure to lonlzing radiation 1s the resultant of the convolution of all
causes of death, and 1a a type of dependent rlsk since it depends upon both
the dose-response relaticnsnips for the irradiation and as well upon other
ef'fects ineluding especlally deaths assoclated with natural aging.

Probability distribetion functions are utilized to describe the various
riask distributions as functicns of time from beginning of exposure until
death and as a function of dose rate at any specific time. These
relationanipas have the general form that the independent risk distribution
for a given effect has a probability density, f(t,D), and cumulative risk
function, F(t,D), which are distributed with respect to elampsed time, t, but
depend on average dose rate, D, forming three-dimensional mathematical
response surfaces, The cumulative risk for a single effect 1s the
independent probability (values between zero and one) of an individual
succumbing to the specified response (e.g., dying of bone cancer) assuming
that there are no other possible effects. Likewise, the probabllity density,

%Research supported in part by the Office of Health and Environmental
Research of the U.S. Department ol Energy.



f, 1s the fraction of all indlviduals origlnally at risk who succumb per unit
of time (e.g., per day)} after exposure begins. Thus, 1f T is the time from
Initial exposure to death from a apecified cause and there are no other
causes of death, then the probability of dying at a given average doase rate
before or at a specified time, t>T, 1s given by F(t,D) with t=A-E and A the
age of the individuals at risk and E their age at the beginning of exposure.

¥hen several separate risk distributions, F,, are superlmposed 1in the
time and dose-~rate sapace, the occurrence of cne caﬁae of death, 1, 1is a
fraction, ,, of individuals who succumb to that cause at a specific average
dose rate. or example, effect 1=1 could be spontanecus deaths asascclated
with mnatural lifespan, effect 1=” could be deaths aasvclated with a specific
form of radlation-induced cancer, and effect 1=3 could be deaths from
systemic injury induced by radiation exposure (Raabe, 1987}.

Independent distributions, F,, are mathematically unchanged by the
preaence of the other risks, but tﬁe occurrence of the other risks may reduce
the number of individuals that succumb to a specific cause. Thus, the actual
cceurrence of cancer deaths caused by radiation expesure will be leas than If
there were no other possible causes of death, and <F,. The occurrence
fraction 1s the dependent riak from expcsaure to lonizing radiation since It
is the resultant of the various causes of death including those assoclated
with natural lifespan. The number of individuals among those exposed who
succumb to an effect, i, 1s predicted by Qi’ not Fi'

Lognormal independent risk model

The independent riska of cancer induction and otner effects have been
userully modeled as =& lognormal functions of time to effect (Raabe et al.
1980; Raabe et al., 1981a; Raabe, 1984; Raabe, 1987). The lognormal model
involves a basle dose-rate/time/response relaticnship gilven by:

tz=kb-3 (1)

where D 15 the average dose rate to the tissue at risk, t is the elapsed time
to death (or other endpoint) after initial exposure, ¥ 1s a parameter
apgoclated with level of risk and expcsure conditions, and 5 1s the negative
slope of the logarithmic form of the function. At any glven D, both K and t
are lognormally distributed with geometric standard deviation, 9 . This
relationsnip deflnes a three-dimensional legnormal dose-rate/time/gesponse
surface for a specific effect such that:

2 =(lnt = 1n Km + 5 1n D)/1n UE {2}

where K 1s the fitted median risk value of K, O 1is the cobserved geometric
standard deviation of K values for the individufl cases, and Z 1Is the
standardized normal devliate which is equal to =zero at the medlan risk
(F=0.5}. Hence, the cumulative risk for a lognormal doge-rate/time/response
distribution for a specific effect can be calculated for each D and t by
numerical 1lntegration of the standardized normal dlatributien.
226 -

Data for Ra-1njected beagles.

An example of the use of the three-dimensional medela 13 given in an
analysls of bone cancer induction and skeletal injury in lifetime atudies of
Davlia beagles injected with Ra-226 (Raabe et al., 198ib). Briefly, 234§
purebred beagles were adminiatered 8§ fortnightly intravenous 1injectiona of
Ra-226 in 0.1 N nitric acld saline sclution in five dosage groups beglnning
at 435 days of age and ending at 540 days of age {midpoint of intake at 485




days of age)., Lifetime dosimetry involved whole-body gamma ray spectroscopy
of Bi-214 and application of the appropriate radon/radium retention ratios in
bone; the irradiation of bene cells was primarlily by alpha rays, To compare
the Ra-226 doge-response results 1n beagles to other specles including
people, avallable human data (Evans, 1966, Evans, 1974, Argonne National
Laboratory, 1985) and female CF, mouse data (Finkel et al., 1%69) involving
bone burdens were also evaluatea with the three-dimensicnal medels.

Life span distributions.

The distribution of deaths assoclated with natural 1lifespan involves
many causes ineluding various forms of both communicable and non-communicable
diseases, and is commonly represented utilizing the Gompertz functicn. The
Gompertzilan cumulative risk from an age E until a time t=zA-E is described by
h * the hazard rate at birth, and 6@; the exponential cogfficient (Raabe,
1887). For beagles, h°=2.037 X 10" /day and ¥ =1.104 X 10~-/day.

RESULTS

In the Davis beagle study, a total of 115 cases of fatal bone cancer
(primarily oateogenic sarcoma) were fit to the lognormal model by least
squares for dose rates spanning 0.3 to 20 cGy/day. The resulting funection
had X =2500, 3=-0.29 and ¢_ of 1.1T7 based upcn survival time 1in days and
dose Pate in cGy/day (Table®1). The time post intake was calculated from the
midpolint of the 1injection perlod (&=%485 days). An approximate (5=3)
leognormal bone 1njury risk funection was fit to the obaerved cases of deaths
from systemic injury at high dose rates.

¥When the combined cumulative risk, F (ﬁ}t), for &ll causes of death 1s
divided into 1ts component oconstituents 1Using mathematical stripping as
deacribed by Raabe (1987), the separate fatal occurrences show that radiation
bone injury predominates at high dose rates and bone cancer at 1ntermediate
dose rates. Also, low dose rates result In spontaneous deaths from natural
aging, ylelding a type of practical threshold for bone cancer Inducticn.

To compare the Ra-226 dose-response results in beagles to other specles
including people, lognormal dose response relatlionships with identical S=0.2%
were it to available human data and female CF, mouse data involving skeletal
burdens of Ra-226 (Raabe et al., 1980; Raabe et al., 198%a; Raabe et al.,
1983). These results for the independent risk functions are summarized in
Table 1. The three-dimensiconal occurrence distribution for people of fatal
bone cancer 1nduced by Ra-226 can be assumed to includes a concurrent risk of
carcinoma of the head not found in beagles.

Table 1. Parameters of the lognormal dose-rate/time/risk distribution for
observed latal cancer 1n laboratory animala and man where S 13 the
negative =slope and O 1s the geometric standard deviation of K values
abhout the medlian ¥ for ﬁ animals with correlation coefficlient, r, based
upon radiation dos® rate in ¢Gy/day and survival time In days.

Response Radionuglide Specles K S " n

~m = —g -
Bone Cancer :ggﬂa Beagle 2,464 0.29 1.17 115
Bone Cancer 2263a CF. Mouse 850 0.29 1.30 249
Bone Cancer 22633 Ma, 5,000 7 0.29 1.39 32
Bone Injury Ra Beagle 10 3.0 Estimate



The same haslec three-dimensional 1lognormal dese-rate/time/response
function with 5=0.29 was found to describe the results for the three species
but displaced in time by a s9pecles dependent response ratic (RR). This
responae ratio can be interpreted as the ratic of the respective median
values, K , for the three specles which were well correlated to (but not
proportiongl to) 1life expectancy (Raabe et al., 1981a). The RR for
people/beagles=3,6 and people/mice=10. Thus, people are one-tenth as
sensitive as mice for osteogenic sarcoma at the same average dose rate.

DISCUSSION

The three-dimensional dose-rate/time/response relationships preyide for
an improved understanding of the interaction of competing risks and natural
life span in combination wilth chronic exposure to 1onlzing radiation. In
particular, the usual methods which utilize cumulative dose tend to obscure
or lgnore the effects of time and dose rate upon the risk.

It 1is c¢lear the the convelution of induced cancer risk distributions
from chronic exposures and natural life span leads to a steep, nonlinear
oceurrence function. A type of quasi-threshold descrihes the occurrence of
radiation—~induced cancer at low dose rates. Hence, the common use of llnear
risk functions to describe life apan dependent risk will be expected to
overestimate the actual occcurrence of cancer at low dose rates.
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LIMITATION OF EXPOSURE TO UV IN COMPARISON WITH IOKISING RADIATION:
POLICES AND REGULATIONS

Branko F.M. Bosnjakovic *
Radiation Proleclion Directorate, Ministry of Housing, Planning
and Environmenkt
Leidschendam, The Netherlands

INTRODUCTION

Physical characteristics and biological effects of ultraviolet (UV) and
ionising radiation disploy similarities. The prescnt paper endeavours bo
give an overview of facts and approaches relevant for protection mgainst UV
as compared with ionising radiation {1}.

EXPOSURES AND RISKS

Exposure to UV radiation may ceuse erythema of the skin and inflammation of
the eye {photokeratitis and photoconjunctivitis}. These effects proceed
within B Few days after the exposure has cxcccded a certain threshold
value. Therc are indications that chronic exposure to UV radiation may
induce cataract. Exposure of the skin contributes to the ageing of the skin
and the risk of the occurrcnce of skin carcinoma. There is no indication
for a threshold beclow which the skin cancer risk is not affected.

There is 1ittle principie difference with respect ko ionising radiation,
the exposurc to which can cause both acute {non-stochastic) and delayed
{mainly stochastic) effects. Tt should be remarkcd, however, that the
dose-cffect relationship For photocorcinogenesis in humen populaticns is
basically a quadratic function {1A}. Therefore no elegant concept like that
of the collective dose for icnising radiation exists,

Also, whereas the evidence for benceficial effects of ionising radiation is
still under discussion, the positive effects of UV irradiation {vitamin
D production, pigmentation) are more clearly defined.

It is of interest to compare the overall risks of exposure to UV and
ionising radiation respectively., For simplicity, one can consider in case
of UV the carcinogenic effect of skin exposure, which is for more than 90%
duz to the natural source, the sun. In reference {1B}, the corresponding
individual risk has been calculated for the Nethorlands, on the basis of
statistical data on skin cancer and melanoma mortality, to be in the range
{0,5 - 2,5} 1072 per year. The range reflects the uncertainty about which
fraction of melancma mortality is due to UV exposure (1C}. This silLuation
is not grossly dissimilar from that for ionising radiation, where
approximately 80% of exposure is due to natural sources. In a low natural
background radiation country like the Netherlands, a corresponding
individual risk can be calculated to be 2,5 x 1075 per year on the basis of
the lincar risk factor recommended by ICRP.

DASIC EXPOSURE SITUATIONS

Basic principles of dose limitation recommended by ICRP - justification, As
Low As Reasonably Achievable {ALARA) principle, individual dosc limits -

* Member, IRPA International Non-Ionising Radiation Committee
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are not meant to be applied uniforamly in 211 exposure situations. The
individual dosgse limits for exposure to ionising radiation e.g. do not apply
to medical and natural sources of radiation. Besides the three tradional
situations - petients’ exposure, exposure in the work-place, exposure of
the members of the public - additional categories may be needed. They are
summarised for UV end ionising radiation in Table I.

Table 1
Basic situations of exposure to rediaticn Ionising uv
Patients exposure preventive +
{intentional} diggnostic + +
curative + +
Occupational enchaenced natural + +
exposure planned/within limits + +
{unintentional} unplanned/accidental + +
Public exposure: cosmetic *
{intentional} enhanced natural +
enhanced natural + +
{funintentional}) planned/within limits + +
unplanned/accidental + +
large-scele emergencies +

Whereas there exists an overall analogy, some differences between UV and
ionising radiation are striking. No preventive medical uses of ionising
radiation are cobmon whereas they do exist for UV, such as to achieve
desensibilisation or vitamin D production. No sudden large-scale accident
emergencies are known for UV sources in contrast to icnising radiation,
where risk menagement, planning and preparedness for nuclear accidents form
major ingredients of the policy and regulatory processes. On the other
hand, slow changes of natural UY levels with potentially serious global
deterioration of human and ecological environment may occur if the ozone
layer is depleted due to certain forms of pollution.

Finally, intentional exposure For tenning purposes has become a
characteristic application of UV radiation in many industrielised
countries, This type of exposure is without analogon in the field of
ionising radiation.

LIKITATION OF INTENTICNAL EXPOSURE

In North West European countries, 2 substantial fraction of the population
have become regular users of tanning equipment {Sweden 4% {iD}, the
Netherlands 7% (1lE}).

The effects of UV radiation are wavelength dependent. Using a spectral
effectiveness function or action spectrum the radiant exposure {in I1/m2y,
or irradiance {in W/mz} can be weighted per wavelength with a factor
appropriate for the biological effect considered. Integration over the
whole UV spectrum produces an effective radiant exposure, or effective
irradiance.

Action spectra for skin erythema and for pigmentation, respectively, can be
defined mas a function of the skin type. They are similar but not

identical. Repreaentatives from two international organisations, IEC
{International Electrotechnical Commission)} and CIE {Commissiaon
Internationale d'Eclairage), have agreed at Amsterdam in 1987 to recommend
and use the simplified action spectrum proposed by McKinlay and
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Diffey {1F). So far, no such general agreement has been arrived at as far
as the pigmentation is concerned. Also there is no agreement on an action
spectrum on carcinogenesis although there arc strong indications that the
latter is well represented by the erythema action spcctrum.

Since 1980 several countries {USA, Caneda, Sweden, UK, FRG, Australia, the
Ketherlands) haeve promulgeted reguletions or recommendations concerning the
exposure to tanning equipment, as summarised in (%4). The general aim is to
prevent scute, undesirable cffects {and in some cases tc limit the risk of
chronic effects} without undue curtailment of the desired cosmetic effect.
In most countries, the requirements concern a limitation of the irradiance
(in W/m2}; a limitation of the initial and/or total radiant exposure {in
J/mz) during an irradiation course; the existence of devices such as a
timer and en cmergency switch; the use of eye protection; the information
to be provided to the public, especially concerning the hypersensitive
Individual, the elfects of drugs, cosmetics etc.

From the foregoing, it is c¢lear thet the total annual radiant exposure is
not limited. It may be intcresting to mention that Lhe skin cancer
Incidence in the Dutch population has been calculated to increase by a few
percent. duc to the estimeted exposure from Lanning cguipment.

LIMITATION OF UNINTENTIONAL EXPOSIRE

Unintentional exposure from artificial UV sources can ogcour both in the
work-place {rescarch laboratories, curing of ink and lacquers) and [or the
menbers of the public {(illumination, amusement industry). American
Conference of Governmental Industrial Hygienists {ACGIH} was the first body
to formulate corresponding threshold limit values (2). The underlying
principles and limiting wvalucs heve been further devcloped by the IRPA
International Non-Jonising Redistion Committee {INIRC) {3} and by the
Health Council of thc Netherlands (4). Both latter documcnts require the
ALARA principle to be applied. The purpose of the IRPA/INIRC guidelines is
to provide limits of exposurc to UV and represent conditions under which it
is expected that nearly all individuals may be repeatedly exposcd without
adverse effects. The Dutch Health Council states more explicitely that the
cxposure limits recommendations arc besed on two principles:
- harmful effects for which there is a threshold must be avoided
- the risk of chronic cffects For which there is no threshold dose, is to
be restricted to a reasonable wvalue.

The exposure limits apply to exposure during a normal working day, and arc
adequatc to protect 1lightly pigmented individuals, both in the working and
gencral population. They do not apply to lasers; exposure duration less
than 0,1 microseconds; some rare, highly photosensitive individuals;
individuals concomitantly exposcd toc photosensitising agents; and to
aphakic individuals [persons with s lens removed).

The exposurc limit has a minimum valuc of 30 J/m2 at 270 nm. In the
wavelength region up te 310 nm, it is based upon combined effccts on the
skin and the eye, and is equal in all three documents. At higher
wavelengths the cxposure limit of the Health Council ol the Netherlands has
becn derived from the erythema ection spectrum. In the 310-400 nm region
ACGIH and INTRC/IRPA propeose to limit the irradience to 10 W/me for
exposure durations longer than 1000 s. For shorter exposures the radiant
exposure is limited te 10 kJ/mz. These recommendations are related to the
possible induction of the cataract. The Dutch Hemlth Council concludced,
however, that an exposure limit related to the cataract is only necessary
in case of chronic exposurcs and rccommcnds a value of 1 w;m2.
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It has becn estimated (4) that a radiant exposure equal te the proposead
exposure limit correspands, for mverage exposure condjitions, to skin cancer
risk increase of 25% for an average indoor worker. The skin cancer risk of
an outdoor worker is a factor 5 lerger than that of an indoor worker. The
risk of skin cancer induction in case of chronic exposure to UV radiation
approximating the exposurc limit appears to be much less than the extra
risk ceused by working outdoors.

CONCLUSIONS

Both UV and fonising radimtion may causc acute and late cffects. The
average mortality risk due to overall exposure is similar in both cases.
Several basic situations of exposure are comparable; but UV exposure is
characterised by {a) intenlional use for cosmetic purposes, and {b)lack of
sudden large-scale emergencics. The limitation of unintenticonal exposure Lo
UV and ionising raediation follows similar principles of protecLion. It
would be desirable to deepen further the degree of uniformity and
harmonisation in protection against these two types of radiation.
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ESTIMATION OF POPULATICN DOSE FRCM ALL SOURCES IN JAPAN

Tomoko Kusama, Takeo Nakagawa, Michiaki Kai and Yasuo Yoshizaewa
Department of Radiological Health, Faculty of Medicine,
University of Tokyo

1. INTRODUCTION

The purposes of estimation of population doses are to
understand the per-caput doses of the public member from each
artificial radiation source and to determine the proportion
contributedof the doses from each individuml source to the total
irradiated population. We divided the population doses into two
categories: individual-related and source-related population doses.
The individual-related population dose is estimated based on the
maximum assumption for use in allocation of the dose limits for
members of the public. The source-related population dose is
estimated both to justify the sources and practicea and to optimize
radiation protection. The source-related population dose,
therefore, shculd be eatimated as realiatically as possible. We
investigated all scurces that caused exposure to the population in
Jepan from the mbove points of view.

2. MATERIALS AND METHODS
{l) Investigated sources
We investigated all sources contributing to exposure to the

pepulation in Japan. The sources surveyed in this report are shown
in Table 1.
Table 1 Surveyed natural and man-made sources

natural sources

cosmic rays

terrestrial radiation

internal irradiation

radon end thoron and their decay products
man—-made sources

nuclear power production

nuclear explosions

congumer products

technolegically modified natural radiation

medical radiation

(2) Population dose

We estimated two population doses. ©Cne was the per-caput dose
from each source of both natural and man-made radiationa. The
other was the maximum individual dose from all artifieial sources.
The per-caput doses were calculated realistically and the
individual dose for each critical group was calculated with
maximum assumption. In calculating the doses, the effective dose
equivalent proposed by ICRP was used.
{3) Data sources

We used available information reported in aome publications by
the authors or other researchers.

In the cagse of no information regarding Japan, particularly
indoor radon concentration, we used other countriea’ data published
in UNSCEAR reports and elsewhere.
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3, RESULTS
{1) Per-caput effective dose equivalent

An average ennual effective dose equivalent for one person
from all sources is shown in Fig. 1. Note that the doses from
man-made radiation sources amount to about 50% of all population
doses, The doses from both man-made radietion and from natural
radiation each contribute almost the gseme to the population doses
in Japan. It was elsco found thet the doses from medical radiation
constitute 98% of the doses from man-made rediation.

The annual per-caput effective dose equivalents from natural
bechground radiation in Jepan were 270 u Sv from cosmic radiation,
300 u 8v from terrestrial radietion, 240 u Sv from internal
radiation and 840 4 Sv from the inhalation of redon, thoron and
their products.

The per-caput effective dose equivalents from radiological
diagnosis and therapies mare shown in Fig. 2. The doses from X-ray
radiographies performed in the hospital occcupy the larger part of
the doses from medical rediation. The doses from mass health
examination, that is chest and upper abdomen photofluorographies,
follow the doses from the X-ray examination. The types and
frequencies per person of X-ray examination are shown in Fig. 3.
On the average, one person receives one X-ray examination once a
year.

Dental radicgraphies are performed frequently in Japan, but
their effective dose equivelent is very small. Conasequently,
dentel X-ray examinaticons do not contribute at mrll to populaetion
dose in view of the effective dose equivalent. On the other hand,
Bince the effective dose equivalent of upper abdomen X-ray
examination is higher, its contribution to the population dose ia
large.

The average annual effective dosme equivalent from man-made
aources other than medical uses, that is fall-out radiation,
technologically modified naturael radiation, and discharge radiation
from nuclear facilities, is only about 30 u Sv and contributes 0,8%
of the population dose.

In Japan, 14 nuclear power Btations and 35 nuclear reactors
are now operated. The operational levels on the discharge of
radioactive nuclides from nuclear power stations is set by national
authority at 50 u Sv/y for membera of the public. The actually
received doses are controlled at below 10 u Sv/7.

{2) Maximum effective dose equivalent from artificial radiation
sources

The maximum effective dose equivalents from man-made sources
are shown in Table 2. These doges were estimated fto be maximums
with intention of use for allocation of dose limits for member of
the publiec, that is 1 mSv/y.

Table 2 Maximum effective dose egquivalent from man-made sources

gource doage {u Sv)
nuclear power plants 50
fuel reproceasing facilities 100
conaumer producta 10
coal power plants 50
phosphate fertilizers 20
high altitude flights 110
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4. DISCUSSION

The per-caput effective dose equivalent from natural radiation
in Japan, 2 mSv/y, is approximately similar to other countries
located at the mame latitude and height. The proportion of natural
background raediastion to all population dose, about 50%, was
different from other highly developed countries, in which the dose

from man-made radietion sources were lower than in Japan. The
doaes from medical uses in Japan are higher than those in other
highly developed countries. For example, the doses from medical

radiation in Japan are 8ix times higher than those in England.
Rediological examination auch as X-ray diagnosis, mamss health
examination, dental X-ray and nuclear medicine is carried out
frequently in Japan. In Japan, legal periodicel chest examination
is enforced for all of the population and periocdical upper abdomen
iI-ray examination is carried out frequently in persons more than 40
years of age. The diagnosis X-ray and nuclear medicine ere daily
used for many patients in hospitals. The practitioners and
radiologists should judge the application of radiography,
fluorocacopy or radiation therapy for patients from the viewpoints
of justification of the practices. Our survey in Japan showed that
deapite frequent uses of medical radiation, most practitioners and
radiologista had little or insufficient knowledge of radiation
protection and radiation risk and detriment. Our urgent problem ia
to promote the spread among practitioners of knowledge of radiation
protection for patients. Another problem is to cobtain further
information on indoor radcn concentration. There is little such
information in Japan. Further investigation is needed to estimate
exposure to indoor redon. 1In Japan, some systematic survey of
indoor radon concentration ia being done by the National Inatitute
of Radioclogical Science (NIRS) and other accieties. More
informetion will be expected in a few yeamars.
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FOOD IRRADIATION ISSUES, TECHNICAL AMND PUBLIC, IN THE UNITED STATES

Hank Kocol
Food and Drug Administration

In the past few years in the United States there have been a
few controversies relative toc our food supply. A certain segment
of our population has always been concerned about food additives
and the use of pesticides, the allegation being that those
chemicals are "unnatural" and can lead to deleterious effects
among the consuming population, The issue of pesticide use
reached a peak several years ago with the news that eythylene
dibromide {EDB}, commonly used to disinfest grain, could have
long-term carcinogenic effects, The food and agricultural
industries are searching for safer chemicals or other technigues
to ensure a safe and varied food supply. One technigue being
studied is Food Trradiation.

"Food Irradiation" is defined, for the purposes of this
presentation, as the use of ionizing radiation in food
processing,

Current propcsals and uses for food irradiation limit the
sources to certain radiocactive isotopes {cobalt-60, cesium-137}
which are sufficiently long-lived and emit penetrating radiation
for practical use, and to machines (x-ray, electron beam) which
can produce sufficient penetrating radiation with rather simple
technology. There are advantages and disadvantages of each
source. Radicactive isotopes need to he shielded when hot in
use; machines produce the radiation only upon electrical
stimulation but are more complex technically. Isotope sources
have limited useful lives because of radicactive decay.

In a typical food irradiation facility, centainers of food
are transferred automatically into the radiation field produced
by the source. The food is irradiated for a particular time
dependent upon the strength of the source. The irradiated food
is then automatically transferred outside the radiation field for
shipment. Shielded walls would be necessary arocund the radiation
area to protect the public and workers, TIf the source is a
radioactive isctope, a shielded safe would be necessary for
storage of the source while it was not being used for
irradiatien.

There are quite a few reasons for which food irradiatiocn
would be useful in processing. In order of increasing radiatien
dose, food irradiation would be useful for:

Inhibition of sprout formation, and thus increase the shelf-
life of sprouting vegetables at 50-150 Gy;

Insect disinfestation at 200-B00 Gy;
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Elimination of spoilage organisms at 1,000 to 3,000 Gy;

Elimination of pathogenic and parasitic organisms for which
3,000 to 8,000 Gy is necessary;

Food sterilization at 25,000 to 50,000 Gy.

A problem can occcut in that spoilage corganisms are
eliminated at levels lower than that necessary to eliminate
pathogenic organisms. The natural taste-smell test for
suitability for food may thus become unreliable. If the spoilage
organisms are eliminated but pathogenic organisms are allowed Lo
proliferate, organoleptic tests for freshness would be invalid.

For increase in shelf-life, irradiation is suitable for some
foods but not others. Papayas, mushrooms, onions, and shrimp can
have their shelf-lives extended because of the retardation of
evident aging processes, The amount of radiation to be used for
each food must be determined emoirically. Some species of
cherries, for example, can he shelf-life esxtended, wherceas others
would be degraded by the irradiation. Irradiation conditions
musk be determined for each specific food item.

Food irradiation, like anything else, is not a panacea.
There are problems associated with irradiation in that food
guality may be affected at higher doses, the hygienic quality of
the food must be controlled prior to irradiation, and retrradia-
tion may lead to organoleptic detericration of the food product.
As with any other type of irradiation, the effects of food
irradiation are cumulative with dose; therefore, food would nead
ts be labeled that it had been irradiated so that a future
processor does nob reirradiate the food causing deterioration.

Historically, the idea of food irradiaticn arose in the
1940's when the U.S. Army experimented with the irradiation of
foocd for field use. At that time, many of the techniques
currently in use had not been developed resulting in the Food's
having the famcus "wet dog" taste, By selective irradiation
techniques of particular foods many of those carly problems have
been eliminated. Current techniques can include cryogenic
temperatures during irradiation, for example.

In 1963 the Food and Drug Administration approved the use of
foed irradiation to control insect infestation in wheat.

In 1964 the Food and Agricultural Organization of the United
Nations issued recommendaticns concerning food irradiation that
included the following:

{1} Legislation concerning food irradiation must be
promulgated;
{(2) The safety of the food irradiation must be cleared;
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{3) Specific foods must be cleared individually;

{4) Compliance must bhe accomplished using chemical testing,
licensing, bioclogical testing, labeling, dosimetry, and
record keeping.

In 1980 an FDA committee concluded that animal feeding
experiments are not necessary for foods at less than 1000 Gy.
That conclusion resulted from chemical analyses of foods which
had been irradiated compared to those which had not been irradi-
ated and consideration of the levels of radiplytic products
produced versis the amounts that would be necessary for practical
animal experimentaticen.

In 1983 the FDA approved the use of irradiation to control
microorganisms and insects in spices. The consideration here
included the fact that spices not only are susceptible to
microorganism and insect infestation, but alsoc are a relatively
small portion of the diet.

In 1985 the FDA approved the use of up te 1000 Gy to control
trichinesis in pork. T understand that we are perhaps the only
developed nation which has a pork trichinosis problem, and,
therefore, our pork is not suitable for export to most other
countries in the world.

In April, 1986, the FDA permitted further use of irradiation
to inhibit the growth and wmaturation of Ffresh food and to
disinfect foods adulterated with insects. All foods that are
irradiated must be labeled to show this fackt, both at the
wholesale and at the retail levels. Thankfully, a previous
rccommendation to use the term "picowaved" has fallen by the
wayside. TLabeling needs to contain a statement concerning the
radiation treatment and bear a symbol which, as the public
pecomes accustomed to it, may be all that wculd be required for
labeling in the future,

There have been guite a few myths concerning the food
irradiation process, and we should discuss some of those myths.
First of all, of course, the use of the sources proposed will not
make the feod radicactive.

Since irradiation causes chemical changes in foods, concern
has been expressed that there would be deleterious nutritional
deficiencies caused in the irradiated items. It is true that
irradiation does result in chemical changes in the foods, and
some 0f the vitamins can be affected. However, those nutritional
deficiencies are very small compared with nutriticnal deficien-
cies induced by other metheds of food processing, such as
cooking, or even by storage of the food. Some foods which showed
a large decrease in certain vitamins are really mincr sources of
those vitamins in the American diet.
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Some critics have emphasized that irradiation can produce
new chemicals in foods. There are radiolytic products induced in
food by irradiation. The major radiolytic products are already
present in part per million guantities in foods with no apparent
harmful effects to the consumer. Unique radiolytic preducts,
that is, those produced only by irradiation and not by any other
food processing technigues, are chemically similar tec substances
already found in food and are of such very small quantities {much
less than parts per billion) that they cannot be considered
deleterious to the consumer,

Bnother criticism focuses con the possibility that reirradia-
tion of the same food at various stages in processing can
increase the concentrations of radiolytic products, It is true
that as dose increases the concentration of radiolytic products
in the food alsc increases. However, because irradiation can
also degrade the radiolytic products, the concentration of those
products reaches a plateau at approximately 10 kGy, after which
further irradiation eliminates as many of the radiclytic products
previously formed as causes further radiolytic product formation.

Others emphasize the hazards to workers and public with the
use of such a dangerous modality as intense sources of ionizing
radiation., Of course, standard health physics techniques are
necessary for safe operation of the facility.

A last myth, which has recently surfaced, is that fcod
irradiation is being promulgated simply as a way to use the
radivactive wastes that have been produced as byproducts of
nuclear power and weapons production. 1In accordance with this
myth, we would become so dependent upon the radioactive isotopes
for food irradiation that we would continue nuclear power and
defense weapons preduction simply to obtain the isotopes for this
modality. In the United States, this myth is given credence by
the fact that the Department of Energy is funding much ©of the
food irradiation research; the fact that DOE must dc so under
Congressional edict is not considered. The argqument, of course,
does not address accelerator sources which are proposed for
future facilities,

In summary, food irradiation cannot be a panacea to solve
all food processing problems, It can, however, be used to save a
large percentage of the world's food supply which is lost to pest
infestation; it can increase the shelfvlives of many foods, thus
increasing the variety of foods available to a larger populaticn;
it can eliminate much of the use of carcinogenic insecticides in
our food supply; it can reduce the salmonella and trichinosis
problems in meat items.
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IMPROVING RADIOLOGICAI. SAFETY THROUGH ORGANIZATIONAL DESIGHE

Steve Rayner,
Oak Ridge National Laboratory
P.O. Box X, Oak Ridge, TN 37831, USA

ABSTRACT

A pilot study of the perceptions of radiation hazards among American
nospital personnel indicates tnat members of various occupational categories
exhibit diverse behaviors toward X-rays, radiopharmaceuticals, and radiocactive
waste. Tnese results are summarized in relation to other studies of
radiation-nazard perception in Britain and the U.S5, The implications for risk
management and institutional design are brought together in a Systematic model
that relates specific characteristics of various medical occupations to
different levels of vigilance and caoncern for potential radiation exposure to
personnel and te patients.

The key variables determining cavalier, complacent, parancid and vigilant
responses to potential hazards are found to be the extent of personal control
and the degree of integration of the respondent into the institution, A means
of determining and adjusting an appropriate balance between individual control
and institutional procedures is suyyested for each of a range of occupation
types that use or encounter ionizing radiation in the workplace.
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RISX OF OCCUPATIONAL INJURIES IN THE INDUSTRY OF JAPAN

Tamiko Iwasaki*, Atsuhiko Takeda**, and Sadayoshi Kobayashi*
* WNatl. Inst. Radiol. Sci.,4-9-1, Anagawa, Chiba 260, Japan
** Radiation Center of ©Osaka Prefecture, Sakai 593, Osaka, Japan

Introduction

The ICRP Committee stated in their publicationsl)fz)*B) that
it is important to compare the total harm that may ve caused by
the radiation with the total harm involved in other occupations,
with respect to fatal or minor injury, occupational disease, or
the effects of mutagenesis in the working environment. Death has
commonly been used as an index of the comparative safety or harm
of different industries, and the freguency of death attriputable
to occupational causes already has a certain validity. In this
way, assessment was made on the yearly trend of change in the fata-
lity rates due to occupational work in seven categories of industry
in Japan during the period from 1975 to 19844).5), Furthermore,
the fregquency of injuries of defined severity in cccupational haz-
ards, fatality rates of accidents and diseases due to occupational
worx, and also commuting accidents to and from work were examined.

Methods

Tne data from Statistics ®) and Undertaking7} Annual Reporis
of Workmen's Accident Compensation Insurance Council published by
Ministry of Labor, and Fopulation Census?8) by Statistics Bureau,
Prime Minister's 0Office, were used in this study. Industry 1is
classified into eight categories on the basis of the Standard
Industrial Classification for Japan: Forestry, Fisheries, Mining,
Construction, manufacturing, Transportation and communication,
Electricity, gas, water, steam and hot water supply, and Others.
However, in the report , category of "Others" was omitted from the
risk estimation, because of its wide-spread coverage of various
cccupations. The base number is the total number of workers which
correspond to the number of workers covered by the Workmen's Acci-
dent Compensation Insurance. All risk rates are shown as the
number of claims per million person yesars worked, unless otherwise
stated. In order toc estimate the risk rate for eachn industry, the
number of claims is divided by the estimated population in each
industry.

Results and Remarks

£1) Risks of fatal and non-fatal occupational injuries
Occupational deaths in industrial workers showed a rather
wide distribution ranging from 3,000-5,000 per million workers per
year in Mining to tens per million workers per year in Electricity
etc. {(Fig. 11}. In Japan, Mining belongs to the highest risk inaus-
try, fatal occupational risk being 4,1%6 per million workers per
year, while the lowest one is 88 per million workers per year of
Electricity etc.
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Figure 1. Trend of fatality rates per million workers per
year 1n seven industries (1975-1384)
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Tabie 1. _Mean rates of Fatal and non-fatal injuries pcr
million workers per year in seven industries (1975-1984)

Non-fatal injuries

Industry Total Fatal permanent  Permanent  one or more
injuries injuries total partial days leayc

disability disability from work

Forestry 80,209 7186 379 4,202 74,912
(% 100 0.9 0.5 5.2 93.4
Fisheries 80,848 803 126G 3,189 76,728
(%) 100 1.0 0.2 3.9 54.9
Minig 166,789 1,196 7,777 10,226 144,590
(9% 100 2.5 4.6 6.1 BG.d
Construction 45,000 351 254 3,241 41,154
9% 100 0.8 0.5 7.2 91.5
Manufacturing 41,778 i1 82 2,601 41,982
(%) 100 0.2 0.1 5.8 ¥3.8
Transpoiriation 41,247 250 g7 2,150 38,750
(%) 100 0.6 0.2 5.2 93.0
Flectricity etc. 3,591 38 22 221 5,260
(%) 100 1.6 0.4 1.0 91.0

Mean of seven

industries 15,289 222 179 2,766 42,122
(94 100 0.5 6.4 6.1 493.0
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hs pointed out in ICRP Publications, it is also important to
study the [requency with which harmful effecls of different kind
and severity occur in different occupational contexts. Risks
expressed as the word "occupaticnal injury" can be classified into
two groups, one representing fatal risks and Lhe other non-fatal
risks, 1including permanent as wcll as temporary disability. Com-
pensation or pension will bhe paid on the basis of the Workmen's
Accident Compensatjon lnsurance Law to poople according Lo the
categories of scverity. Table 1 shows i1he risks of injured person
per million workers per year in each industry. It is shown in
the Table that the fatal injurics were less than onc per cent com-
paring with various types of non-fatal injurics in all industries
except Mining, and thal more than 90 per cent of injuries was one
or more days® leave from work. The total risks with fatal and
aon-fatal injuries arc distributed from 1.7x10°1 ip Mining to 5.6
x10-3 in Electricity ctoc., the average risk of seven industrics
being 4,5x1072. Tt was also zshown in the Table Lthat percentage of
pecrmancnt total disability in each category of industry is close
to that ot fatal Lnjury, respecetively.

(29 The ratio of accident and discasc in cccupational deaths

Above data on the death number of workers in each industry
include the deaths caused by accidents and occupational diseases.
Table 2 indicates the deaths of accidents and of diseascs separate-
ly in the total occupaticnal deabhs. The numbers of accidental
deaths in occupational in all scven industries were greatcr than
those of occupational diseascs. That is, these ratios were below
one tenth except for Mining and FElectricity ete. where it is about
one fifth. The mailn causations of death in occcupational discascs
arc the injurics and the pneumoconiosis due to inhalation of
metallic or mineral particles,.

Table 2. OCccupational dcaths (1974-1984)

Deaths{%) 1 Ofworkers.”Y
Accident  Discase  Tetal  Aceident Discase
Forestory 95.7 4.3 522 500 22
Fisheries 90.1 9.9 614 53 61
Mining 9.5 20.5 1345 10689 276
Construction 94.1 3.9 210 202 13
Manufacturing 88.7 11.3 45 13 &
Transportation y1.2 5.8 132 124 B
Electricity ete. 81.5 18.5 29 21 5
dyerase 91.4 3.2 i18 108 10
(3 Risk at work and risk in transit bto and from work

Usually, the statistical data on Workmen's Accident Compensa-
Lion Insurance Council in Japan do not 1include the commuting acci-
dents. In ICRP Publication 4%, the raltio of death in transit to
and from work in various countrics was comparcd. As shown in Table
3, the ratio of death in transilt was only arcound tcn per cenl of
occupat.ional death. Comparing with other industrial countries,
this ratio 1s very low. It might be due to the utilizalion of
low-risk public transportations such as train or bus instead of
motor car.



Table 3. Ratic of traveling and occupational deaths

{1975-1984)

1 O%workers,/Y
I ndustry T /W

Wark Transit
Forestory o454 20 0.03
Fisheries 709 23 0.03
Mining 1842 28 0.02
Consiruction 290 13 0.04
Manofacturing a7 14 .21
Transportation 185 15 0.08
Eteciricity etc. 55 11 0.20
Average 156 14 0.09

Comparison was made on these results with those of other count-
ries which were shown in TCRP Publications 27 and 45 in terms of
number of occupaticnal deaths per millicn workers per year, spoci-
fically, with the wvalues in U.S.A. for the years of 1969 and 1972
as given in ILCRP Publication 27 and with thosc in Canada for the
years from 1975 to 1981 as given in ICRDI Publicalion 45, respective-
ly. Fatality rates from occupational injuries in various indust-
ries in Japan are within the samec order of levels which were obser-
ved in other countries as cited in ICRF reports.
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FOOD IRRADIATION - A FRESH CASE OF RADIATION PHOBIA =
F.P.J. Robotham

University of Melbourne, Parkville, Victoria, Australia,

INTRODUCTION

Fram the mid-1950's until the present day any activity with words such
as atomic, nuclear or radiation has caused great concern in many members of
the public., These concerns arose, quite properly, during the 1950's because
of the levels of radicactive contamination produced by atmospheric nuclear
weapons testing. The concerns have continued to be fueled by events such as
the 1957 Windscale Reactor Fire, the three Mile Island accident of 1979,
Cherncbyl, as well as various other issues, of which the most potent is the
potential impact of a nuclear war. Because of these public fears , often
encouraged by varicus groups for their own normally laudable, ends, the
potentially beneficial uses of radiation are often confused with those that
are distinctly dangerous.

Such is the case with the proposal to irradiate various foodstuff to
either extend their shelf-life or to control or kill pathogens and insects
after harvesting.

Two arguments are being used by the opponents of food irradiation. One
is that the process is hazardous to both plant operators and members of the
public who live nearby. The second is that the irradiation process harmg
the eventual consumers of the food from either imduced radiclytic products
or substantially reduced nutritional loss and vitamin loss,

This paper argues that whether or not the second point is valid, the

process itself is inherently safe and does not present any untoward
radiological hazard.

FCOD IRRADIATION PROCEDURES

Preserving food by ionising radiation - either gamma rays from
radionuclides, usually cobalt-60 or caesium—137) or machine denerated Xrays
or electron beams — works by killing microorganisms and insects in or on the
food., Radiation can also delay the ripening of produce by modifying the
metabolic processes of maturing fresh fruits and vegtables.

The most common form of irradiation plant is the static sterlizer
housing the irradiation source in a pool of water from which it can be
raised to irradiate products passing con same type of conveyor system. The
lot being contained within a suitably thick concrete cell. One such plant
using cobalt—-60 cperates in the Stake of Victoria and is used for the
irradiation of a variety of non-food items such as syringes, gloves, bee
hives ete,



The Victorian plant consists essentially of a 7 meter deep pool of water
in which sits a metal frame containing 6 modules each capable of holding up
to 42 Co-60 pencils. The frame is raised cut of the water into the
irradiation position. The conkrols for raising and lowering the sources and
operating the product conveyor are all located ocutside the 1.6m thick
concrete cell which houses the irradiation facility, The walls provide
adequate shielding when the source is in the exposed position. The various
holes for access etc. were monitored and the highest radiation levels
detected were:

{a) at the main exit point - 5}»LGyh'l

{b}] at the product exit point of the conveyor range — 9—10)LGyh'l
This area is fenced off, the dose rate at the fence gate was apout
background.

The total amount of radicactive material present in the Dandenong plant at
full leading is approximately 37 petabequerel (1i.e. 106 Ci)).

The irradiation room is ventilated at the rate of 20 air changes per hour to

avoid excessive czone build up. The pool water is circulated continuously
through a mixed resin bed demineraliser and activated charcoal filter.

RADIATION SAFETY

Radiatlion safety was considered under two headings — the safety of plant
personnel, and the safety of the general public, particularly those living
near the plant. Both routine operations and potential emeryencics were
assessed.

For plant personnel it was thought that there were two possible sources
of exposure: external irradiation through inadequate shielding, amergence
of a pencil from within the shielded area, inadverent exposure within the
cell, possible exposures during loading and unloading procedures and
possible high gamma dosc rates at the lon-cxchange column caused by a
leaking capsule contaminating the water and internal irradiation fram
leaking cobalt contaminating the pond, then drinking water leading to
unsuspected 1ngestion,

EXTERNAL TRRADIATION

As noted above there are no radiation leaks around the concrete cell and
the maximum dose rate during routine work 15 9—10}.1.Gyh'l at the exlt point
of the conveyor range — which is fenced off,

An even better indicator of radiation control procedures are the monthly

and yearly exposure records of staff working in the area. Monthly doses
are generally zero with occasional exposures of between L0 and TO/lSv.
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During loading and unloading, plant personnel assist AECL staff, and
the maximum dose received during such operations has been lBDva. The
highest yearly dose recorded has been about 400/0'- Sv,

Emergency situations considered were;

(a)

()

Inadvertent Exposure Within the Cell

The start up procedure requires that a safety key switch is
activated in the irradiation room using the same key that activates
the control consule, the key is attached to a radiation monitor,
The procedures are that the operator has to enter the irradiation
roam, check that no—one is there, activate the safety key switch,
lJeave the irradiation roam at walking pace, lock the access door,
and within 45 seconds activate the contrcl console switch, It is
considered that the procedure is completely adequate for preventing
anybody inadvertently being left in the cell.

In the reverse procedure as noted above the access door cannot be
unlocked except by the control console key by which can only be
removed when the source is in the shielded position. The door
itself has further safequards, there is also the cable stretched
across the access to the maze, and a radiation monitor is attached
to the key.

Because of the various interlocks it was considered that the
possibilities of anybody being in the cell with the sources in the
exposed position to be nil, even though at least two such events
have apparently cccured overseas,

Inadvertent Exposure Qutside the Cell

The daily monitoring of the ion-exchange column, now changed to
continuous monitoring, provides an early warning of any cobalt
leakage and exposure to staff should be negligable.

Which leaves the possibility of a pencil emerging fram the shielded
area, There are three defence mechanisms. Firstly, the source
pencils are slotted into channels at the top and bottam of one of
the six modules. When full, the hinged end of the module is closed
holding the pencils firmly in place, These mcdules in turn are
held in the rack by sliding them into vertical chamnels at each end
of the module. A cover is fitted to the conveyar structure such
that should a pencil be dislodged from a frame it would fall to the
bottom of the pond and not onto a product box. Thirdly, a gamma
monitor, now duplicated, is installed in the product exit maze.
This monitor sounds an alarm arnd shuts the plant down should the
dose rate rise above a preset level,
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INTERNAL IRRADIATION

The combination of the possibility of the cobalt-60 metal, the ion-
exchange column monitor, and the fact that the rods are wipe-tested when
being installed makes the likelihood of any contamination of drinking water
negligable,

MEMBERS OF THE FUBLIC

It was thought that there were four possible scurces of exposurc to
members of the public, other than visitors.

They are: external radiation during routine operation of the plant; loss
of a pencil fram the plant environs:

cxternal eXposure during transportatlon of sources to and from
the plant;

contamination of water supplies leading to ingestion of
cobalt-60,

The radiation levels at the perimeter of the plant are indistinguishable
fran background and do not change whether the source is in the exposed
sition or not., Thus members of the public do not receive a radiation
exposure during normal cperation of the plant,

All transportation is carried out using flasks designed to IAEA
standards. These flasks are designed to withstand accidents of much greater
magnitude than any that can be conceived as happening between the arrival
port and the plant. The dose rates on the cutside of the flask range from
50 to 400 uGyh™, well below the allowable limit, Consignments are
accampanied by a radiation safety officer who travels in a separate
vehicle. Thus in the event of accident causing the truck to be stopped
menbers of the public could ardd would be kept away fram any potential
exposure zone,

ACCIDENTS

A comprehensive review of accidents at sterilization plants has not been
undertaken, However the data that have been found suggests that the few
fatalities that have occurred appear to have resulted from a fFailure to
follow set procedures coupled with a comporent failure.

Typical was the fatality at the Norwegian Institubte of Ergergy
Technology. A microswitch failed giving a scurce shielded signal releasing
the barring of the door lock even though the positional display showed the
source in an elevated portion. Camparison of the two signals would have
shown the discrepency. There was not however a positive failure signal.

In addition the radiation monitor in the interlock system had been taken
out of service for maintenance and the radiation dose/interlock system was
out of action. Thirdly, the technician failed to use a monitor to check the
radiation level before entering the irradiation roam.



The prevention of any of these three mistakes would have avoided the
fatality.

QONCLUSION

Radiation phobia, although not necessarily an identifiable disease, does
exists in many ocountries, Profesgsional radiation protection personnel
have a responsibility to continue the process of public education so that
there is a better understanding of the hazards, real and otherwise, of the
uses of radiation.

One such current public issue is whether the irradiation of food is
hazardous or not.

It is not appropriate to argue from the particular to the general but
what can be stated is that the gamma sterilization in Victoria plant does
not pose a hazard to plant personnel or public, Neither should plants like
it, operated in a similar manner under a similar restrictive and policed
regulatory regime, cause radiation problems.

Wherever debates and inquiries are conducted on the suitability or
otherwise of radiation preservation of food the safety of the process should
rnot be a significant factor.

12 January, 1988
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DIFFICULTIES IN USING THE OBJECTIVE HEALTH DETRIMENT A5 AN
INDICATOR OF THE RADIATION HAEM IN A FOPULATIORN
L, Frittelli
ENELR - ROMA - Italy

SUMMARY

Owing to the probabilistic relationship between dose and
stochastic effects some problems could arise in using the concept
of objective health detriment for low probability exposures. The
usefulness of other statistical indicators of occurrence of
health effects in the exposed population is alsoc discussed.

1. The detriment is a source-related concept, useful to
describe by a single gquantity the total impact of a radiation
source over a group of N individuals: it has been defined as the
mathematical expectation of harm in the exposed group. 1t is
proportional to the number of expesed individuals, to the
probability of each individual suffering the effects and to the
severity cof the effects.

2. In evaluating the detriment, which in principle accounts
for all deleterius effects due to exposure to icnizing radiation,
the stochastic effects can be sorted cut and grouped togheter in

a guantity GH, the Objective Health Detriment. For planning the
protection, it is usually assumed, more on practical and
administrative grounds that on radiobiclogical evidence, that

when individual doses are well below dese limits the incremental
probability of suffering stochastic effects is directely
proporticnal to the dose increment, with a properticnality factor
R® = D.0165/5v for the effective dose eguivalent. The sum of the
increments of individual doses 4in the exposed group 1s thus
proportional to the increment in the Obiective Health Detriment

therein, i.e. G_ = R.N.H, where B is the per-caput incremental
dose. Introducing the incremental ccollective dose § in the
exposed group, we can write GH = R.S§,

3. The increment in the cecllective dose cculd be considered

a "measure" of the increment of G only if there were a
sufficient knowledge of the risk factors: all the uncertaintes
in selecting R are linearly reflected on G_. Blsc the
uncertaintes in evaluating § are linearly reflected in GH: the

gquality of the models used for estimating exposures 1is crucial.
That shall be taken intec acceount in all decisicnal procedures for
optimizing the protection hy ranking the different protective
gptions on the basis cof the assoclated collective dose or
objective health detriment. In Cest-Benefit-Analysis
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uncertaintes in R are also reflected in the numerical value of
alpha, if obtained by methods not related to radioclogical
protection {earning power of people, national income,...}, The
use of these methods shall be not encouraged.

4. Owing to the probabilistic nature of the relationship
between dose and occurrence of stochastic effects, if N
individuals are equally exposed at H, the individual probability
r = RH of suffering deleterious effects does not depend on the
"rigk" incurred by the other (N-1) individuals in the group. The
probability of -n- effects among the N exposed individuals is
given hy the binomial distributien {Fig. 1)

N n N-n
P(n) = (5 ) x [1-r}

with an expected value E{n) = N.r and a variance ¥{(n) = H.r{1-1).
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5. With reference to the collective dose B, we have Efln) =
R.S = G6_ and v{n) = R.5 (1 ~ R.S/R)a R.5 = GE for N large. The
obijective health detriment G shall so be considered as the
expected value from a binomial distribution, whose variance, for
N large equals the expected value itself. The usefulness of such
a statistical indicator could seem very guestionable for low
probability exposure: the expected value of the collective dose
cannot be used for getting an indicator of the expected value of
the detriment.

6. A more useful indicator could be the integral probability
P{n » 0} of having effects in the exposed group,

N
P (n»0} = 1 - P(O} = 1 ~ (1 -~ R.H} ~n R.A.N. = GH
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a good approximation for R.S5 ««<1. The additivity property holds
also for this indicator, when the impacts of several radiation
sources cocn a group of individuals can be rconsidered, now or in
the future, mutually independent: P{n» 0} for each scurce shall
be evaluated and the results summed. As an example, in balancing
cccupational and public exposures, the walues of P(n»0} for the
workers and for the population shall be evaluated and summed to
obtain Pin D0} for the different protective options to be
selected.
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7. As shown in Fig. 2, the value of P{n>0} is always small
for wvalues of § up to 1 man—-5v, irrespective of the wvalue
actually assumed by the risk factor R. Using this indicatcr in a

decisional process for selecting protective cptions could be very
useful, because options leading to P{n» D) lesser than an assumed
"indifference walue”™ (7% - 5%) could be considered eguivalent:
values arcund 1 man-5v c¢ould be considered as a "threshold" for
introducing collective doses into decisional processes. A
similar <conceptual approach should be adopted for defining
exemption levels of sources or practices from the regulatory

control.

B. In the range 1 - 100 man-Sv P{n o 0) depends on S and R,
but more slowly as G does. Above 100 man-5&5v P(n» ) becomes
unitary for each reasonable value of R. It should however be

clear in mind that such large values of collective dose c¢an be

considered only where a large number of indiwviduals 1is exposed,

because the risk factocrs adopted by the ICRP - and also the same
concept of Effective Dose Eguivalent - hold only below individual
dose limits, i.e. at individual doses below 50 mSv. For high

values of collective doses E(n} beccocmes an useful decisicnal
facter, because its variation coefficient is very small, at least
for planned ({unitary probability} exposures.
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9. P(n» 0) seems to bhe a very useful statistical imdicator
of the harm in an exposed greoup in the field of preobabilistic
{accidental) exposures. Expected values are very difficult to be
handled in the case of rare events, because uncertainty is very
large when the probability is low. The integral probability
P'{n ¥0) of having effects in a group of N individuals egually
exposed is given by the product of the probability -p- of the
event and of the pfobability P{n - 0)

K
P'{n»0) = p{1-(1-R.H) }
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Planned and probabilistic exposures could thus be treated in a
unified decisional process (Fig. 3) by ranking the protective
cptions on the values of P'(n » @), to be evaluated and summed
for the various conditions of exposure before the coptions are

compared,

10. In conclusion, some practical and conceptual
Aifficulties could arise in using the concept of objective health
detriment and, as a conseguence, in optimizing radiation
protection by means of the cost-benefit analysis. Its use shall
be restricted to very simple eituations, within a wide
multicriteria analysis. The statistical indicator proposed in
this paper, that is the integral probability of having effects,
could be used in this multicriteria analysis for accounting in
the decisional process for the health effects in the population
exposed to radiation source or practice, It i1s worthwhile to
note that the proposed approach does not reguire a formal
definition of the guantity cocllective dose: only the number N of
exposed individuals and per-caput dose H are conceptually
regquired for its applications.
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THE WEIGHTING FACTOR FOR THE FEMALE BREASTS; IMPLICATICMS FOR THE
EFFECTIVE DOSE EQUIVALEKT

by Lucas B. Becentjes and John H. Duijsings
University of Wijmegen
The Ketherlands

The results of several surveys indicate that the incidence of
radiation-induced breast cancer for the worker would be 200 * 10‘4'('331_'1
in the absolute risk model (UN77, BEB0, LAB4, UNB6). The mortality
to incidence ratio for breast cancer for The Netherlands is 0.4
{cf. GSF85, BE80). Therefore, the absolutec risk model would vicld
a factor of 0.8 * 10-2Gy-1 for fatal breast cancer although a value
of 0.2 * ‘10'2(3){"'| has also been reported (5184). The relative risk
model of BEIR (BE80) would suggest a risk factor for the female
breast of over 1.2 * 1074Gy~'. The natural incidence of femalce
breast cancer in The Netherlands is, with that in the U.K., the
U.S.A. and Switzerland among the highest in the world. In this
connection the Dutch Wational Fealth Council (GR85} considers a
risk factor of 1.2 * 1072sv~1 with a range of 0.8 * 10728v~1 to
1.6 * 1072sv=1 for irradiation-induced fatal brcast cancer a nore
representative value than the 0.5 * 1072sv=1 given in ICRP
publication 26 (ICRE77}. In the casc of uniform irradiation the
total female riskx -~ including the genetic contribution - would
become 2.6 * 10725v™1 as compared with 1.4 * 1072sv~1 for the male,
as illustrated in figure 1. Hence the femalc risk, in case of
uniform exposure, would apprcach twice the male risk. If the
somatic effective dose egquivalent (SED) is considerod, the ratio
becomes cven larger. The SED is the uniform whole-body dose that
will cause the same somatic risk as the actual (non-uniform) dose,
the genetic risk not being considered. It has been pointed out
(BeB4) that the same SLED in a woman carries with it 1.5 times as
high a risk as in a man, on the basis of the "real" risk factors
from ICRP 26 f(i.e. 0.5 * 10728v~1 for the female breast). In the
remainder of this paper we will adherc to the factor 0.8 * 10725y~
for the mortality risk of breast cancer for the (female) worker,
as the available evidence supports this value 1f the absoclute excess
cancer rate, from which the relative increasce of natural incidence
is obtained, decreascs with age (GSFB>, Pr87). lowever a risk factor
0f 1.2 * 1072 or more per sicvert should not be excluded in case
of a single relative risk value for adults (REBO, Fr87}).

The introduction of the effective dose eguivalent brought
equalisation between men and womcn. The somatic risk for the worker
according to ICRP 26 is 1.25 * 1072Sv~1. This ficure is an avecrage
over the sexes, as the scomatic risk as used in ICRP 26 is in fact
1 * 10728v-1 for the male worker and 1.5 * 10-2Sv~} for the female
worker, For the amcount of harm or hurt originating from genetical
changes in the first two generations, an average of 0.4 * 10-286v-1
is used feor the 18-65 worker age group. Therefore the risk factor
for the "mono-mamma” worker becomes 1.65 * 10-2s5v—1,
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To demonstrate the effect of an increase of the risk factor for the
female breast from 0.5 * 1072sv~! to0.8 * 10-25v=}let us consider
the effective dose equivalent Hy in the {extreme} situation in
which sclely the female breast is irradiated. As is also usual in
SED determinations, we split the risk coefficients into one set for
males and one £for females. In the split ICRP-model ap increase of
the risk factor for the female breast from 0.5 * 107 ¢sv-1 to

0.8 * 10725v" | results in an increase of the female Hg by a

factor of 1.4.

Table 1, The weighting factors in the split ICRP meodel with _fatal
breast cancer risks of 0.5 * 10745y~ 'and 0.8 * 10~ Sv'14
respectively.

Mortality (genetical} risk per unit dose, R,
(10~9 Gy=7} ané weighting factors {wT]

Tissue male female
R W R wT R W

Gonads 40 G6.29 40 0.21 40 g.18
Red Bone Marrow 20 0.14 20 0.11 20 0.09
Thyroid 5 0.04 5 0.03 5 0.02
Beone surface 3 0.04 5 6.03 5 0.02
Lung 20 0.14 20 0.11 20 0.09
Breast {:} 50 G.26 80 0.36
Remainder 50 0.36 50 0.26 50 0.23
Total 140 1.0 180 1.0 220 1.0
From Table 1 the increase factor is obwvious from the last two

wp columns : 0.36/0.26 = 1.4,

R = total risk (107281} ———— Whreass
unifarm irradiation. : ® R breasts
KRN o Kl o —l
25 PALY o
i
- 1CRP
20 20r i
! YE.ICRP
15} E X0 Yg SED
Rl :
1.0 ; o 1.0 ; -
15 10 15 o5 14 15
xz risk temate hreasts Xz risk temale breasts
(1eisy ) 1107287
Fig. 1 Fig. 2
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in the same way the increasc of Hp carn be estimated for a variety
of risk factors for the female breasts. The changing wcighting
factor for the ferale pbreast, wW'hreasis, relative to the standard
welichtinrg factor inkerernt in the chosen nmodel, wWireast., can be
calculaved as a functicn of the risk sDer unit dose.

roaEnh

Figurc 2 presents this relative change ¥ = ———- as a function

0 the mortalily risk per unit dose eaguivalent for the femrale
wreasts, x(10-25v~ 1), This relative charae is given for three
rodels:
~ The ICRP ncdel For the moro-marma worker corresponding to the
egquation: Y (ICRP} = ix * 1.65/{0.25 * (1.4 + ix)} with
Wireast = 0.7%5.
- The "split” TCRP model: Yy (ICRP) = 1.8x/70.5 * (1.4 + x):
with Yhreast = 0.26.
- The SFL model: Yz (SEDY - 1.5x/{0.% * (1 + x): with wpreagst = 0.33.

The abeocve mentioned ratio of 1.4 can be readily found from figqure 2
at x = 0.8 using the curve for the "spli+" ICRDP model. 1If for the
mortality risk cof the female breast 0.8 * 10725v-1 is takoen, the
exXeess fatal cancer rate of fermales in gase of uniform irradiation
becomes 1.8 times that of males.

Irn the TCRP rmodel of Lhe monc-mamra worker an increase of
fatal ferale brcast cancer enhances the risk of the worker,
irrespective of the worker's sex. Lspeciallvy if the radiation-
induced cxcess breast cancer risk becomes very large, a
reccnsiceration of the egqualisation of man and woman may become
desirable. Even more so as the application of wp is not limited to
tne radiation worker.

Geid Beentjeos L.B. and Glas J.A.: An Estimate gf the Somatically
Effeet ive Nogse from Diagrostic Radiology in The Netherlands
dering 1976-1980.
Health Phys. 47, 299-304, 1984,

BLEBO The Effects on Populations of Exposure to Low Levels of
Ionizirg Radiation: 198C, Committee on the Biological
Fffocts of Tonizing Radiaticns (BEIR} .
wWashincton D.C., 1980.

GRES Aévics inzake Dc wetenschappelijke onderbouwing van het
siralingshygiénisch peleid op basis van de UNSCEAR-77,
-82 en 3BELK-rapportern.
Gezondheidsraad rapport 1985/7
Den Jaag, 1985.

38



GSE83 Verbesserung der Guantifizicrung somatischer Strahlen-
risiken bel niecricen Doscn.
GSFP-Bericht 38/85
Institut flr Strahlenschutz, 1985,

ICR2T7 Anrals of the ICRP: Recommendaticns of the International
Cormission on Radiological Protection.
ICRP publication 26, 1977.

LAB4 Estimating the Risks of Cancer Mortality and Genctic
Dofoocts Resulting from Exposures to Low Levels of
Ionizing Radiation.

Lcs Alamcs Naticnal Laboratory.
LA~-9B93-M5
New Mexico, 1984,

Pr87 Dreston D.L. ¢t al.: Studies o©of the Mcrtality of A-Bomb
Survivors. 8. Cancer Mortality, 1950-1982,
Radiation Research 111, 151-178, 1987.

SiB4 Sinclair W.K.: Risk as a Basis for Radiation Protection.
Compacts Volure I, 9-16
6th International Congress IRPA May 7-12, 1984 (Berlin}.

UnN77 Sources and Bffects of Ionizing Radiation
United Nations Scientific Committee on the Effects of
Atomic Radiation (UNSCEAR)
1977 Report Lo the General Asscmbly, with anncxes
United Nations, New York 1977,

UN86 Genetic and Scomatic Effects ¢f Torizing Raciation
United ¥Nations Scientific Committee on the Effects of
Atomic Radiation (UKSCEAR)
1986 Report to the General! Asscembly, wWith anncxes
United ¥ations, New York 18B6.

39



BASIS FOR THE DESTCN OF RADTOLOGTCAL. PRCTECTION INSTRUMENTATION
FOR NUCLEAR FACTILITIES

J A B Gibson and M Marshall
Environmental & Medical Sciences Division
D J Ryden and R D Watkins
Instrumentation & Applied Physics Division
Harwell Laboratory of the UKAEA

INTRODUCT1ON

Radiolegical protection (RP} is wvital to the desipgn of all nuclear plant
and the RP instruments to be installed or used in the plant must he of a high
standard of reliability to ensure safe working and minimum visk. Plant size,
type and inventory of radicactive materials will Influence the complexity of
the instruments ranging frow simple monitering for tritium in air in a lumi-
nizing facility to the full range of monitoring around nuclear reactors and in
fuel reprocessing plants with: cxternal pamma-ray and neutron detectors,
radioactive pas monitors; and beta/gamma-ray and alpha particle detectors for
radicactive aerasols. Installed instruments should have a standard of relia-
bility comparable to reactor instrumentation and portable and personal dosc-
meters for delineating fields and measuring persomncl dose for record purposes
Tust be robust and designed for the purpose for which they are used,

RADICLOGICAL BASIS FOR FLANT DESIGKN

In the UK nuclear industry there arc many codes of practice for the safe
desipn of plant and its operation. There is a recent code of practice*+*
(with a puldance note) specifically to give radiolopical guidelines.
Radiclopical principles in the UK are based upon ICRF recommendations‘®/ which
are converted to regulations and a code of practice‘®/ by the UK Health &
Safety Executive (HSE), with advice from the UK National Radiclogical
Protection Board (NRFB).

The design dose LargeLs(l), prior to optimisation of the desipgn using
cost benefit amalysis, are, for radiation werkers: 10 mSv/yr averaged over
radiation workers on a particular plant; 15 mSv for any individual radiation
worker; 150 mSv/yr extremity deose equivalent to an Individual. The design
tarpet for non-radiation workers is 5 mSv/yr and 0.5 mSv for a typical member
of the most exposed groupsof the puhlic. These targets are In line with the
latest guidance from NRPB'“’/ which anticipates ICRP recommendations but which
has not yet heen accepted by the HSE, It should be noted that the HSE
regulationscs) require a management investigation if an individual’s dose
equivalent exceeds 15 m$v in a year, or il a woman of reproductive capacity
excceds 13 mSv te the abdomen in any consecutive 3 months peried (10 mSv
during a declared term of pregnancy). Also the operational controls for
non-radiation workers and typical members of the public will be the same as
the design targets .

INSTALLED RADIOLOGICAL PROTECTION TNSTRUMENTS

The RP instrument engineer has to translate the operational requirements
into Iinstruments to demonstrate compliance and indicate levels ahove 10% of
established limiis. There i1is a code of practice for iInstalled RP
instruments which is desipned te assist the health physicist in specifying
the requirement and then to provide guidance on satisfying the request and
installing the instruments. RP instruments required in a plant would include:
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criticality monitors; gamma-ray & neutron monitors; radicactive gas monitors
in working areas & stacks, sampling and monitoring equipment for airborne
alpha & beta-particle aerosels in working areas & stacks; hand & clothing
monitors; liquid waste monitors. KP instruments will neormally have alarms
which should not be falsely triggered and nced a high standard of reliability
and availability (low maintenance down time)} which should be comparable with
that demanded of nuclear reactor instrumentation’:

Specificarion by the Health Phvsicist. The specification starts with a
definition of the operaticnal characteristics, wviz: sources & radiations,
hazards, permitted doses, alarm levels, type of measurement, accuracy and
degree of sophistication reguired. The radiatien environment must be
specified; for example raden and its daughters can interfere with measurements
of alpha radicactivity in air and wventilation, weather and building design can
all influence the radon activity level. Background radiation (rom gamma-rays
or neutrons can be variable and interfere with measurements as can shielding
and hackscacttering from structures. All of these effects need to he con-
sidered in the specification. The non-radiation environment Is equally
important, wviz: temperature, pressure, humidicty, wvibration, electrical
interference, corrosion, contamination & cleaning and accessibility; all need
te be considered and ranges of operation specified. This specification
exercise needs to be interactive to avold over-stringent requirements which
could be expensive and to ensure that the sensitivity of any equipment is
identified before it is provided.

Specificaticn bv the Instrument Engineer. A target technical specifi-
cation should be produced for preliminary consideration and discussion with
the Health Physicist. This will provide an overall design specifying the
measurement required, sampling techniques (i1f applicable), the alarm levels
and failure indicators. Availahility, ie 'the sum of the times for which the
system is in the inoperative falled state divided by the total time during
which it should be operative', and reliability ie ‘the characteristic of an
item expressed by the prebability that it will perform a required function
under stated conditions for a stated period of time’, need to be apgreed with
instrument user. TInformation display has become & major part of the specifi-
cation as plants come under computer control and RP instruments are required
to provide their information centrally. Alarms (visible and audible) are
still required close to the instrument and autonomous operation in the event
of a computer failure is highly desireable. Information handling and centra-
lised instrument require iIinecreasing amounts of computer software which is
itself subject to the same availability and reliabllity audits that are
applied to the hardware. This provision of software may reduce the reliance on
human influences but they must still be considered. Hardware 1s completed by
gspecification of power supplies (with battery back-up?), cables (reduce
interference) and the physical supperts for the instruments. Detalled
manufacturing & test procedures, and quality assurance are needed before
supply costs can be estimated.

Supply, Maintemance and Deocumentation. Finally comes 1installatlon,
maintenance and documentation: it i1s wusual for RP iInstalled instruments te
have a life of many years and so complete documentation at the start of
installation is vital to reliability, maintainability and avallability.

FORTABLE AND TRANSPORTABLE RADIOLOGICAL PROTECTTON INSTRUMENTS

The specification procedures for portable and transportable equipment(g)
is very similar to rthat for installed equipment except that it is much more
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difficult to define the enviromment in which it will be used. Equipment will
certainly be subject to more physical shocks if it is carried or worn and,
whilst it should be robust enough for the purpese, it should clearly indicate
when it has failed as the instrument, for example, a gamma-ray or neutron
survey meter or contamination monitor is acting as the radiation sense organ
of the user. Thus the Instrument designer should maximise the identification
of revealed faults and minimise the number of unrevealed faults. Other
instruments will include personal alarm monitors for external radiation or for
sampling and counting acrosols of alpha and heta particles. Separate specifi-
cations for {instruments using passive detecltors, eg film dosemerers and
nersonal air samplers, need a combination of the requirements for portable and
Installed equipment for reading or counting the passive element.

COMPFUTER SOFTWARE

As indicated above, the need to provide remote control and reading of
installed and ecven portable RF instruments is preducing an 1increasing
requirement to provide software with at least the same reliability and
availability as the hardware. Also it is unlikely that the software designer
will have a completely free hand in cheoosing either his hardware or program-
ming language which may be fixed by the overall plant control system. It is
possible to provide, at some expense, direct scftware control within cthe
ingtrument by preprogramming but conce the output reaches the central control
this flexibilicy of approach is lost.

Firstly iuv is necessary for the user to define an overall requirement in
terms of Immediazte informatlon, manipulation of data, recording of histeorical
data, printours, displays, failure indicators ({(including pump fallures on
samplers) & alarms and interaction with other programs. There may be a
variety of Installed instruments, eg measuring external pgamma radiation,
neubtrons, gases, tritium, particulates, ete; and uses, eg workplace, stack,
natural enviromment. Fach type of instrument will require its own software
although there may be much that iz Iin common. .Pocket dosemeters can be used
for access control to restrict and record doses received: this information on
individual access and dose may be recorded for comparison with recording
dogsemeters (film or thermoluminescent dosemeters). The results of all
measurements and dose assessments for an individual will need to be stored to
provide the legal dose records

The development of expert systems to handle emergencies and provide rapid
dose asscssments and evaluations is an area of increasing importance in order
to provide information guickly and prompt feor further measurements

TYPICAL ASSESSMENT PROCEDURE FOR RP INSTRUMENTATION

Jdeally RP instrumentation should form part of the overall plant design
from its Iinception =o that sampling points can be fixed, lustrument locations
decided and cabhle runs organised. Fitting RP instruments into existing plant
is more common but the principles are the gsame. The stages are as follows.

A Examine the plant and Its potential hazards to workers and the public.

B Consider the RP design limits for within the plant and for releases to
the environment under normal and accident conditions.

C Decide upon the operation of the RP service, its expertise, facilicies
for emergencies, services which can be bought in, ep bivassay.

0 List all the possible RP instruments that might be requived with moni-

toring levels {(minimum & maximum) and possible methods of detecticn.
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Prepare simple specification giving: range of measurements; special
requirements (eg separation of plutonium activity from radon background);
uncertalinties over the range; electrical requirements (eg power supplies,
interference, alarms, reliability, availability); computer imput; test
facilities; and enviromment {(radiarion and non-radiation}).

Look for connected requirements, where with a small modification an
instrument c&n be wused for 2 purposes, and interaction between
instruments.

Consider avallable instruments and decide where R&D is required to
satisfy the specification.

Define the computer software requirements for installed monitors
{(on-1line} and off-line personnel duslmelry,

Propose locations for RP instruments, cables, comnectors (interfaces),
racks, power supplies.

Provide a provisional cost estimate for R&D, procurement, software and
operation of the RP instruments and the RP service.

It is important that an instrument engineer is invelved in the last two stages
and before procurement in providing complete specificatlons, final costings,
supply, installation, documentation, warranty and maintenance schedules. None
of this procedure can be completed without reference to the customer {plant
designer) and to the Health Physicist who will interpret the resulcs from the
RP instruments and software,
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STANDARDISATION AND CALIBRATION FOR HADTATICN PROTECT1ON PURPOSES
IN THE UNITED KINGDOM

M J ROSSITER
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PRIMARY STANDARDS AND CALIBRATION RADIATIONS,
X-, GAMMA AND BETA RADIATIONS

Primary standards for the realisgtion of the quantity exposure were
established st the NPl scveranl decades ego. Free air chembers are used for
X-rays generated at 300 kV aond below and graphitec caovity chembers for X-rays
generated at 1 MY and 2 MV as bremsstrahlung spectra from a Van de Graaflf
nceelerator. About 10 years ago a sct of X-ray qualitics was developed providing
n scries of X-ray spectra spccifically to be used Ffor the calibration of
protection-level secondary standard iconisation chambers. Thesc speclra generated
between 10 kV and 280 kV have approximately the same spectral resolution and For
a given tube current providc approximately the same cxposure rate at the same
distance frem the X-ray tube foci. With the exception that the 1 MV and 2 MV
qualities have been replaced by collimaled caesium-137 and cobalt-60 bemms, this
range of radiation qualitics has continued in usc up to the present time. In the
near future the IS0 narrow spectrum scries of X-ray radiations [1] will replace
the NPL qualities over much of the energy range.

For beta radiations a parnllel plnate ionisation chamber was established as
a primary standard, cnabling the beta ray absorbed dose rate to air Lo be
determined at fixed distances from radionuclide sources.

DTSSEMINATION OF CAL[HRATIONS

Since the introduction of the series of X-ray protection-level qualities,
the aim has been to provide calibrated sccondary standards to  outside
laboratories which would undertake the routine checking of area monitors.
Eighteen centres in the UK now hold such sccondary standards and, including
recalibration work and calibrations for laboratorics overseas (25 countries), a
total of more than 100 secondary standard protcction-level systems have hbeen
calibrated mgainst primary standards. Thus within the UK the means has been
supplied for the traceable calibration of all arca monitors nmt the 14-monthly
interval stipulated in our new lonising Radiations Hegulations 1985 [2] and for
the calibration aspect of instrument type-testing.

Secondary standards for betea-radiations have been supplied in the form of
radionuclide sourccs calibrated in terms of absorbed dose ratec to air or to
tissue at fFixed distances using the primary standard describcd earlier. These
sources correspond to the Series 1 sources listed in ISQ 6980 [3]. Table I
indicates the approximate dose ratcs available for the sources of highest
activity supplied for each nuclide.



TABLE 1. NPL. SECONDARY STANDARD BETA-RAY SOURCES

Caelibration Absorbed dosc rate to
Nuclide distance tissuc at 0.07 mn depth
mm mGy h_l
Sr-80+Y-90 300 14
T1-204 300 2
Pm-147 200 1

PERSCONAL DOSIMETRY

All the UK personal dosimetry services are subject to approval by the
Health and Safety Exccutive {HSE}, and for the purpose of ensuring that 'doses
are asscssced on  the basis of accepted national  standards', periodic
intercomparisons are organised. In Lhe case of services for the monitoring of
cxternal radiations, doscmeters Bre irradiated at a major secondary laboratory
equipped with NPL standards and sent out to the scrvices for measurcment. The
service run fromw the centre housing this secondary laboratory is directly
nudited by NPL, and other scrvices may alse be directly audited by NPL at the
request of HSE. The calibration of dosemetcrs in some services may be based on
the use of NPL celibrated secondary standards hbut the majority makc use of
radionuclide sources of certified activity. In either casc the procedures cnsurc
that all personel dosimetry relates back to national standards. A similar
scheme, based on the assessment of tritium in water samples, has been initiated
For the auditing of internal dosimelry services.

QUANTITIES AND UNITS

Following the change to 3I units in ionising radiation metrology, the
British Committee on Radiation Units and Measurements (BCRU) recommended the use
of the quantity mir kermn K_ for photon dosimetry in air [4]. According to the
quantity in which the seconé%ry standard is scaled, NPL provides calibrations in
terms of exposure in réntgens or coulombs per, kilogram, absorbed dose rate to
air in rad h ', end air kermo {rate) in mGy{h }.

The BCRU gave interim recommendations [4] lor the approximate conversion to
‘dose-cquivalent' of rcadings on protection instruments scaled in rénigens,
viz. 1 mR = 10 uSv, pending expected guidance From ICRU on new dose equivalent
quantities. Following the publication of 1CRU 39 [5] and thc recommendation that
the new gquantitics ambient dose eguivalent, H*{d), and directiional dose
equivalent, H'{d}), be adopted for arca monitoring within the UK, recommended
conversion factors have been published by BCRU [6] as given by Wagner et al [7].
For X-ray calibretion qualities in general use in secondary standardising
laboratories, factors ere becoming available for converting the air kerme
cnlibrations supplied by NPL to the new dose equivalent quantities. Table 11
lists Factors for the I50 narrow specctrum scrics of X-ray gualities based on the
use of measured spectra folded in with the conversion relationships given for
monoencrgetic photons. Similar factors are available for use with the NPL
protection-level X-ray qualities as long as they continue to be employed.



TABLE IT. FACTORS FOR CONVERTING AIR KERMA TO AMBIENT AND DIRECTIONAL
DOSE EQUIVALENT - IS0 NARROW SPECTRUM FILTERED X-~RADIATION

SER1ES
Generating Mean Conversion factors
voltage energy T
kV keV H*(lO)/Ka (Sv/Gy} H'(0.0?)fKa {Sv/Gy)
40 33 1.18 1.27
60 h8 1.59 1.49
80 65 1.73 1.60
100 83 1.71 1.60
120 100 1.65 1.55
150 118 1.58 1.50
200 161 1.46 1.39
250 205 1.39 1.34
300 248 1.35 1.32

For KPL beta-ray sccondary standards calibrated in terms of absorbed dose
to tissue At a depth of 0.07 mm in units of mGy h ~, the corresponding
direcg}onul dose equivalent rate has the samec numerical wvalue with units
mSv h

STANDARDS FOR SURFACE CONTAMINATION AND FNVIRONMENTAL RADIQACTIVITY
MEASUREMENTS, AND FOR NEUTRON DOSIMETRY

To allow radicnuclide surface contamination moniters to be calibrated
regularly with reference to national standards, as requircd by regulations, KPL
has developed a programme for the calibration of large area sources of a- and B-
eritting radionuclides. The B-emilting nuclides include C-14, Pm-147, T1-204,
CI-36 and Sr-90+Y-90 covering an energy renge above 0.15 MeV, and the a-emitting
nuclide is Am-24%1. These correspond to the CIass 1 reference socurces of IS0
draft stundard &769 [8]: the colibration certificate gives the mcasured emission
rate. The general requirements for Class 2 relerence sources of the same
radionuclides are Lhe same as for Class 1 but these sources are calibrated
against Cless 1 scources using a reference transfer Instrument. The requirement
for such calibrated sources and for genceral agreement on methods for improving
surface contamination monitoring capabilities has received support from a recent
intercomparison of such measurements in UK hospitals [9].

Another requircment which has become evident recently 1is that for
radionuclide solulion standards in the 10-100 Bg/g renge, in connection with
studies of cnvironmental activity. Such standards nre now issued for an
cxpanding range of pure and mixed radionuclides. A progromme has started for the
development of reference materiels with agreed low levels of radionuclide
content.

Troceability in the UK for radietion protection purpeses for neutron
radiations is achieved by providing access to standardised nculLron fields at
KPL, either source- or accelerator-based. These cover the energy range 1 keV to
20 MeV, the accelerator fields resulting from the use of proton and deuteron
beams from a 3.5 MV Van de Grmaff accelerator wilh a8 variety of taergets.
Neutron-sensitive devices of all types may be irradiated and precision long
counters compured with the NPL standard precision long counter. Neutron dose
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equivalent values are calculated from the standardised neutron fluence rates by
the use of internationally agreed conversion factors.

NATIONAL MEASUREMENT ACCREDITATION SERVICE (NAMAS)

NAMAS, which hes its headquarters at NPL, is a Government Service under
which about 600 laberatories to date are accredited for certain measurement
activities, either of testing or celibration. Calibreticon leboratories fall
within the British Cmlibration Service (BCS) section of NAMAS and a current aim
is to have secondary level rediation protection laboratories accredited within
this system and edded to the list of wbout 200 laboratories accredited for
calibretion work in a variety of fields. The assessment of laboratories is
performed against published criteria end a list of the technical criterie for
the 1lonising radiation field is given in Table I1I (* undergoing revision,
+ 1n preparaticn), The revised documents draw heavily on the 1580 standards
referred to in earlier sections,

TABLE III. BCS RADIOCLOGICAL CRITERIA - INSTRUMENT AND SCURCE CALIBRATION

Doc. No, Supplementary Criteria for Laboretory Accreditation =

BDB11* Calibraticn of Radiological Protection Level Instruments:
X-, Gamme and Beta- Rays

BOB13* Calibration of Radiologicael Protection Level Instruments:
Neutrons
BO814 Calibration of Radionuclide Sources: Actiwvity, Particle

or Photon Emission Rate, Exposure Hete or Air Kerma Rate

BOBiS+ Calibration of Surface Contamination Monitors

In addition to the supplementery criteria, general criteris are set for
laboratory organisation and staffing; importance is laid on written wmeasurement
procedures and substantiation of claimed uncertainties of measurement. The use
of NPL calibrated secondary standards is a central requirement and we believe
thet accreditation in this field will be en important contribution towards
improved quality assurance in radiation measurements of all types.
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INSTRUMENTATION RESEARCH AND DEVELOPMENT IN
UJ.5. DEPARTMENT OF ENERGY HEALTH PHYSICS PROGRAMS

J. M. Sclby and K. L. Swinth E. J. Vallariao
Pacific Northwest Laboratory U.5. Department of Energy
Richlamd, Washington U.S.A. Washington, DC U,.S.A.

INTRODUCTION

The goal of applied research in instrumentation sponsored by
U.S. DepartmenlL of Energy's (DOE)} Radiological Controls Division
is to maintain the protection of radiation workers at the highest
level commensurate with the current level of technology. Current
rescarch developments in the Division will be described in this
paper.

Planning and controlling exposures to ionizing radiation
reguire accurate, reliable instrumentation to establish and
measure dose rates, to indicate high—-exposure rate areas, and to
control the spread ot contamination. Control of the radiation
environment, established with sophisticated portable and installed
instruments, is verified by biocassay and dosimetry programs that
also rely on sophilisticated instrumentation,

The DOE Radiocleogical Controls Division conducts several pro-
grams under the technical direction of the Pacific Northwest
faboratory (PNL}, bDOE's lead laboratory in health physics. These
programs make usc of BDOE contractors, universities, and private
companies to evaluate and upgrade measurcement systems. Applied
research is conducted in the areas of beta mecasurcments, neuktron
measurements, internal dosimeiry, alr monitoring, and 1nstrument
evaluaktions.

INSTRUMENTATION PERFORMANCE

As a result of the observed poor performance of health
physics instruments, a draft performance standard was written and
evaluated experimentally at PNL. The evaluation [1l] led to
changes in the standard, so that all of the tests are practical;
it is possible to design instruments that meet the various per-
formance criteria. However, specific instrument types metbt certain
selected criteria only with difficulty. An analysis of the errors
for gamma survey instruments that passed the standard [2] showed
that for Geiger-Muller (GM} detector-based instruments the
expected accuracy would be £30%, whereas for ionization detector-
based instruments the expoected accuracy would be £26%, These are
the guadraturc sum of errors found during testing of the instru-
ments and do not include errors in calibration, in reading the
instrument [precision, recording errors, etc.), or in degradation
of performance in the field. The dominant socurces of error are
angular dependence, energy dependence, and temperature dependence.
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In corder to meet recommended accuracics for field measure-—
ments [£30%, Ref. 3], instruments must be able to meet criteria
similar to those found in draft American National Standards
Institute (ANSI) Standard N42,17A, The 1DOK is planning a testing
program for instruments used in their facilities,

NEUTRON TNSTRUMENTATION

In the ncutron program, a new type of radiation-detection
instrument has been developed that uses the tissue eguivalent
propurtiovnal counter (TEPC) as Lhe deleclor [4]., Based on devel-
opments in algorithms, counter stability, and electronics, a pro-
totype instrument [5] was developed at PNL to measurce the total
dose eguivalent in mixed radiation fields., This "Total Dose
Meter” is designed as an alarming personnel monitor and com-
plements existing dosimeters used for workers exposed to neutrons,

A block diagram of the electronic circuitry of the unit is
shown in Figure 1. To measure the very small pulses from gamma
rays, it was necessary to develop an ultra-low noise preamplitier,
which has a root mean square (RMS) noise of only 130 clectrons,

To cover the wide range of pulse sizes, it was necessary to use
two separate linear amplifiers, cne for nceutron events and one for
gamma events. An analog to digital converter (ADC) was designed
using a pulsc-height-to-pulse-width circuit that is used to gate
an oscillator. Pulses from the ADC are summed and stored in
buffers until interrogated by a microprocessor.

BETA INSTRUMENTATION

Tests at PNL [6] have shown that many instruments have scvere
angular and energy dependence. Some instruments do have adeqguate
characteristics; these instruments generally have a thin window (5
to 10 mg/cm®) and a thin sen%itive volume, both in terms of den-
sity thickness {1 to 5 mg/cm®) and physical thickness (<2 cm).

One instrument with suitable enerygy and_angular response is based
on a thin plastic scintillator {5 mg/cm“) and uses pulse-shape
discriminaticon to e¢liminate noise [7]. Because of this discrimi-
nation, complex peower-consuming circuitry is nccessary. This cir-
cultry makes the instrument cumbersome and affects iks long-term
stability. Work is underway to improve the instrument and produce
one that will operate reliably in the field.

Research has also resulted in the development of a coinci-
dence system using a proportional counter and a thick scintillator
to collect beta spectra in the field, This results in a scintil-
lator that can collect either beta or aagma spectra with a rejec-
tion ratio of 1000:1. Spectra from a Bi source are shown in
Figure 2, Such a capability is important in studying beta fields
present in a facility to implement effective protective measures,

Laser heating of thermoluminescent dosimeters {TLDs) [8] pro-
vides a system that enhances the signal-to-noise ratic by rapid
heating of the TLDs and also provides high throughput. Commercial
CO, lasers are not designed to produce the ultra-stable light
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out-put needed to reproducibly read dosimeters. Applied research
resulted in adding temperature stabilization and beam monitoring
to the laser sysktem to cbtain reproducible heating of the TLDs.
The beam profile from a laser system 1s gaussian {(nonuniform) and
research resulted in metgods teo produce uniform heating over a
selected area (2 to 3 mm“). The system c¢an now reproducibly pre-
anneal, read out, and post-anncecal TLDs in 1 second.

INTERNAL DOSTMETRY

Accurate measurement of internal depositions of radionuclides
is essential to determine radiation risk to workers who acquire an
internal deposition of radicactive materials through inhalation,
ingestion, or penetration of the skin. Bicassay techniques
involve measuring trace amounts of nuclides in excreta, primarily
urine, 1In 1982, PNL developed a new technique for precisely meas-
uring uranium in agueous solutions {urine). The technique, kine-
tic phosphorimetry [91, automatically compensates For guenching
effects and therefore produces reliable measurements with less
sample preparation than required previously. The instrument is
extremely sensitive and can measure uranium concentrations down to
a few parts per trillion. The DOE was awarded a patent for the
unique capabilities of this technigue, which has been
commercialized.

The PNL is currently developing a new technigue for measuring
the concentrations of radionuclides [10]. This technique uses two
pulsed dye lasers to resonantly excite only the target isotope to
an electronic state just below the ionization threshold. Colli-
sions with an inert gas ionize the excited atoms, and a thermionic
diode detector measures the ion produckicon, Recent results with
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calcium as an analog for the transuranic elements indicate that
detection limits of less than one femtogram should be feasible.
This unigue technigue offers the extreme sensitivity of laser
measurements in a relatively simple and inexpensive apparatus that
will be useful in measuring nuclides in excreta. The technique
may also be useful for measuring nuclides in aerosols,

CONCLUSIONS

Efforts have also included development of a transuranic air
monitor [11], specialized studies of instrument performance, and
prototype evaluation of several detector systems including fiber
optics, organic semiconductors, and others. Recent developments,
together with the health physics instrumentation testing, have
resulted in improved measurement capabilities. Health physics
instrumentation of the future [12] should encompass the latest
technoleogical advances in detectors and electronics to improve
basic measurement capabilities and to provide greater reliability
of existing instrumentation. Applied research will continue to
provide the means by which to improve accuracy, ease of operation,
reliability, and versatility of health physics instrumentation,
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RECHERCHE ET DEVELOPPEMENT POUR L'INSTRUMENTATION DE RADIO-
PROTECTION A L'INSTITUT DE FROTECTION ET DE SURETE NUCLEAIRE

L.. FITOUSST
Institut de Protection et de 5iireté Nucléaire

I. 1NTRODUCTION

I.es missions principales de 1'Institut de Protection et
de Slireté HNucldéaire {IPSN), créé en 1976 scus la +tutelle du
Ministére de 1'Tndustric, comprennent en Radioprotection :

- Les études et les recherches qui couvrent les domaines des
effets des rayonnements sur 1'homme et 1'environnement, de
l'intervention sanitaire et médicale, des activités technigques
telles gque 1'instrumentation de mesure des rayonnements, la
robotique, la filtration et la ventilation dans les installations
nucléaires, eta.,

-~ L'assistance aux services ministériels en matiére de réglemen-
tation, de plans d'intervention, ainsi gu'en matiére d'information
du public et de relations internationales.

En matiére de R & D pour l'instrumentation de radioprotec-
tion, 1'IPSN est chargé de la planification des programmecs effec-
tés dans les différentes unités du CEA et dans ses propres labora-
toires, dc rapartir les resscurces et d'assurer une coordination
et un suivi de 1'exécution des travaux.

Pour assumer eflicacement ses responsabilités 1'IPSN a
créé deux comitdés et un centre technique dont les membres appar-
tiennent 3 des unités gqui participent & l'exécution des programmes
et aux secrvices centraux chargés des relations industrielles
ou commerciales. Il s'agit :

- du C.I.R.P., Comité de l'Instrumentation de Radio-Protection,

- du C.C.P.I.R., Comité Consultatif{ en matiére de Politique
Industrielle pour 1'Tnstrumentation de Radioprotection,

- du C.T.H.1.R., Centre Technigque pour 1'Homologation de 1'Instru-
mentaticn de Radioprotection,

lesquels ont pour mission :

- de¢ prendre en considération les problémes et les besoins
des utilisateurs en matiére d'instrumentation de radioprctection,

- de définir les caractéristiques techniques des appareils
et d'initier les études en laboratoire,

- de rassembler les points de wvue des représentants des
autorités du CEA pour définir et conduire une pelitique indus-—
trielle pour la réalisation et la commercialisation de ces appa-
reils,

- de¢ maintenir le dialogue avec les industriels des firmes
frangaises aqui produisent ces appareils et, si possible, lancer
des développements industriels en étroite coopération,

- d'eflectuer 1'homolcgation des appareils dont l'utilisation
est recommanddée dans les 1installations du CER, et de coopérer
sur le plan naticnal et international a la normalisation de
I'instrumentation de radioprotection.
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II. DOMAINES D'INRTERET

Un des objectifs de 1'IPSN est de développer une instrumen-
tation et des systémes de traitement et d'exploitation des données
gqui garantissent que les mesures, effectuées en routine ou en
situation d'accident, répondent aux critéres de radioprotection,
aux prescriptions réglementaires et aux normes technigques publiées
par la CEI et 1'ISO0.

Les programmes actuels recouvrent les domaines ci-aprés :
~ Surveillance du personnel
- Surveillance des zones de travail
- SBurveillance de 1l'environnement
- Surveillance en situation d'accident ou post-accidentelle
~ Qualification et standardisation de l’instrumentation de radio-
protection.

Dans chacun de ces domaines des études sont menées pour
résoudre les problémes technigues, améliorer la gualité des
appareillages et des mesures, et deéfinir les tests des perfo-
rmances en vue de 1'homologation. Toutefois 1la limitation des
moyens et des ressources entraine une concentration des efforts
sur les programmes prioritaires suivants :

- Dosimétrie des neutrons pour les personnels et les zones de
travail,

~ Surveillance de la contamination atmosphérique dans l'environ-
nement, les zones de travail, et au niveau de la sphére de
respiration des travailleurs

~ Systémes de traitement et d'exploitation des données pour
les Tableaux de Contréle des Rayonnements {T.C.R.} des instal-
lations nucléaires en vue de la surveillance des zones de travail.

IITI. TRAVAUX EN COURS
3.1. DOSIMETRIE DES NEUTRONS

Les travaux menés dans ce domaine recouvrent guatre secteurs
gui sont : les détecteurs solides de traces, les compteurs propor-
tionnels équivalents tissus, les compteurs & hélium 3, et les
procédures d'étalonnage ;

Les recherches en dosimétrie 4 1'état solide sont orientées
vers la réalisation d'un dosimétre multi-éléments {DINEM) suscep-
tible de couvrir toute la gamme des énergies de neutrons rencon-
trées dans les installations nucléaires, Dans 1l'état actuel
d'‘avancement du projet ce dosimétre est constitué de deux éléments
(PGPDIN, CN 85). La figure 1 montre la réponse du DINEM compareée
a celle de 1l'émulsion Kodak NTA.

Deux compteurs proportionnel é&quivalents tissus de tailles
différentes sont en cours de développement. Le grand compteur

(@ 5 cmy, h 5 cm), dont la réponse en énergie est donnde a la
figure 2, a été réalisé pour un appareil de mesure des champs
de neutrons (CIRCEG)., La gamme de mesure prévue s'étend de 107°
a 1071 Sv.h7!. Le petit compteur (@ 1,5 cm, h 5 cm), encore a

l'étude, doit é&quiper un dosimétre &électrocnique de poche qui
fournira simultanément les équivalents de dese gamma et neutron.
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Les études portant sur les compteurs ‘a4 hélium 3 ont conduit
a la réalisation et & 1'industrialisation d'un appareil portable
(2,5 kg) pour la surveillance des zones de travail (DINEUTRON).
Cet appareil, dont 1le débit d'équivalent de dose s'étend de
2 107! ySv.h™! & 99 mSv.h~!, donne en outre la valeur moyenne
du facteur de qualité des neutrons. La figure 3 donne la réponse
en énergie du DINEUTRON.

Une nouvelle approche a été définie pour 1les procédures
d'étalonnage en neutrons, basée sur les spectres réels rencontrés
dans les installations nucléaires ({réacteurs nucléaircs, labora-
toires plutonium, usines ...}). A cette fin un cataloguc des
spectres réels les plus fréguents a été établi et des technigues
sont mises au point pour reproduire en laboratoire certains de
ces spcetres qui serviront de référence pour les étalonnages.
L'avantage de cette méthode cst de simplifier les procédures
a mettre en oeuvre et d'dtalonner les appareils dans les condi-
tions de leur utilisation.

3.2. SURVEILLANCE DES AEROSOLS

Depuis plusieurs années a &té ressentie la nécessité de
lancer des études sur le comportement et la mesure des aérosols
atmosphériques, notamment deg actinides. Les objectifs gui ont
€été retenus couvrent la réalisation de moniteurs pour :

- la surveillance individuelle,

- la surveillance des postes de travail et de 1'environnement,
et la mise au point de techniques d'étalonnage de ces moniteurs,

Les travaux sur le comportement des aérosols ont permis
de concevolr des systeémes de prélévement et de collection en
vue de minimiser la perte des particules par effets mécaniques

ou électriques. La figure 4 montre la structure optimale gqui
a été calculée. Celle-ci a été adaptée et ajustée pour chacun
des appareillages réalisés : le moniteur individuel MONICA et

les balises pour les installations et l'environnement (Balise Pu,
PAUM et Balise Environnement) (voir tableau).

L.Le banc TICARE permet, grdce a une génération d'aérosols
de granulométrie et d'activité connues, en présence ©ou hon de
radon, d'étalonner les moniteurs d'aérosols radicactifs et de
vérifier, le cas échéant, 1'efficacité des systémes de compensa-
tion de la radicactivité naturelle.

3.3. TABLEAUX DE CONTROLE DES RAYONNEMENTS

Grdce au développement des microprocesseurs, des systémes
d'acquisition et de +traitement des données ont été développés
et associés aux électroniques de mesure et aux dispositifs de
signalisation (alarmes visuelles et sonores) pour la surveillance
continue des =zones de travail dans les installations nucléaires,
Le nombre important de¢ voies de mesure a implanter dans les
installations nucléaires du groupe CEA, plus de 3000 voies de
mesure pour Jles annécs B0, nous a conduit au lancement d’un
programme de R & D, en étroite coopération avec des industriels
du secteur. Ce programme porte sur les unités de traitement
des données et de signalisation ({SMOR) associdées aux divers
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moniteurs placés dans les zones de travail et les calculatours
de ygestion (CSMOR) assurant le stockage, l'exploitation et l'affi-
chage des données.

La figure 5 montre la structure générale du systéme tel

qu'il a étd congu et adopté pour les TCR des installations du
CEA.

IV. CONCLUSIONS

Pour la plupart, cos travaux prioritaires doivent compléte-
ment aboutir con 1988 et d'autres activités actuellement menées
A 1'IPSN prendront une plus grande importance dans un proche
futur. 71 s'agit, pour 1l'instrumentation de radioprotection,
de la mise en application des nouvelles grandeurs opérationnelles
ICRY et des nouvelles wvaleurs du facteur de qualité des neutrons.
11 en est de méme pour c¢erlains programmes lancéds & la suite
de 1'accident de Tchernobyl gui concernent notamment un réseaun
de surveillance de 1'environnement pour le territolire national
et Jla mise au point d'un systéme de dosimdtrie individuelle
a4 distance pour les interventions.
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A PROGRAM TO MONITOR WORKER FACTORS AND EXTERNAL EXTREMITY AND
WHOLE BODY OCCUPATIONAL RADIATION EXPOSURES IN A ACADEMIC SETTIKNG

Ralph A. Fobair
Health Protection Office, University of Iowa, Iowa City, IA 52242

INTRODUCTION

Since 1982 a formal ALARA program has been in place at the
University of Iowa. ALARA is the recognized acronym for "As Low
As Reasonably Achievable." The University of Iowa is regquired,
by its Radicactive Materials License, to conduct all activities
involving licensed radioactive materials and radiation producing
devices in a manner designed to maintain personnel exposure to
radiation at ALARA levels. {1) The initial goal of this program
was to reduce all whole body gquarterly personnel exposures to
less than 3.75mSv {375mrem). The primary means of evaluating the
effectiveness of the ALARA program, up through early 1986 was the
careful review of printed radiation dosimetry reports. To
accomplish this more than 2500 personnel dosimetry records
printed on approximately 100 pages were reviewed individually on
a monthly basis. This di@ not allow for easy comparison of
personnel radiation exposures from one individual to another.

During the latter part of 1985 it was determined that a
computerized system would be helpful in the management of the
ALARA program, and aid in the distribution of personnel radiation
menitoring devices. In order to be useful, a computer based data
management system needs to meet several criteria:

(i} Allow for identification of workers by Jjob classification,
and work lecation.

(ii) Identification of all types and levels of radiation
exposure.

{iii) The ability to quickly contact a worker should the need
arise.

{iv) The use of a small personal computer that could keep track

of one year of dosimetry data, (30,000 records and
occuping 3.75 Mbytes of hard disk sterage.)}

(v) Locating a datatbase management system that could handle
30,000 records and run on an IBM-PC.

The commercial badge vendor (2) was contacted, and it was
determined that such accounts would have to be set up in series
codes. Each series code would specify a unique department within
the teaching hospital, or a unigque research group in the medical
gchool or bio-science area. The supplier indicated that
dosimetery data would become available on 5.25 inch diskettes for
use with the IBM PC-DOS type personal computers. Metafile (3} an
integrated information management system was selected for use
with the IBM PC-D0OS series computers.

(1) Iowa State Department of Health Radioactive Radicactive
Materials License, (1986)

{2) R.S. Landauer, Jr. & Co., 2 Science Road, Glenwood, IL 60425
USA
’
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Metafile is a free-form, relational database management system
combined with text editing and a fourth generation programming
language that allows for development of user-specified
applications. The system requires 256k bytes of internal RAM
when running under PC-DOS or MS-DOS version 2.1 or later; 2 disk
drives, one of which may be a hard disk or a RAM disk device; a
monochrome or color monitor, and a serial (asynchronous) R5-232C
communications port. Initial development required 2 months for
the program in distributing and accounting of personnel
radiation-monitoring devices (PMDs). During this time each
person wearing a PMD was assinged a series code. A series code is
a three letter code for identifying the department and
investigator. For example series code RRL, represents Radiation
Research Laboratory. The first goal of the new system would be
relating MBg of P-32 used per month vs. millirems per month
exposure to the hands.

MATERTIALS AND METHODS

In order to be included in the study a investigator must
meet three criteria:

(i) The wearing of a finger ring TLD (4) with the detector
facing in towards the palm of the hand. Also each
participant needed to wear a whole body dosimeter (5).

(ii) Using P-32 on a reqular basis, a minimum of 9.25 MBg (0.25
mCi) used per calendar month.

(iii) Within the laboratory there could be no other source of
radiation, i.e. gamma-emitters or machine produced
radiation.

In the initial study 55 P-~32 users were identified. Of the
55 only 31 of the users ordered 9.25 MBg {0.25 mCi) or more per
month. Only 15 investigators met the criteria for inclusion in
the study. The study took place from March 1986, through May of
1387. Each investigator was placed into one of four groups based
on the amount of P-32 used per month. During the course of the
study the correct use of the PMDs was verified by observation.
The volume of data generated by this report is presented in table
format.

RESULTS

The minimum measurable exposure was 100uSv (10mrem) whole body,
and 300uSv (30mrem) for beta exposure to the ring TLD. The
linearity of the system was found to be excellent. The
correlation coefficient, r , between MBg P-32 used per month and
exposure was 0.94.

{3) Version 9.2 Metafile, Metafile Information Systems, Inc., 15
East Second Street, Chatfield, MN 55923, USA

(4) Model U3 dosimeter, R.S5. Landauer, Jr. & Co.., 2 Science
Road, Glenwood, IL 60425, USA

(5) Model Gl desimeter, R.5. Landauer, Jr. & Co.., 2 Science
Road, Glenwood, IL 60425, USA

59



Table 1.

Monthly exposure to personnel using P-32

Participant P-32 used

Average exposure per month in uSv

Id Number per month Whole body Right Hand
Deep _Shallow  shallow .
1. 0 to 37 MBq 6.7 + 26 * 33.3 + 62 % 160.0 + 155 *
2 0 to 37 MBg 221.4 + 185 300.0 + 180 285.7 + 280
3. ¢ to 37 MBq 14.3 + 36 35.7 + 50 321.4 + 272
4. 37 to 148 MBg  33.3 + 51 33.3 + 51 460.0 + 318
5. 37 to 148 MBg 0.0 + 0 66.7 + 72 500.0 + 290
6. 37 to 148 MBgq 0.0 + 0 6.7 + 26 613.3 + 245
7. 37 to 148 MBgq 13.3 + 35 140.0 + 99 673.3 + 284
8. 148 to 370 MBg 21.4 + 43 85.7 + 66 792.9 + 144
9. 148 to 370 MBg 26.7 + 59 80.0 + 86 840.0 + 235
10. 148 to 370 MBg 415.4 + 99 515.4 + 31  1061.5 + 480
11. 148 to 370 MBg  20.0 + 41 93.3 + 88  1113.3 + 479
12. 148 to 370 MBg 14.3 + 38 42.9 + 54 1171.4 + 1382
13 148 to 370 MBg 0.0 + 0 20.0 + 41  1186.7 + 536
14. 370 to 925 MBg 26.7 + 46 126.7 + 134 1520.0 + 1187
15. 370 to 925 MBq 80.0 + 41 146.7 + 64  2026.7 + 406

* One standard deviation. Minimum exposures were set equal
to zero, therefore average whole body exposures less than 100 usv
are minimal, and added as zero. The deep dose should be
considered equivalent to the whole body dose. The deep dose is
the dose equivalent from all radiation at a depth of 1.0 cm (1000
mg/cm sgq.) in soft tissue. The effects of buildup and
attenuation of radiation in the body are considered in accord
with the Internaticonal Commission on Radiation Units and
Measurements Specifications. The shallow dose should be
considered as the dose to the skin of the whole body. The
shallow dose is the dose equivalent from all radiations at
approximately 0.007 cm {7 mg/cm sq.) in soft tissue. The shallow
dose equivalent takes into consideration scattered radiation
within body.

SUMMARY

Several factors must be taken into account before drawing
any conclusions from this data. The field gradient from a pure
beta source is more dependent on distance, than the shape or
size. (Th87) The data indicates that special attention should be
given to situations where the chance of beta exposure exist,
because significant exposure to the hands may occur. The use of
a computerized isotope inventory system along with the ability to
effectivley identify, as well as corelate dosimetry, has the
potential to reduce unwarranted exposure to the hand and
other extremities. This program has the potential to be applied
to other isotope manipulations.

REFERENCES
Th87 Thind K. 5., 1987 "Extremity Dose: Its Definition, Standards

and Regulatory Limits, Radiobiological Significance, Measurement
and Practical Considerations"™ Health Phys. 52, 695-705.
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U.S. DEPARTMENT OF ENERGY'S RADIOLOGICAL CALIBRATION
INTERCOMPARISON PROGRAM

F. M. Cummings

G. W. R. Endres
Pacific Northwest Laboratory
Richland, Washington U.S.A,

The United States Department of Energy's (DOE) Radiological
Calibration Intercomparison Program is funded hy the DOE Office
of Nuclear Safety and carried out at the Pacific Northwest
Laboratory (PNL) by Battelle. The program operates in the
following manner: An invitation is sent annualiy to DOE personnel
responsible for managing or performing radiological calibrations.
Prospective participants return a form requesting either the
instrument set or the secondary standard beta source set. The
requested set is scheduled for use based on availability. Prior
to sending the instrument set, the instruments are calibrated
using a '¥Cs source. The beta sources are calibrated annually.
When the results of the irradiations are returned to PNL, they
are compared to PNL calibration values, summarized, and reported
to the participant. At year end, results are summarized in an
annual report to DOE. Participation in the program is voluntary,
and the results are confidential and included in the annual report
with the permission of each participant.

The instrument set contains three ionization chambers and a
Geiger-Mueller counter {(GM) as the detectors, a dosimetry-grade
electrometer, a scaler/ratemeter, a battery-pack high-voltage
power source, and the cabling necessary to perform the measure-
ments. A 30-cc thin-wailed air-equivalent plastic fonization
chamber is used for measurements in photon fields. The response
of the chamber for measuring air kerma is nearly independent of
the energy of incident photons for energies between 20 keV and a
few MeV, A build-up cap is provided to extend the useful energy
range above 200 keV.

An 80-cc tissue egquivalent (A-150) plastic ionization chamber
(TE chamber) is used in conjunction with the GM counter for
measurements of neutron kerma rate in mixed neutron and gamma
fields. For convenience, the chamber %s usually operated with
ambient air as the fill gas instead of tissue equivalent counting
gas.

The GM counter consists of a 0.48-cm-diameter tube with an
active volume of 0.12 cc. The fill gas is neon, quenched with a
halogen quenching agent. The detector is enclosed in an energy-
flattening shield to eliminate the normal low-energy photon
response characteristic.

The extrapolation ionization chamber is a Z2-cm-diameter
parallel plate ionization chamber with a continuously variable
volume between 0.1 and 1.4 cc. The entrance window has a density
thickness of 6.9 mg/cm?. The collecting electrode and guard
ring are constructed of A-150 tissue equivalent plastic and the
chamber is open to ambient air.
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guard ring are constructed of A-150 tissue equivalent plastic
and the chamber is open to ambient air,

The electrometer is a multifunction meter capable of
measuring integral charge between 10-% to 10-** coulombs. The
scaler/ratemeter used with the GM counter has a built-in high-
voltage power supply and a seven-digit display. The
electrometer and scaler/ratemeter both operate on 110 YAC or
tnternally contained battery supplies.

The secondary standard hbeta source set contains three beta-
emitting sources, including 74-mg %%Sr, 18.5-MBq 28471, and
518-MBq **’Pm. For irradiations, a source is removed from the
storage jig using the source handling tool and secured in the
irradiation jig. The shutter on the jig is controlled using a
microprocessor-based controller/timer. Also included in the set
are beam-flattening filters, reference distance rods, the jig
stand, and a set of operating procedures.

The calculations used to determine the reference quantities
{absorbed dose rate, tissue kerma rate, or air kerma rate) are
described below, For photon irradiations, the average inte-
grated current is multiplied by the air density correction
(Ctp), the electrometer calibration factor (Ce), and the chamber
calibration factor {Cg). The calibration factor converts
collected current to air kerma rate.

The calculations of dose rate from the extrapolation
chamber measurements follow the methed in the ISC Beta Standard.
The average slepe of current versus plate separation is multi-
ptied by the air-to-tissue stopping power ratio, the W valtue of
air, and divided by the electrode area and air density to yield
a value of absorbed dose rate at 7 mg/cm?. The air density
corrections pertaining to the chamber intericr and the electrom-
eter calibration factor are applied to individual coliected
currents prior to the least-squares fit of data, giving the
desired slope mentioned above.

The neutron tissue kerma rate is determined by first
determining an eguivalent "air kerma rate® using the TE fon
chamber and the GM counter and the procedures enumerated for
photon irradiations above {substituting counts from the GM for
corrected charge}. The neutron air kerma rate is the difference
of the quantities determined by the TE fon chamber, which
measures total kerma rate, and the GM counter, which is used to
determine photon kerma rate. The neutrgon air kerma rate is
converted to neutron deose rate in tissue following the method of
AAPM Report 7 and ICRU 30. The cenversion factor contains the
ratfos of wall-to-gas stopping powers for neutrons and the
calibration source, the ratio of W values of neutrons and the
calibration source, the ratio of A-150-to-tissue kerma factors
for neutrons and the calibration source, the attenuation and
scatter factor, and the air-to-tissue kerma factor conversion.

The absorbed dose rates from the secondary standard beta

sources are calculated following the method of Bohm. The dose
rate at a specific date of calibration is corrected for
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radioactive decay and air absorption. The dose rate from the
47pm source is further corrected for humidity effects.

The results of measurements are divided by reference
results determined at PNL to yield ratios of intercomparison.
During fiscal year 1986, seventeen measurements were performed
on a variety of isotopic photon sources {1¥Cs, %Co, and
228Ra}. Seven of those measurements utilized the photon
transfer chamber. The average of ratios between field measure-
ments and PNL reference values was 1.23 2 0.26 for the seven
measurements., During fiscal year 1987, twenty measurements were
performed on !37Cs and %Co sources using the photon transfer
chamber; the average of the ratios was 1.01 = 0.04,

During fiscal year 1986, one measurement was performed on a
23%pyBe neutron source, The ratfo of the measurement to
reference was 4,55, Six measurements were performed on PuBe
sources; the average of the ratios was 1,8 £ 0,9. Praoblems with
measurements of neutron sources stem from low kerma rates and
irradiation geometries {e.g., increased neutron scatter in
neutron wells).

No measurements have been performed on x-ray or beta
sources belonging to individual participants using the intercom-
parison instrument set.

Curing fiscal year 1986, resuits were reported from two
irradiations by participants using the intercomparison secondary
standard beta set. The average of ratios for the %Sr source
was 1.02 £ 0.05. Qnly one set of measurements yielded useful
ratios for the 28471 and 'Y7Pm sources and those ratios were
1.11 and 0.63, respectively. During fiscal year 1987, three
measurements were performed using the beta set, The ratios from
the set of available data were 0.98 for %Sr, 1.00 for 204771,
and 1.09 for 147pm,

In conclusion, the accuracy and precision of intercom-
parison results has improved since fiscal year 1986. The most
important benefit of the program continues to be the dissemina-
tion of radiclogical calibration information through the
operation of the intercomparison program and the hiannual
radiological calibration warkshop.
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ALARA PRACTICES DURING NEUTRON SPECTRAL MEASUREMENTS
INSIDE REACTOR CONTAINMENT

K. L. Soldat and G. W. R. Endres
Battelle, Pacific Northwest Laboratories*
Richland, Washington USA

The accurate assessment of radiation dose to personnel who
enter reactor containment is a difficult problem compounded by
the presence of mixed radiation fields of betas, neutrons, and
high- and low-energy photons. Many present dosimeters do not
adequately assess the true dose from neutrons, betas, or high-
energy photons., In 1980, the National Council on Radiation Pro-
tection and Measurements (NCRP) announced that it 7s considering
lowering the maximum permissible dose for neutrons, perhaps by a
factor of 3 to 10 less than existing limits, These changes could
have serious consequences for the operation of present commercial
nuclear power plants and the design of new plants. Present per-
sonnel dosimeters will not be adequate if these proposed changes
are adopted; in fact, many dosimeters are not sufficiently accurate
to be adequate with existing limits.

Knowledge of the neutron radiation fields inside light water
reactor (LWR) power plants is required for adequate nterpreta-
tion of neutron monitoring instruments and personnel dosimetry.

The needed information includes: neutron dose rates, neutron

dose equivalent rates, and the spectra of neutron energies present.
The measurements to acquire this information should be conducted
inside reactor containment during power, These measurements

will supply data needed to accurately assess personnel neutron

dose and to determine the adequacy of the bioshield design.

Battelle Northwest Laboratories (BNW) has conducted neutron
dose and energy spectral measurements inside reactor containment
at many LWRs over the past five years., Preliminary studies have
shown a degraded neutron spectrum inside reactor containment at
LWRs with few neutrons with energies greater than 1 MeV. WNeutron
dose rates were found to vary significantly from location to
location inside containment. Measurements have indicated that
present neutron monitoring instruments may respond from 50 percent
to 600 percent high, depending on the instrument and location
inside reactor containment. Personnel neutron dosimeters have
responded high by up to factors of 25 depending on the dosimeter
type and the calibration method. Although measured spectra at
the different Tocations are
somewhat similar, differences related to shielding design rather
than reactor and pressure-vesse]l design are apparent. The BNW
staff have primarily used the following neutron measurement sys-
tems: 1) the multisphere spectrometer system, 2) the *He spect-
romet§r system and 3) the Tissue Equivalent Proportional Counter
{TEPC).

* Pacific Northwest Laboratory (FNL), aiso known as Battelle
Northwest (BNW}, is owned by Battelle Memorial Institute and
operated for the Department of Energy.
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The muitisphere spectrometer system is a commercially
available system for measuring a wide range of neutron energies
from thermal (0.025 e¥) to 20 MeV. The spectrometer consists of
a ®Li1 scintillator detector and a set of polyethylene spheres
of different diameters. The 8Li scintillator is inserted into a
hole drilled into each sphere and is used to measure the slow
neutron flux at the center of each sphere. The scintillator
detector is connected to a multichannel analyzer (MCA), which is
used to determine the count rate from neutron-induced events.
Measurements are made with the bare scintillator, the detector
covered with cadmium, and the detector at the center of 3-inch
to 12-inch-diameter spheres. The count rate from each con-
figuration is used as input to a computer code which determines
the neutron fluence as a function of energy and the neutron dose
eguivalent.

The *He spectrometer consists of a *He proportional counter
and associated electronics. MNeutrons interact with the 3He to
produce a proton and a triton. If the reaction products are
absorbed in the gas of the proportional counter, the resultant
pulse is proportional to the original neutron energy plus
764 keV. A simple computer code corrects for the energy
dependence of the 3He detector and calculates the relative flux.
The *He neutron spectrometer has much better resolution and
accuracy than the multisphere spectrometer in the higher neutraon
energy regions above 20 keV, where neutrons are more effective
in producing dose. However, the He-3 is only used at neutron
energies below 5 MeV due to the Jimitations in the present
analysis method.

The TEPC is a hollow sphere of tissue-equivalent plastic
with the 3.2 mm-thick walls filled with tissue-eguivalent gas.
Details of plastic and gas composition and methods of construc-
tion can be found in Report 26 of the International Commission
on Radiation Units and Measurements {(ICRU 1977) [1]. This form
of TEPC, called a Rossi counter, has a helical grid around the
central anode wire, The helical grid establishes uniform
glectric field strength along the entire length of the anode.
This produces the needed uniformity in gas amplification at ali
noints along the anode for proper pulse-height analysis. The
plastic sphere is contained inside a metal pressure vessel with
a valve for admitting tissue-equivalent gas. The gas pressure
is maintained at a pressure so that charged particles crossing
the cavity lose only a small amount of energy as they traverse
the counter. Energy deposited in the cavity is then equal to
the linear energy transfer (LET) of the particle times the path
length. At these low pressures, the gas-filled cavity has the
same mass-stopping power as a sphere of tissue {p = 1 gm/cm?)
with a diameter of about 1 gwm and is said to have an "equivalent
diameter" of 1 gm. The TEPC is a device which measures neutron
absorbed dose directly and is now under development by the
United States Department of Energy (DOE) as a next-generation
neutron monitoring instrument., It is antfcipated that within
the next 2-3 years, it will replace the instruments now in use.
The TEPC can also be used directly to determine quality factors.



The above detectors are used with a multichannel analyzer
and supporting electronics (e.g., high-voltage power supplier,
linear amplifier, portable computer, etc.). Including the
detectors and auxiliary equipment, up to 500 pounds of detection
systems are taken into containment during the measurements.
Because of the high temperature and humidity in reactor contain-
ment and the high radiation areas in some locations, it is
necessary to 1imit the time of the personnel in containment to a
minimum. The BNW staff follow ALARA principles to minimize the
non-radiological hazards as well as the radiological hazards
while performing neutron measurement inside reactor containment
during power,

Probably the most important method of obhserving ALARA during
these measurement conditions is planning. Prior to the measure-
ments a planning meeting is held with the staff at the reactor
site and the measurement procedure is thoroughly reviewed.
Topics at this meeting include: 1) identification of detector
and MCA setup locations, 2} personnel responsibilities and task
assignments, 3) dressing procedures, 4) emergency escape hatch
locations, 5) emergency signals and appropriate responses, 5)
identification of dose levels in the radiation zones to be
entered, and 6) any special radiation work procedures.

Each neutron detection system is thoroughly checked over at
BNW before shipping offsite to the power plant., This reduces
the time spent trouble-shooting the equipment in containment,
A11 cables are sheathed in plastic at BNW prior to shipping.
The equipment is wrapped in plastic at the plant. This, of
course, reduced the chance of contamination to the instruments
inside containment.

It is beneficial to select measurement locations inside
containment that have high neutron dose rates because sufficient
data can be collected in shorter periods of time. Thus, we have
developed methods to limit the amount of time the equipment
operator actually needs to spend in these higher-dose areas,
With the use of 50-ft to 100-ft signal and pre-amp power cables,
the neutron detector/counter can be placed at the measurement
iocation and the associated electronics can be separated at a
significant distance. The equipment operator needs to spend
just a few seconds at the high-dose area setting up or removing
the detector. The remainder of the time, the operator can be at
the controls for the detector, located in a lower-dose rate
area. If the collection time is long enough and/or the dose
rates high enough, the operator can keep the instruments running
and leave containment to further reduce his exposure.

Generally, each system requires just one person to operate,
However, the buddy system is always employed so that the people
are always in sight of each other and easily accessible. Two
people are used to set up and remove the equipment. Carts on
wheels are used to move the system faster and more safely.

Because of the high temperature and humidity in reactor
containment, precautions are also taken to reduce the effects of
heat stress to the personnel. Ice vests are worn fto allow
operators to work more comfortably and efficiently. Stress
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monitors are used to determine the maximum stay time for an
individual in a certain area or in containment in general., The
analyzer is usually set up near a blower since this is normally
a low-dose area. It also cools the equipment and the operator
of the equipment is more comfortable.

The BNW staff have conducted many measurements inside
reactor containment that have had temperatures in excess of
120°F and greater than 90% relative humidity. Yet the staff
have been able to stay in containment long enough to conduct the
measurements in all the desired Tocations (generally 8 to 12
locations are measured). To date, mno one has been incapacitated
due to heat stress, Although some of the dose rates measured
were as high as several hundred R/h no one has exceeded 1500
mrem exposure for a complete set of measurements. The average
is typically 200-800 mrem per person for four people, or about
2 man rem per set of measurements. No one has exceeded an
internal administrative limit of 2800 mrem annually.

REFERENCE

[1] International Commission on Radiation Units and Measurements
(ICRU). 1977. Neutron Dosimetry for Biology and Medicine.
ICRU Report 26, International Commission on Radiation Units
and Measurements, Washington, D.C.
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EVALUATION OF THE INSTRUMENT CORRECTION
FACTORS NEEDED IN BETA DOSIMETRY

K. L, Swinth, D. R, Sisk, and J. M. Selby
Pacific Northwest Laboratory
Richland, Washington U.S5.A

E. J. vallario
U.S. Department of Energy
Washington, DC U.S5.A

INTRODUCTION

A wide variety of portable survey instruments using Geiger-
Mueller (GM) detectors, ionization chambers, or scintillation
detectors exists for the measurement of gamma dose rates.
Generally, the same instruments are used for beta menitoring, but
the beta response of these instruments has been secondary to
their development, calibration, and use; information on the beta
response is difficult to obtain and seldom provided by the
manufacturer.

Survey meters are calibrated using fields that uniformly
irradiate the detector volume with the center of the veclume used
as a reference point. However, under field survey conditions,
frequently encountered sources have irreqgular shapes and large or
small dimensions compared to detector velume. When the distance
from the source to the detector volume is small, the radiation
fields in the detector are non-uniform. Similarly, low-energy
beta sources cause non~-uniform irradiation of the volume because
of attenuation of the radiation. The readings from such fields
are an average of the energy deposition within the detector.

This reading would be significantly less than the actual dose
existing at the surface of the entrance windoew, which is an
appropriate reference point when working cleose to the source. To
compensate for this discrepancy, correction factors are applied
to the readings to give the actual dose. These factors can be in
excess of a factor of 100. This paper summarizes observations on
energy, angular, and source—-geometry response of survey
instruments.

INSTRUMENT ANGULAR RESPONSE

The wvariation in response of portable survey instruments
with changes in angular incidence of the radiation is more pro-
nounced for beta radiations than for photon radiations because of
attenuation of the betas in the side walls and construction
materials of the instruments. Figure 1 shows the angular
response of four instruments exposed to a $05r-30y beta source
conforming to International Organization for Standardizaticon
{IS0}) Standard 6980-1984 Series 1 criteria [1]. The instruments
were rotated around a vertical axis intercepting the reference
point (center of the sensitive volume} with the reference
crientation {(0°) being defined when the source-to-detector axis
was perpendicular to the front window. Instrument A (cylindrical
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ionization chamber) has a thin entrance window, but its metal
case causes a pronounced angular dependence. Instrument B has
the same configuration with a shallow cylindrical chamber. The
decrease in depth (1 cm versus 4.8 cm) results in a flat
response, out to 45°, Instruments C and D are ion chamber
instruments that have Styrofoam end and side walls resulting in a
nearly flat response. Tests on five additional instruments
produced a response at 45°, which was 33% to 70% of that at 0°
[2]. At 90°, the response was 1% to 12% of the reference
response,

1B0e

FIGURE 1. Angular Response of Four Instruments to a 20gr-%0y
Beta Socurce. The Scale is Relative.

ENERGY RESPONSE

Attenuation of betas within the volume of the detector and
in the window will lead to an energy-dependent response of the
detector [2]., The flattest energy response was obtained with
instruments designed for heta measurements. One was an ion
chamber modified to decrease the depth of its sensitive volume to
approximately 1 cm, whereas the second was a dual ion chamber
system with a "thin" chamber for measurement of the beta dose
rate. These same instruments have a flat response to low-energy
photons with an overresponse of about 10% arcund 200 keV.

SOURCE GEOMETRY RESPONSE

A technique was developed by PNL to determine source
geometry response of instruments by measuring the response to a
matrix of point sources at 0.5-cm increments [3]1. Source
geometries of interest are created from the matrix hy selecting
and normalizing the response for an appropriate collection of
points. The measured data is used to calculate correction
factors (ratioc of actual dose rate at the surface of detector to
response of the instrument) for the selected geometries. These
factors are applied as a multiplicative correction to instrument
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readings to determine actual dose rates at the detector window.
The actual dose rate was based on measurements using calibrated
thermoluminescent dosimeters (TLDs}.

The correcticn factors obtained for various distances and
dimensions for disk sources are shown in Tables 1 and 2 for three
instruments. Instruments A and C are commercial ion chamber
survey instruments, and D is a prototype ion chamber of l-cm
depth and 6.0-cm diameter, In addition to the noticeable differ-
ences among the instruments, variaticns are also evident among
the correction factors for the °0sr-29Y and 29%4T1 sources.
Studies also showed that the correction factors will vary with
the materials in the vicinity of the source because of
backscatter. Changing the source stage from Styrofcam to lead
changed the correction factor from 4.7 to 6.3 for 20%T1 with
instrument B. Scans were also performed with *7Co and 137Cs
sources and resulted in similar correction factors.

TABLE 1. Measured Correction Factors for 905r Disk Sources

Source 0.5 cm 1.0 cm 2.0 em 5.0 cm
Diameter, Instrument Tnstrument Tnstrument Tnstrument
_em A€ D A€ D A € D A T D

0.3 38.3 21.0 9.3 13.8 7.2 1.5 5.7 z.9 1.5 2.5 1.1 0.79
5.0 6.2 3.0 1.4 5.9 2.5 1.3 4.0 2.0 1.1 2.3 1.1 0.77
10.0 3.6 1.9 1.1 3.6 1.8 1.0 3.0 1.6 0.9 2.t 1.1 0.75
15.0 2.8 2.0 1.3 2.7 1.9 1. 2.3 1.6 0.9 1.9 1.1 0.77
21.0 2,2 2.t 1.4 2.2 2.0 1.2 1.9 1.8 1.1 1.6 1.1 0.82
27.0 2.0 2.2 1.5 2.0 2.2 1.3 1.7 1.8 1.2 1.5 1.2 0.8%
. . 204 .

TABLE 2. Measured Correction Factors for T1 Disk Sources

Source 3.5 cm 1.0 cm 2.0 cm 5.0 em
0 ameter, I nstrument Tnstrument TnsErument Tnstrument

cm A C D A C U A [o N A 5]
0.3 73 39 17 30 15 6.7 " 5.5 2.8 5.6 2.5 1.6
5.0 12,5 5.4 2.5 1.9 5.1 2.5 B.4 3.6 2.0 5.2 2.3 1.6
10.0 B.6 3.6 2.1 8.6 3.6 2.0 6.7 3.0 1.8 4.5 2.1 1.6
15.0 7.2 4.2 1.4 6.9 4.3 2.3 5.5 3.4 2.0 3.8 2.0 1.6
21.0 - LB 2.7 -- 5.0 2.8 .6 k1 2.3 3.2 2.0 1.8
27.0 - 5.2 2.9 -- 5.6 2.9 4.2 4.7 2.6 2.8 2.2 2.1

Measurements were made with large area sources (15 cm x
15 em) of uniformly distributed actiwvity to compare with study
results. Thesec sources were composed of inscoluble metallic salts
of the isotopes spread over a thin epoxy matrix. The active
medium was backed with stainless steel and covered with
9.5 mg/cm? Kapton. For instrument A, the correction factor at
i1 cm for ?%95r-9Y9y determined by the measurement system was 2.6,
compared to 2.7 from the slab source when based on an
extrapolation chamber calibration and 1.8 when based on a TLD
calibration. For instrument C, the respective numbers were 2.1,
2.9, and 2.0.
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CONCLUSIONS

Most currently available commercial instrumentation does not
have the beta measurement characteristics desirable in terms of
energy, angular, and scource-geometry response. The response of
instruments with thinner windows and thinner sensitive volumes
represent significant improvements. When beta fields are a
problem, instruments that incorporate such features should be
considered. Hopefully, current instruments will be modified to
improve the beta response using data developed from this study
and similar studies [4]1.
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HIGE SENSITIVE DBETA- AND GAMMA-RAY SPECTROSCOPY
AND ITS IMPLICATICON ON RADTAT10N PROTECTICN

Gerd Heusser,
Max-Planck-Institut flir Kernphysik
PCB 103 380 D-630Q0 lleidelberyg, TRG

ABSTRACT

The application of extreme low level detection methods in radiation protection
helps not only to reduce counting times but offers also & large variety of
investigarions which otherwise would not be possible.

In the course of feasibility studies for double beta decay- and solar neutrino
experiments the background of Germanium-, NaI{Tl}- detectors, and proportional
counters has been systematically studied. It can be characterized by the
following components:

4 - incompletely shielded external gamma rays

B - intrinsic contamination of detector and shield materials

- Radon in cavities of the shield and surface deposited Radon daughters

- muonic events not vetoed by the anticoincidence system

- cosmic ray-induced radiation (alsc activation) in detector end shield.

iR ]

For Germanium detectors and proportional counters the internal contamination
could be reduced to such an extent that component D and E became dominant.
Since no anticoincidence system is able to completely suppress this two
components, the full potential of such detectors can only be exploited by
placing them deeply underground.

Measurements with a Germanium spectrometer in a deep salt mine yielded
sensitivities of a few mBq/kg for larger samples {up to 10 kg). Miniature
proportional counters operated in the Gran Sasso Underground Laboratory are
able to detect gaseous activitles of less than | decay per day.

Tne advantages of extreme low level counting in health pbysics are demonstrated

by some examples of envircnmental-, incorporation- end actidental neutron dose
monitoring.
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A CLASSTFICATION SYSTEM FOR CONTAMINATION LIMITS CONSIDERING
THE RADIOLOGICAL RELEVANCY FOR ALL RADIOACTIVE NUCLIDES

D. E. Becker, T. M. Ibach, J. R. Unseld
Technical Inspection Agency of Bavaria, Munich, FRG

INTRODUCTION

It is a common practice to examine persons and materials
with regard to radicactive contamination when they leave
restricted access areas.

Starting from a surface contamination limit of 0.037 Bq/cm2 for
perscons leaving the restricted access area we have analysed the
radiation exposure that may result.

In this connection the following categories of persons are
being considered:

- occupationally exposed persons themselves

- persons in the non-monitored areas of the age groups of
-— 1 year
-— 10 yYears
== adults

PATHWAYS LEADING TO EXPOSURE

The starting point for the radicactive nuclides are occupa-
tionally exposed persons, who leave their place of work daily,
carrying a., maximum permissible surface contamination of
0.037 Bg/cm®. For all nuclides this is taken as a basis for
calculating the radiation exposure, i.e. we do not differen-
tiate between alpha emitters, beta emitters and gamma emitters.

According to our experience the following pathways have to
be taken inteo account, which lead to exposure of

- occupationally exposed persons; external exposure of their
own skin

- occupationally exposed persons: external exposure of their
whole body

- occupationally exposed persons: internal exposure through
inhalation

- other persons: external exposure to the radiation of a
contaminated occupationally-exposed person

-~ other persons: internal exposure through ingestion

73



- other perscns: internal exposure through inhalation
- other persons: internal exposure via water-soil-plant

The ISH reports Nr. 63, 78, 80 (L1, L2, L3) give dose
factors for about 800 nuclides, Nuclides with a half life
smaller than 1 hour were omitted. 611 nuclides remained. When
calculating the pathway of ingestion we applied the dose
factors of the largest resorption.

The radiation exposures calculated for the different
rathways were compared with the dose limitations glven in the
German Radiological Prectecticn Ordinance (1.4), where the
following limits apply:

50/150/300/600 mSv for category A occupationally exposed
rerscons and different parts of the body,

1.5 mSv for other persons outside monitored plant
areas according to section 44 (1) of the
above Ordinance

SUMMARY

In the vast maijority of cases (497 nuclides), exposition
through "ingestion by the age group cf 1-year-olds" proves to
e the leading pathway.

27 nuclides furnish the highest dcse values by exposure
through "ingestion via water~soil-plant®.

In the case of 65 nuclides the pathway of "external
irradiation of the skin" of the occupatiocnally exposed person
is predominant.

When calculating the ingesticn we used the dose factors
for the effective dose; the respective dose factors for parts
of the body are often ten times higher. With I-129, for
example, the dose factor for the thyrcid gland is 30 times as
high as the one for the effective dose.

As a result of our research the 589 nuclides we
investigated into {ancther 22 isctopes of the inert gases Ar,
Kr, Xe, Rn are irrelevant for our consideration) can be divided
into categories according to their possible radiation exposure;
in deing so, we always refer to the most disadvantageous
pathway of exposure for each nuclide in relation to its dose
limit. Category I means that the figures reach between 10 % and
100 % of the dose limit. In category II they attain between 1%
and 10 %, in cat. III between 0.1 % and 1 %, cat. IV between
0.1 % and 0.01 % and in cat. V they reach less than 0.01 % cf
the dose limit. Only Cm 250 (spontaneous fission) could exceed
the dose limits.

In the following table the nuclides are listed according to
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their radiclegical relevancy in 5 categories as

above.

Category I

Po

210, Pb

10 %

210, Ra

Am 241, Am 243, Cm

Ccft

Categqory II

c1l
Sm
Th
Pu
Cm
Fm

Category III

C

Mn
5r
5r
Rh
Sb
Sb
I

Ba
Pm
Pb
Ccm
Fm
Sc
Te
Es

Category IV

Be
Ca
Mn
Cu
AS
Y

Mo
Ru
Ag
5b
Cs
Sm
Eu
Eu

254, Am

36, Fe
146, Sm
228, Th
236, Np
243, Pu
257, cd

14, Na
56, Fe
82, Rb
91, ¥
101, Rh
124, I
127, Ba
133, Ce
140, Ce
148, Pm
202, At
240, Pu
255,

242 m

1

60, Sr
147, G4
230, U
236, U
244, Cm

- 100 %

226,
245,

¥ - 10 %

9g,
148,
230,
236,
244,

Ac
Cm

Nb
Hg
Th
U

Cn

113m, Ir 192m,

22, Na
59, Co
B3, Rb
92, Sr

102, Ru

124, I

128, Sh

134, Cs

141, La

145, Fm

211, Pb

241, Am

44m, Rh 106m,
131m, Cs 134m,

254m,

10, Mg
45, S5c
54, Co
67, Ge
74, As
86, ¥

53, Nb
103, Pd
112, Sn
122, Te
135, Ce
145, Eu
148, Tb
152, Sm

0.01 % -

28, Si
46, Sc
55, Ni
68, As
76, Br
87, Rb
94, Nb
103, Ag
113, cd
123, Sb
135, Nd
145, Gd
149, Gd
153, Tb

24,
60,
84,
92,

105,

125,

129,

134,

141,

151,

212,

242,

32,
47,
56,
71,
76,
B7,
96,
105,
115,
125,
138,
146,
149,
153,

0.1 ¥ -1%

Al
Ni
b
Y

Rh
5n
Te
I

La
Gd
Ac
Cm

In 114m,
Pa 148m,

0.1 %

P
Ca

227, Ra
246, BK

95, Tc
194, Ra
232, U
238, Pu
247, Cf

Bi 210m

26, P
65, Zn
8e, Zr
93, Zr
105, Ru
125, Sn
129, I
135, Cs
142, Ce
152, Eu
226, Th
242, Cf

Cd 115m,
Eu 152m,

13, Cca
47, Sc
57, Co
72, Ga
77, Br
BB, Y

96, Tc
107, P4
117, Sb
126, Ba
138, Ce
146, Pm
1555,Eu
153, Tb

228,
247,

a8,
223,
232,
238,
248,

32,
65,
a9,
95,
106,
126,
130,
136,
143,
154,
227,
246,

Te 125m,
Lu 177m, HE

41,
48,
57,
72,
a2,
B8,

109,
119,
131,
139,
146,
150,
154,

Th
Cm

cd
Ra

Pu
ct

K

Ni
Sr
Zr
cd
Sh
I

Cs
Ce
Eu
Th
Pu

Co
As
Sr
Nb

5n
5b
Cs
Pr
Gd

Eu

229,
248,

113,
224,
233,
239,
250,

40,
66,
89,
97,
109,
126,
131,
137,
144,
156,
234,
246,

42,
48,
58,
72,
83,
89,

110,
120,
132,
142,
147,
150,
155,

Te

menticned

Pa

In
AcC

Pu
Cct

Ti
S5¢e
Y

Mo
Ag
I

Te
Ba
Pr
W

Np
Fm

127nm,
178m,

Fe
Zn
Ga
Sr
Mo
Pd
In
Te
La
Pr
Pm
Tb
Tb

231,
249,

115,
225,
234,
240,
252,

44,
75,
90,
99,

111,

126,

132,

139,

145,

188,

238,

252,

43,
52,
62,
73,
85,
90,
100,
110,
121,
132,
143,
147,
150,
156,

Np
cf

Ra

Pu
Es

Co
Se
b 4

Tc
5n
Te
I

La
Nd
Os
Np
Es

5c
Mn
Ga
Se
ar
Nb

In
Sn
Ba
m
Eu
Th
Sm

237,
251,

129,
225,
235,
242,
254,

123,
127,
132,
140,
147,
194,
239,
253,

Te 129m,
Ir 194n,

44,
52,
66,
73,
BEG,

100,
111,
121,
133,
144,
147,
151,
156,



EFu
Tm
Er
Lu
Ta
Hf
Re
Ir
Au
T1
At
Th
4m
Bk
Zn
Ag
5n
He
Pt

157,
166,
171,
174,
180,
184,
186,
190,
195,
202,
207,
231,
239,
249,
69m,
108m,
121m,
lesm,
195m,

Category

H

v

Cu
Ge
Nk
Ag
I

Ce
Tb
Dy
Ta
Yb
Pt
Tl
Bi
Cm
Es
Co
Nb
I

Hf
Hg

Ll

L2
L3
L4

3,
49,
64,
75,
89,

103,
121,
137,
147,
157,
173,
178,
186,
197,
202,
238,
251,
58m,
93m,
132m,
180m,
195m,

T 158, Gd 159, Tb
Tm 167, Er 1
Iuw 171, Tu 1

Hf
HE
Re

175, ¥Yb 1
181, Re 1
184, Ta 1

69, Lu
72, HE
75, Lu
8l, Hf
84, Ir

W 187, Ir 188, Pt
Cs 191, Pt 151, Ir
Hg 197, Pt 197, Au
Bi 203, Hg 203, Pk
Bi 207, Bi 2
U 231, Pa 232, Pa
U 240, Am 240, Cm
Fm 253, Cf 2

To

Te
Lu

Hg

Be
cr
Ge
Ge
TC

Ag

Pr
Nd
Dy
HE
Ta
Ir
Pk
Po
Am
Md
Zn
Mo
Pr
Hf
Pt

95m, Nb
110m, In
121m, Te
174m, Hf
197m, Au

< 0,01l %

7, F
51, Mn
66, Ga
77, Br
93, Zr

104, Cd 1
123, sn 1
137, La 1
149, Eu 1
159, Er 1
173, Ta 1
178, Ta 1
187, Re 1
198, Tl 1
205, Po 2
238, Np 2

71lm, Br
93m, Rh
138m, Tb
l82m, Cs
197m, T1

10, Bi

53, Fm
a5m,
115m,
123m,
179m,
198m,

18, si
53, Fe
67, Ga
77, As
93, Tc

79, W

80m,
99m,

l56ems,

189m,
198m,

160, Tb 161,
169, Yb 169,
172, Er 172,
176, Ta 176,
182, Os 182,
185, Os 185,
188, Re 188,
192, Os 193,
198, Au 199,
203, T1 2
212, Ac 2
233, Np 234,
241, Am 244,
254,

TC
cd
Ba
Re
Au

97m,
117m,
133m,
184m,
200m

31, S
55, Ni
68, Ge
78, Ge
94, Tc
07, In 109, In 110,
27, Cs 127, Sb 128,
37, Pr 139, Nd 141,
49, Sm 151, G4 151,
61, Ho 161, Dy 165,
74, Ta 175, W 176,
181, ©Os 181,
87, Au 193, Hg 193,
98, Pb 199, Tl 199,
07, Pb 209, Pu 234,
40, Pu 243, Am 245,

Rb
Rh
Th
Ir
b

azm,
101m,
156m,
190ms,
202m

04,
24,

Tc
5n
Ba
Re

LITERATURE

Dy
m
Tm
Lu
Re

166,
170,
172,
177,
182,

W 185,

Ir
Pt
Pb
Bi
Ac
Pa
Pu

189,
193,
200,
205,
228,
234,
245,

99m, Rh
117m, Sb
135m, Ce
186m, Pt

S5c
Co
Ga
s5r
Ru
Te
Cs
Sm
Tb
Er
Yb
Re
Ir
Tl
Np
Cm

43,
61,
71,

97,
11s,
129,
142,
155,
165,
177,
182,
195,
201,
2135,
249,

85m, Sr
113m, Sb
le2m, Lu
190m, Os

¥Yb 166,
Lu 170,
Lu 173,
W 178,
Ta 182,
Ir 186s,
Pt 189,
Au 194,
Pt 200,
Pk 205,
Pa 228,
¥p 236,
Bk 245,

102m,
118m,
13%m,
193m,

Ag
5n
Nd
Hg

T1 45,
Cu 61,

Rb 81,
Nb 97,
Sb 117,
Cs 131,
Pm 1473,
Dy 155,
Ho 167,
Ta 177,
Hf 183,
Hg 195,
Bi 201,
Pu 237,
Bk 250,

87m,
11l6m,
176m,
191m,

Y

Ho
Hf
Tm
Lu
Ta
Ir
Ra
Ir
T1
Bi
ra

Bk

166,
170,
173,
179,
183,
186,
189,
194,
200,
206,
230,
237,
246,

106m,

1
1

19m,
39m,

193m,

Cr
Ni
Br
Br
Pd

La
Pm
Tb
Tm

Ir
Tl
Pk
Am
Es

48,
63,

83,
101,
120,
135,
145,
157,
171,
177,
184,
185,
201,
237,
250,

90m,

In 117m,
Ta 180m,
Ir 195m,
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THE WORK OF A PROVINCIAL RADIATION CONTROL UNIT IN CANADA.

L.D. Brown.
Chief Health Physicist.
Occupational health and Safety Branch.
Saskatchewan Department of Human Resources, Labour and Employment.

Background.

The Statute of Westminister which established the Dominion of
Canada, alsc identified the areas of responsibility of the federal and
provincial governments. Public health and occupational health come in
the latter category so that constitutionally the provinces are
responsible for radiation safety. This responsibility is however no
longer absolute, following the development of the atomic bomb a Federal
Atomic Energy Control Act was passed and this gives the federal
government control of developments relating to atomic weapons or nuclear
energy. In practice this means that all uses of radipactive materials
have to be licenced by the Atomic Energy Control Board (AECB) set up
under the Act; and that the licence conditions are worded in a way which
usually incorporates a considerable component of occupational health
related requirements. Today regulatory responsibility is shared between
the federal and provincial governments and to date there has been no
supreme court decision which clearly identifies the limits of federal
and provincial responsibilities. Nevertheless the courts have decided
that even where there are valid federal controls, provinces may
constitutionally impose more stringent (but not less stringent) conirols
enforceable within the territory of the province concerned.

For many years after the Atomic Energy Conirol Act was passed there
was little attempt on the part of either federal or provincial
governments to control and inspect users of ionizing radiations, and no
provincial government enacted specific radiation control legislation.
The need for such legislation first became evident in connection with
medical uses of radiation particularly diagnostic radioiology. In
Saskatchewan an advisory committee was set up in 1959 under Dr Norman
Williams to advise the Minister of Public Health on the need for
regujations to control hazards arising from the use of ionizing
radiations and on the methods which should be used to enforce such
regulations. As a result of the report of this committee the first
previncial Radiation Health and Safety Act was passed in 1862, and set
an important precedent for public controls on the medical uses of
ionizing radiations in Carnada. The Act required the appointment of the
first provincial radiation safety officer, empowered the introduction of
radiation control regulations and established an ongoing Radiation
Health and Safety Committee to advise the provincial government on all
matters relating to radiation hazards and their control. Over the years
this committee has done a great deal to shape the radiation safety
policies adopted by the province. The provincial radiation safety unit



reports to the committee which is also responsible for periodically
reviewing the regulations issued under the act and making
recommendations for them to be updated. The Act itself requires all
types of radiation emitting equipment to be registered with the
provincial government in an analogous way to the federal requirement for
the licencing of radioisotope users, sets formal requirements for
regular maintenance of all medical radiation equipment and introduces
formal training requirements for the operators of this equipment. It has
been reqularly updated since it was first brought in, the last major
revision took place in 1985 and considerably expanded the provisions
relating to uses of non-ionizing radiations. Regulations under the Act
were first introduced in 1970, primarily to enact the radiation dose
limits recommended by the ICRP. Subsequent requlations coversd many
other areas of concern and last year a comprehensive package of revised
regulations, covering all aspects of the use of both ionizing and
non-icnizing radiations, was released for public comment.

Medical.

The original responsibilities of the provincial radiation safety
unit were primarily directed towards radiation safety inspections of
hospital x-ray equipment, and this still remains one of its primary
responsibilities as the exposure of patients during medical procedures
continues to make Dy far the biggest contribution to population
radiation exposure from man made sources. From the early 1950's onwards
such inspections had gradually became general practice in most countries
where diagnostic radiology was widely carried out, but initially the
function of these inspections was very limited; primarily to look for
radiation leakage through the tube housing, check collimation and
filtration, and test the adequacy of shielding. Gradually however it
became appreciated that protection of patients as well as operators was
desirable, and that this invelved such considerations as the elimination
of unnecessary retake examinations. This has resulted in radiation
safety inspections being extended to include checks on many cther
factors such as the resoclution of the system, the speed of the
film-screen combination and the optimisation of the processing.
Eventually these developments led to recognition that the physicists
employed as radiation health inspectors have to provide full medical
physics support to all the hospitals which do not have a staff medical
physicist on call. Today one of the principal duties of pravincial
radiation health officers is to help diagnostic radiclogy departments in
small hospitals and clinics to develop mandatory in-house quality
assurance manuals that clearly lay down not only the duties of the
hospital but also their own role as visiting physicist.

Uranium Mining.
Saskatchewan is a major world producer of uranium from mines with

uniquely high grade ores (some localised deposits consist of more than
50% uranium and average ore concentrations of well over 10% are common).
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Another major responsibility of the radiation safety unit is therefore
to support provincial mines inspectors by visiting uranium mines to
enforce both provincial regulations and good working practices.
Saskatchewan is the only part of Canada where the internal dose
equivalent received from radon daughters and the inhalation of
radicactive dust has to be added to the external dose equivalent
received from gamma radiation, and the sum has to be less than the
permissible occupational dose limit. Provincial radiation health
officers are involved in enforcing these dose limits, setting up agreed
monitoring schedules for mines and mills, approving proposed work
practices, establishing adequate worker training programs and carrying
out on-site radiation safety inspections.

Industrial and Educational.

The unit is also involved to a lesser extent with many other
industiries which employ ionizing radiation techniques. Industrial
radiography; density, level and flow gauging; neutron moisture content
measurements; tracer studies; oilwell logging and laboratory analysis
procedures are well known examples of these technigues. Some of them
inyolve the use of radicisotopes and therefore require Atomic Energy
Control Board licences and conformity with A.E.C.3. regulations, others
are entirely a provincial responsibility. Staff attached to the
radiation safely unit have the responsibility of providing an emergency
responsé service following transport or other radiation emergencies and
also participate in education and worker training programs, particularly
those directed towards mempers of the occupational health committees
which are mandatory under Provincial legislation in all large
workplaces.

Radon,

Today there is increasing public concern about levels of natural
radon in buildings and the regulations recently introduced include a
requirement that remedial action to correct high radon levels must be
carried out in buildings to which the public have access if any perscn
may be exposed to a radon dose exceeding one tenth of the provincial
limit for occupationally exposed workers {4 HLM per annum).

Non-ionizing Radiations.

During the last few years the most important change in the work of
the unit has been an increasing inveclvement with problems associated
with sources of non-ionizing radiation. The uses of lasers for medicine,
industry, education and entertainment is increasing each year and,
although there have been few serious accidents, most of these uses
involve significant risk of retinal damage. With the proliferation of
tanning salons excessive exposures to ultra-violet are becoming
increasingly common., Ultirasound and NMR imaging procedures now take
place in many hospitals and hearing losses arising from airborne
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ultrasound are becoming mgre frequent. ¥ideo terminal operators and
persons living near electrical transmission lines are concerned about
low freguency R.F. emissions, and catering workers about the leakage of
microwaves. Regulations to address all these concerns, and to limit
possible exposures of the public, were introduced last year and now have
to be enforced by the unit.

Laboratory Facilities.

Until recently the radiation physicists attached to the unit were
only equipped with field monitoring instruments but with the increasing
scope and complexity of the program for which it is responsible the unit
has for a long time felt a need for comprenensive laboratory facilities.
The first step in this direction was the introduction of
thermoluminescence dosimetry 15 years ago, and the development of rew
quality assurance procedures for diagnostic radiology necessitated the
acquisition of a diagnostic X-ray unit six years ago. However ihe role
of the unit as an enforcement agency for provincial regulations remained
severely crippled by lack of instrument calibration facilities until
1985 when the unit moved into a new building in which its laboratory
requirements could be accommodated. The facilities now available to the
unit occupy about 200 sq. m. and include four principal laboratories.
The first contains medical and dental X-ray units and a darkroom with
automatic film processors, as well as test benches for the calibration
of X-ray, gamma ray and microwave oven monitors {all commercial
microwave ovens are checked for leakage by public health inspectors, and
the monitors used for this purpose are all calibrated by the radiation
safety unit at yearly intervals). The second is basically a radioisotope
and wet chemistry laboratory, although it also includes a radeon chamber
in which the radon monitoring instruments are calibrated. A small room
off this laboratory is used for alpha and gamma spectrometry and
provides a less intimidating setting for such occasiconal duties as
monitoring the thyroids of travellers returning from Europe immediately
after the Chernobyl accident. The third laboratory is an open area
containing the units computer system and a thermoluminescece dosimeter
reader with annealing ovens. The final laboratory is essentially a
service area, this can house any special projects but is set up
primarily as a maintenance workshop.

Conclusion.

This paper marks the 25th anniversary of the establishment of the
provincial radiation safety unit in Saskatchewan, Canada; and it
putlines the way in which the activities and responsibilities of the
unii have evolved during this quarter century. Stepping back to review
the past in this way is valuable when planning to meet likely future
commiitments during a decade in which it seems likely that public
concerns about radiation risks will continue to increase.
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EXPERIENCE [N ESTABLISEING AND OPERATING A RADIATION DOSIMETRY AND
EADTIGACTIVITY CALIBRATION LABORATORY IN THE REPUBLIC CIF CHINA

Weil-Li Chen
Atomic Encrgy Council, Institute of Nuclear encrgy Rescarch
P.0.Box 3-10, Lung-Tan 32500, Taiwan, Republic of China

TNTROSUCTION

Increasing padlic concern and more demanding legislation
about radiation safeuvy nave made reliable measurcment of (onizing
radiation a necessity. Standardized calibraticn and procedurcs
For he measurcment of radialion doseage pecome cre of the most
important parts to assure measurement accuracy and aence radi-
at.ion salety. The wareness of this need has led to the cstab-
lishment of the Radiatior Dosimelry and Radicactivity Calibration
Laboratory [RDRCL) at tne Tnstitute of WNuclicar Enoeroy Research
(INER). Since July 1976 the RDRC!. has boeoen operated by Lhe
dealth Physics [(HE)} Division of THNIR. In getting up and oczera-
ting the lavoratcry, several guidesil!,2,3) have been followod.
The expcrience we have gained may be of general intevrest to thoso
whose concern is with the use or calibraticn of desimeter.

ORGAKLAATION ARD RESPCNSTBILTTY OF THAE RDRCL

The RDORCL includs twa main parts name:y Photon Desimetry
Calibratior Laboratory (P2CL] and Radicactivity Calibration
System (RCS). 'The ovperation ol the RDRCL is under overall
supervision of the HP Division Directer of INER.  For rountine
calibrating services, the PDCL has two full-time scnior
physicists well experienced in radiation dosimetry and four tull-
time techniciang with adequate gualification and expoericence to
provide calinrating scrvices. More over, for special consuiation
or discussion, other senior physicists or engincercrs in the HP
Division can readily provide help. Since most Radiotherapy
centers in Taiwan are located in the northern part and are close
to [NIER. The calibration services for thom are convenient., In
the past yrars, —he PRCL in addition to discharge served the
insirument calibration work for INER, nas coffcred technica!l
service to other public or private companies in Taiwan, e.q.
‘alwan Power Company, Jniversity of 'Tsing-ilua, and a goo¢ many
hospitals. (4)

The main resnoonsinilities Lo be implemented by FRDL in the
laboratory itself could include:

(1). Tne maintenancc of a sor of sccondary standard
(intercomparison) ion chamber and radiation scarces.

{2}, Calibratirg radiation mcasuring instruments used for

clinica! dosimetry and radia*ion protoection purposcs,
and issulirg certificates.
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{3). The minor repair of iInstruments when nceded.

{4). Ccordinating efforts with cther HP staffs on personnel
and environmental dosimetry services.

{5). Training of heralth physicists and medical physicists,
and paritcipating in training programs sponsored by
government.

{6). Providing help to radiation protection scrvices with
regard to dosimetric preoblems.

{7). Joilning in dosimctric intercomparisons with other
laboratorics.

{8). Keeping up-to-date dosimetric measurement methods, and
carrying out research on radiation dosimetry.

EQUIPFMENT AND FACILITIES OF THIE IPDCIL
(A) X-ray Beams

Thr PDCL 15 cquipped with twe X-ray generating systems. A
Baltgraph CK 30/30 type X-ray machine with 30 kVcp X-ray tube
incerporating a Beryllium window was installed for low cnergy
work, and a high guality Pantak HiF420c calibration type X-ray
machine was used {or both medium and low cnergy work. The later
can e operated with voltage from 420 to 10 kVep at tube current
down to 50 A, The ancillary facilities include a sct of high
guality filters, an adjustable diaphragm, a transmission type
moritor chamber, cte. The X-ray generating system 1s capable of
sonerating those {iltered X-ray oeams as rocommended by the
National Bureau of Standard (N85) or as shown in the IS0-4037
report, rcegarding to the cffective energy and dose rate ranges.

(B) y-ray Scurces

To obtain a wide range of y-cncrgies and outputs, a large
number of scaled radioiszolope sources, such ags Ra-226, CUs-137
and Co-60, etc. were used to provide precise exposure rate,

The above-mentioned X and y-photon sources arc or can be
cguipped with calibration benches or stands. Devices for casy and
reproducible position, such as trackes, laser beam sources, etc.
are available., The remote ¢ontrol systoms can be installed
whenever necessary.

{C) tonization Chamobers

lonization chamhers calinrated against the primary standards
at bthe NBS or the National TPhysical Laboratory (KPL) of the UK.
are rcfered to as the secondary standard chambers at the PDCL.
Some secondary standard ion chamocrs, together with two free-air
ion chambers are properly uscd and maintained. Redundant
principle is practiscd whenever possible.
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Ton chamber caiibrated agaionst Lhe secondary standard ion
chamaoers arce roferred to as the laboratory standard instruments
which are used to calibrate the field-use dosimeters or survey
meters.

{D) Elecctrometers

There arc many (ecdoack type high precisicn electrometers
in the PDCI. Some of them have been calibrated traccable to
NRS. Like ion champer, the electromeoters in the PBCL are
classficd as sccondary standard, laboralory standard and lieid-
nuse,

(E} Other Egulpment

Additicnal equipment requirced for ionization chambor
catibration include standard charge/veltage sources, three
terminal calinration capacitors, nigh quality Daromelters,
thormometers, Limars, huomidiiy measurement instruments, atmos-
vheric communication testing chamber, cto.  Many sel? mads
devices are installed to position various Lypes of chambers in
optimum location with a view to meeting reguirements of all
radiation charactistics so that most accuratc resalts are
obtained bascd on which Lo determine the realistic condivion.

OPIERATION OF THIY PDCL

In order to fulfill PDCL's responsipities and no orovide
for the socnest possible instrument calibration, a disciplined
procedurce is established to follow. The protocoe. of Laoe 20BCIL
has described in detail Lhe procvedurcs for calibrating, reporting
and record kceplng for each class of device. Also classes are
defined into which cach device will fall. These provodures havo
also delincated explicit steps to assure utmest accuracy in
calinration. All calibratirg activitics have To be in conformity
with laboratory protocol.

RADIOACTIVITY CALIBRATION S5¥S5T=M

According Lo the characteristics of the radicactivity, e.g9.
radiaticn types, ovhysical and chemical forms, and intensity,
there are many different gualitification ard guantification
methods in determining the activity of a radioisctope.

The RCS has had many activity measuring systems which mainly
include alpha spectrometric systom, 2i-o counter, 271-B counter
ligquid scintillation spectronetric system, gamma spoctromeiric
system, 4m-y lonization chambcr, and 4n1-2, v ceincidence counting
system. (5)

EXPERIENCE WITH THE RDRCIL

Expericnces gained from cstablishing and operating the RERCL
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in these years show that the calibration of radiaticon measuring
instruments is a high-~tech endeavor and rather costly work., 1t
is important that the personnel selecled for establishing and
operating the RDRCL are adequately gualified and arc given
adeguate status and remuncration. It also needs to invest
large fund for eguipment and sitc preparation. A rigid protocotl
and a lisi of operational procedures must be clearly defined and
strictly followed. The supporits from other relevant high
technical industries and the close contact with other national
lahoratories are cssential parts to clevate the level of the
laboratory.
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PERFORMANCE CHARACTERISTICS CF SELECTED "BIODEGRADABLE" LIQUID
SCINTILLATION COCKTAILS.

J. C. Elliott, P. S. Rielly, and R. M. Gill
California State University, Fullerton
Radiation Safety Office, Fullerton, CA 92634

High efficiency, low background, and guench resistance are primary
considerations in the selection of a liguid scintillation {LS) cocktail,
along with stability of the cocktail with time and reproducibility of the

results obtained. These criteria are often compromised to acquire
agueous sample compatibility, or to avoid adverse flammability or toxicity
characteristics. Disposability may also affect cocktail selection, since

some low level radioactive waste burial sites are refusing to accept
toluene- or xylene- based LS wastes, and other solvents are being
considered for exclusion. Certain commercially available cocktails
purport to circumvent this disposal problem by being "drain disposable”
with local approval.

Efficiencies, backgrounds, guench resistance, and sample stabllity
for ten of these cocktails are presented below. Since many LS counters
are calibrated to commercially available toluene based standards prepared
to American National Standards Institute (ANSI}) specifications, data is
also presented for one of these formulations (1L The agqueous sample
capacities and the effects of sample wvolume on efficiency and sample
stability are presented by other authors or are readily available from
the manufacturers, and vary with the nature of the aqueous malerial (2).

The tested cocktails consisted of Ready Safe (Beckman Instruments
Inc.}, Ecolume (ICN Biomedical, Inc.), Solvent Free (Isclab, Inc.}, Ecoscint
{National Diagnostics), Optifluor, Optifluor-0, and Polyfluor (Packard
Instrument Company), Bicsafe and  Biosafe II {Research Products
International), and FEcolite (WestChem, Inc.). These cocktails were compared
to spectrophotometric grade toluene  (Mallinckrodt Chemical Works;
SpectrAR) with 3,92 g/L PPC and 0.08 g/I. bis-MSH (Omnifluor; NEN-Dupont),
since this is comparable to the ANSI standard referenced above,

& Packard Model 300 C/D LS counter was used for data acguisition.
The external standard ratio was used for guench determination. Both
large diameter {20 ml} and mini (7 ml}) wvials composed of either Jow
potassium glass or polyethylene {PE} were used. In order to minimize
external effects from adapters, a grommet type adapter system was
utilized with the wini wvials. This system consists of a plastic ring
attached to each extremity of the mini vial, and has no effect on the
shape of mini vial quench curves, which are diameter dependent, but
unaffected by wvial or adapter materials. It does, however, siightly
improve the unguenched efficiency for mini wvials, while lowering
background from the adapter system and facilitating static removal (3).

In order . to determine the backgrounds on the cocktails, three
replicates of each wvial/cocktail combination were counted ten times each
for ten minutes. As indicated in Table I, the backgrounds were typically
greater than that of the toluene formulation. The Optiflucr-0
backgrounds were comparable to the ANSI toluene reference, but this
cocktail lacks agueous sample capabilities. The detergent-based Biosafe
showed high backgrounds in all wvials prepared from three different
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sample bottles, which were not seen in the sclvent-based Biosafe II. The
most probable explanation for these excessive backgrounds is the
presence of a wvery long lived chemiluminescent material (4). Lowest
backgrounds were noted in PE mini vials employing grommet type adapters.

TABLE I COCKTATIL BACKGRCQUNDS
Glass Flastic Glass Plastic
COCKTAIL mini wvials mini wvials large vials large vials

{For cocktails available as of February, 1986}

Toluene 18.3%1.1 i2.3x1.2 22.0*x1.6 11.9x0.9
Optifluor 17.0%1.0 13.4x1.2 23.6%1.3 13.1+1.,7
Ecolite 17.2x1.3 i3.7x1.7 25.3*1.5 13.8+0.9
Ecoscint 19.4+1.9 14.9+1.13 35.4+1.8 21.5+1.8
Ecolume 22.9x1.5 18.5+1.0 40.9+1.8 30.6£1.9
Solvent Free 19.2+1.6 14.4x0.7 J0.2x2.1 18.9+0.9
Bilosgafe 75.5+3 .4 71.6+2 .1 595 + 12 668 + 34

{For cocktails available as of June, 1987}
Toluene 16,.6%1.2 12.7x0.9 20.0x1.86 12.7+1.1
Ready Safe 18.5+1.6 12.8+1.4 25.7+x2.1 16.2+2.0Q
Biosafe II 17.5x1.1 12.710.9 22.8%1.1 14.9x1.3
Polyfluor 17.9+1.8 12.5*0Q.8 22 .4*1.7 13.6+1 .4
Optifluor-0 16.8+1.2 11.7+41.4 16.8+1.2 11.7x1.4

TABLE II COCKTAIL TRITIUM EFFICIENCIES

Glass Plastic Glass Plastic
COCKTAIL mini wvials mini wvials large wvials large vials
{For cocktalls available as of February, 1936}

Toluene 58.3£0.9 59.0x0.2 57.8+£0.5 59.6+0.2
Cptifliuor 45,1+0.3 45 .7x0.2 44.5x0.4 46.1x0.1
Ecolite 42.6*0.4 43.,3+1.4 40.3+x0,3 46,60 .4
Ecoscint 46.4+0.2 47.8+0.9 44 .3+0.7 50.0x1.6
Ecolume 45.0+x0.,5 46.3x0.2 41.5£1.1 46.7+1.3
Solvent Free 29.1+0.1 26.7+0.3 27.1+x1.17 21.4+0.1
Biosafe 26.6x0.2 22.1x0.7 21.4+0.1 23.6x0.6

{For cocktaills available as of June, 18987}
Toluene 60.710.4 60.6+1.1 59.7+x0.2 60.041.1
Ready Safe 49.5+x0.3 52.9+0.3 49.,0+0.8 52.3£0.3
Biosafe IT 40.8+0.2 43.0*0.5 41.8Bx0.2 43.2+0.1
Polyflucr 43.21+1.2 43.6%1.6 42.0*0.8 44 ,7+20.1
Optifluor-o0 57.920.3 57.9x0.2 58.3+x0.7 57.420.5

After the background was determined, 30 aL {methyl 3H}thymidine
{156,868 Bg/uLl) or 150 uL 93H,0 {22.5 Bg/uL) was added to all of the cocktails
except the toluene samples, which received 30 to 100 mnicroliters of
tritiated toluene (32.7 Bg/uL). After mixing, the three replicates of each
vial/cocktail combination were counted twice for five minutes each to
determine the maximum counting efficiencies for tritium (Table IIl. The
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Optifluor-0 showed the best maximum efficiency, with the caveat that it is
not designed for aqueous samples. The Ready Safe formulation performed
best for this type of sample, Optimum counting conditions for these
cocktalls were obtained in minli glass wvials equipped with grommet
adapters, or in large PE vials.

Quench curves were prepared by counting the sample vials for 10
minutes and noting the guench number and counts per minute (CPM). A
quantity of nitromethane was added to the wvial, which was then
recounted for an additional 10 minutes. This procedure was performed 10
times until the wvial was heavily guenched. Use of the tested cocktails
in equipment calibrated for DPM determination with ANSI toluene standards
resulted in 4-8% errors for all non-toluene cocktails during efficiency
determinations. These errors were reproducible and cocktail specific, and
are summarized in other work (b).

In order to provide an indication of gquench resistance, the
logarithm {1n) of the efficiency was plotted wversus the volume of
nitromethane for each cocktail. Slopes were then calculated on these
curves for each wvial/cocktail combination. As shown in Table III, the
detergent based cocktails demonstrated the best resistance to
nitromethane gquenching, followed by the soclvent-based formulations.
While color (optical} guenching was not addressed in this experiment, the
differences between chemical and optical gquench curves noted by others
probably apply (6).

TABLE III SAMPLE STABILITY AND QUENCH RESISTANCE

Glass Plastic Glass Flastic Q curve

COCKTAIL mini vial mini vial large wvial large vial slopes
(For cocktails available as of February, 1986)1
optifluar —— - 1.4% 31.3%2 —1.7}:10::
Ecolite ——m— -—— 0.0% 2.0% —1.5}(10_2
Ecoscint -—— - +0.9% 5.8% “1.4x10_2
Ecolume ———- -———= +2.0% 1.7% —-1.4x10_3
Solvent Free ———- ———— +5.0% 4.5% —9.5x10_3
Bicsafe -— - H.8% 2.8% -8.8x10
{For cocktails available as of June, 1987)3

Toluene 2. 7% 49.2% 1.0% 14.8%4 -3, 7x10°2
Ready Safe C.6% 2.0% 0.1% 1.1% -1.4x10_,
Biosafe I1I 1.0% 1.5% 0.6% 0.8% ‘1'5X10_2
Polyfluor 1.3% 1.6% 0.7% 1.4% —1.9x10_2
Optifluor-0 1.4% 7.9% 0.8% 0.B% -2.7x10

(1) % loss of original CPM in 28 days.
{2) Thick wall Polyethylene vials.
{3) % loss of original CPM in 19 days.
{4) Thin wall Polyethylene vials.

To measure cocktail stability with time, samples of each cocktail
were counted in both glass and PE vials at intervals throughout a one
month period, Three replicates of each cocktail were counted for ten
minutes each, averaged, and expressed as a percentage of their original
counts per minute. Loss of activity was apparent for several samples in
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PE vials (Table III}. The toluene cocktail lost both volume and activity
at rates related to the thickness of the polyethylene vial walis.
Optifluor lost activity at the rate of approximately 10% of the initial
cpm every B8 days, and retained only 70% of the original counts at 30
days. Ne velume losses were apparent, This activity loss, noted by
others, was not seen in a different lot number of Optifluor provided by
Packard in response to the above observation.

In conclusion, selection of any of these “drain disposable”
cocktalls will result in a degradation of performance for unguenched to
moderately guenched tritium samples, relative toc a toluene reference

standard. However, since many other commercial cocktails trade maximum
theoretical performance characteristics for agueocus sample holding
capabilities, this may not be a serious disadvantage. Of greater

significance, however, the dquench curves for these cocktails vary
sufficiently from the toluene guench curve that 4-8% errors will be
introduced through use of toluene tritium standards for DPM operation.
Alsa, the detergent based cocktails show significant handling
shortcomings relative to the other preparations. These cocktails are
guite wviscous, and reguire repeated vortex mixings and long dark
adaptation periods. The possible presence of long lived chemiluminescent
components may affect suitability of these cocktaiis for many
applications.

Finally, although most of these commercial vendors present data
stating that their cocktails are 'drain disposable”, and that tritium and
carbon-14 samples may be dispused of wia the sanitary sewer system if
they meet de minimis guidelines ({7}, it should be noted that drain
disposal is also governed by local regulatory agencies. No criteria were
evaluated as to the suitability of a particular cocktail for disposal into
the sanitary sewer system.
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A NEW CALIBRATION BOURCE USING A THIN TON-LEXCHANGE
MEMBRANT .

Makoto YOSHIDA, Hirovuki MURAKAMI, Masato [SHIZAWA,
Kentaro MINAMI and Yoshikazu YQSHIDA.
NHepartment of Health Physics
Japan ALomic Energy Research Institute,
Tokai-mura, Ibaraki., 319-11, JAPAN

'NTRODUCT ITON

in order to cdalibrate radiation protection instrumenLls with
large arca detector such as loor contamination monitor, hand-foot-
cloth moniLor, large arca calibration source with good uniformity
is necessary. And accompanying with the dismanLlement of reacior,
various kinds of calibration sources shali be also needed for
radiation detectors which are used for measuring the radiovaclivity
of various shapes of sulid wastes or contaminated matters.

Thin ion cxchange membrane source is uscful as such calibra-
tion sources by Lhe following reasons @ 1) it can be produced
casily., 2) larpge arca source wilth good uniformity can be obtainad
and 3) iLs shape can be changed easily and frecly.

A thin ion exchange resin membrane source was introduced by
Ballard®’ to calibrate contamination instruments. In JAERI. a Lhin
larpe arca plang sourace wilh pood uniformity was independently
developed using a dififerenl type of ion exchangcec membranc. This
paper doscribes the production mothod and the characterijstics of
the 1on exchange membrance source.

PRODUCTION OF MEMBRANE SOURCES

1) lon exchange moembranp?!- 37 40

The ion exchange membranc used for producing calibration
sources was developed in JAERI and is calliecd R-27. The membranc has
carboxyl as radical in the basc material polyethylenc so that it is
adaptable for any radionactive cation. The distribution of radicals
in the membrane 1s guite uniform and the dispersion of membrane
Lhickness is small. The membrane is chemically slable and iL is also
proved that Lhe memhrane has still suffictent strength when it is
irradiated with 7 -rays of approximaLtely 10° QGy. Thereforec, Lhe mem-
brane 18 guite suitable for producing practical calibration sources.

2} Prouduction melLhod

The ion exchange membranc sources arc produced as follows:
The ion exchange membrane 1s Firsl soaked in a radicactive solution
which is preparcd by dissolving standard radicactive sclut.ion
{obtained from ILMRI or Amersham Co.) in purc water. And some non-
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radivactive carricr was added Lo improve the uniformiLy. A bufler
splution is also added inLo Lhe solution so Lhat PH walue of the
solullon may not vary so remarkably. After being left in the
radioactive solution, Lhe membranc is then rinsed with pure wator
and dried naturally.

Several Lypes of sovurcoes woroe trially produced by this molLhod.

The nuclides of the produced sources are as follows: *08p-90Y
Ptapr] 0 14ATPR (pure A omitters) | 1UERu-IYERKh, ¥0Co, '?'Cs ( 8 and
¥ omitters) , ?*7"Am (e and ¥ emilters). The shape of the produced

sources are circle 50 mm or 100 mm in diameter and rectangle 100 mm
X 150 mm.

3) DeLermination of radivaclivity

The radiocaclivity ol Lhe pure £ membrane source was deler-
mined using a proportional counter calibrated by a thin paper dampoed
with radivactive standard sovlution. The radioactivilLy of membrane
sources omitting ¥ -rays was mcasurcd with Ge(l.i) detecctor or
Nal(T1l) detector. Counting efficiecncy of the deotector was deter-
mined by the measurcment in the source peometry of plance and
point®?’. This is becausc any poinl source can be calibrated using
a standard point source.

After determinalion of the radivactivity, the membrane source
is mounted on a suitable supporting tool .

CHARACTERISTICS QF THE MEMBRANE SOURCH

Charactoeristics of the membrane sourco was investigated for
trialily produced sources.

1) Uniformity of the radioactivity on the membrane sourco

The unilformity of the radionactivity on the membrane sourcos wias
checked for all produced membranc sources by Lhe autoradiography
method using large areca industrial X-ray film. The optical density
of the X-ray film irradiatced by the membrane sovurce contacting di-
rectly with the film was measured with donsitometoer Macbeth TD-504.
It was found that ithe variation of opLical density was less than o %
[rom the average. Therefore, the uniformity of radioactivity on
the producced membrane source was proved Lo be practically suffi-
ciegnt. The uniformity of the membrance source produced using radio-
active svlution wilhoput carrier was poor and so it was f{ound that
non-radioactive carrier is guite important faclor Lo produce uniform
membrane sources.

2) Sclf-absorpLion effecl of the ¢ membrane source
221Am @2 source was first produced using 25 um ion exchanpge
membrane. The e« onerpgy spoctrum of the source was measurced with Si-

S5BD and iL was found Lhat no e« peak of 241Am (5. 486 MeV) is
observed because of self-absorption eifect. Then an extremely thin
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{1y m) membrane was uscd for producing 2''Am e« source. The
spectrum of the source was also investigated. As shown in Fig. |,
the spectrum of 1 g4 m &« scurce is simiiar to that of a standard
241 A o source (manufactured by IMRI). | g m a source, howevoer,
is rather dilfficull to handle becausc of its frapility and so more
strong membrane is desirable for practical purposes.

Another typo of oo oxchange membraneo, which has 100 g m total
Lhickness with several u m radicail grallced surface, was also Lried
to be uscd for producing #'1Am @ source. The spectrum ol this
spurce was comparcd wilh the standard <*°Am « source and was found
Lo be in pood agreement with that of standard source (Scc Fig.2}.
Theralfore, up to now, this 100 i m ion exchange membrane grafled
superficially can be reoparded as the most suilable ion cexchanpge
membrane to produce practical g sources.

3) " Wipec-off 7 factor of the membrane source
The " wipoe-off ¥ lactor, which i1s quite important for practi-
cal calibralion source, was also chetcked by Lhe following expori-
ment. After rubbling the surface of the *YCo membrane source

(50 mm thick) several Len Limes with smearing Tilter paper, the
source and the fFilbter paper were both measured with GM counter. No
difference was obsoerved in Lhe counting rates of them before and
after rubbing. This experiment roasult shows that the " wipe-off
factor of the membranc sourcc is neglinpibly low.

"

CONCLLUSION

It was found that a new calibraLton souree using a thin ion ox-
change membrane R-27 doeveioped in JAERI satisfies the uniformily of
radinactivity on tho membrane with Lhe variation of lass than 5 #.
Superficially grafted 100 4 m ion exchange membranc was found Lo be
the most suitable to produce practical ¢ source becausc iL has no
frrapility and causecs scli-absorption effect voery litLle. And the 7
wipc-ofl " lacLor of the 1on exchange membrane source was also found
to be negligibly low.
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DETECTION LIMITS OF GAMMA-RAY SPECTROSCOPY SYSTEMS
USED FOR RADIOASSAY

J.lI. Frazier and B.R. Thomas
IT Corporation/Radiclogical Sciences Laboratory
P.0. Box 549, ©Cak Ridge, Tennesscce 37831, USA

ABSTRACT

The ability of a radiocassay system to guantify the activity in a
given sample is determined by the counting time, background conditions,
and detection efficiency. The detection 1imit of a radiocassay system can
be specified in a number of ways, each of which requires that the measure-
ment process be strictly defined and controlled. Since spectroscopy
systems used for radioassay of gamma-ray emitters present unique
"Background" conditions with each spectrum, the requirement of strict
background quality control is not met. A comparisen of methods currently
used to calculate detection limits for gamma-ray spectroscopy systems has
been performed. The appropriateness of the use of each method has been
evaluated with & series of controlled experiments. A method to properly
specify and determine the detection limit for a gamma-ray spectroscopy
system has been demonstrated. This method provides a more appropriate
technigue for determining the detection 1imit and, therefore, has a signi-
ficant impact on regulations and instrumentation for both radiobicassay and
assay of environmental samples for gamma-ray emitters.

93



A DOSE-EQUIVALENT RATE METER FOR ENVIRONMEWTAL RADIATION SURVEYS

U. Lauterbach and G. Ebeling
Physikalisch-Technische Bundesanstalt, Braunschweig,
Federal Republic of Germany

M. Wojcik
Jagollonian University, Institute of Physics, Krakow, Poland

INTRODUCTION

In 1969 a scintillation dose rate meter was developed |1}
which is well suited For measuring the cexposare rate for photon
energies above 20 keV. The air egquivalent response of the scin-
tillation detector is achieved by coating the plastic scintillator
fNE 102&) in kthe probe with a thin tayer of ZnS {1}, [|41}.

In report 3% |2]| ICRU recommended new guantities for measurce-
ments in radiation protection with external sources. For environ-—
mental monitoring, these quantities are the ambient dose cguiva-
lent H*(10) and the directional dose caguivalent H'(0.07}). If these
new Juantities are intreoduced for practical measurements in radi-
ation protection, instruments must be modified to directly indi-
cate the ambient dose egivalent cor the directional dose eguiva-
lent.

In 1986 the PTB began carrying out experiamental investiga-
tions to ascertain whether the response of the scintillation
detectors could be modified to obtalin an indication ol the ambient
dose-cguivalent rate independent of the photon energy. At the same
time the electreonics of these instruments was improved Lo
overcome constructional shortcomings. The dependence of the
rcading on the temperature was reduced electronically and the
influcnce of the dark current of the photomultiplier on the more
sensitive ranges was diminished.

INDICATION OF THE AMBIENT DOSE-EQUIVALENT RATE WLTH A
SCINTILLATION DETECTOR

An cnergy independent reading of the ambient dose eguivalent
rate with a scintillation dose rate meter i1is achicved 1f the
guotient of the output current of the photomultiplier and the
ambient dose equivalent rate is independent of the photon energy.

As shown in [1l]| the response of the scintillation detector as
a functicn of photon energy can be influenced by ceating the
plastic scintillator in the probe with a thin layer of zinc
sulfide or other inorganic scintillators of appropriate thickness.

This technique is also applied to obtain the scintillation
detector's response which i1ig neceded for an energy independent
reading of the ambient dose eguivalent rate. Research work has
been carried out on the instrument which i1s suitable for mecasuring
radiation levels in the order of those in the natural environmoent.
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multiplier is high and the dark current is in the order of the
signal current. This current also depends on the temperature and
increases with increasing temperature.

To eliminate the dependence of the signal on the temperature,
the gain of the photomultiplier must be controlled by the
temperature of the photomultiplier-scintillator combination. The
cantribution of the dark current to the signal current can be
reduced by subtracting its value.

211 infFormation needed for controlling the high veoltage and
the gain of Lhe photomultiplier in a&ll ranges as a function of
temperature is stored together with information on the correc-
sponding dark current in an EPROM. For cach range and each
Mmeasured temperature of the detector between -20°C and +407°(C,
this infFormation is retrieved from the memory and used to control
the high voltage supply and to subtract the corresponding value of
the dark current from the signal current.

As it is impossible to measure the family of characteristics
to be stored in the memory in a rcasonably short time, P. Seyfried
has developed a special algorithm {6 which allows the whole
family of characteristics to be computed from a few measuared
values.

The first instrument cguipped with this new system bas shown
temperature—dependent deviations 1n all ranges not exceeding a
maximam value of + 5%. This could be improved by using more
measured values to compute the family of characteristics.
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DESCRIPTICON OF GENERAL CIRCUIT

A schematic diagram of the dose rate meter, which consists of
two parts, the detector probe and the control unit, is shown in
Fig. 2. The instrument has B ranges Erom 30 nSv/h up to 100 pSv/h
full scale which are selected either by the autoranging mode or oy
the manual mode. To avoid overlecading of the photomultiplier, the
output current of each range is limited to a maximum value of
3 nA by setting the high voltage of the photomultiplier to an
appropriate value. This signal current, which is proportional to
the dose rate, 1is indicated on the meter in the control unit.
Selectable time constants are prowvided.

SCINTILL. DETECTOR | CONTROL UNIT
7 3 !
CATHODE | - 306 To -18%50 v
: i
- |
E I
_____ | K WANUAL=
PHOTOD HIGH E3 RANGE
1 - 1 ] -
! ! | VOLTAGE (| IBATTERY
| MULTIPL.! | CRSCADE . $i2V
______ —] ; = !
ANDDE
| DAC |
—— 5 BAIN CONTROL | 45 pIT EPRADM
- 2048 # 16
< T 7! o
ENEom |DARK_CURRENT | D A C CHARACT .
GFFSET 4Bt
[_{}\k |stenaL out A
' AUTORANGE
31— METER HULTIPLEXER I
: |
ol AD
- i2 BIT

Fig. 2 Schematic diagram of the dosc-cgulivalent rate meter

There are two disadvantages in this operation mode of thne
photomultiplier. With increasing temperature the signal current
decreases for a fixed dose rate, and not only the amplification of
the photomultiplier but also the fluorescence yield of the
scintillator is dependent on the temperature. Besides this, the
dark current of the photomultiplier may contribute to the signal
current in the more sensitive ranges where the gain of thc photo-
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This instrumcnt has a c¢ylindrical plastic scintitlator in the
probe which iIs 75 mm in diameter and 75 mm in height |31, [4]. In
the course ofF the work various mixtures of inorganic scintillators
containing Zn8, CaWO, and GdZO 5 were used to coat the

cylindrical scintillator to ob@ain the desired response. The
response of the scintillation detector was measured with X-refler-
ence radiation of series A |5] and Y-radiation of caesium—-137 and
cobalt-60. Dividing the readings of the dose-rate meter by the
ambient dose eguivalent rates at the same place in the calibration
field yields the resgsponse of the instrument as a function of the
photon energy. The ambient dose equivalent rate in the calibration
field was calculated Erom thc mcacured photon dosce cguivalent rate
using the conversiocn factors given in [5|. The best approximation
which we achieved to the desired response is shown in Fig. 1. From
20 keV up to 1.25% MeV the reading is within +4% and -20%, indepen-
dent of Lhe photon energy, normalized to the response abt an energy
of 662 keV.

RESPONSE —
]
8
!

REL.

0. 00 T T T 71100 T T 7117111
ig 20 40 B0 100 200 400 600 kaV

PHOTON ENERGY ——>

Fig. 1 Relative reponse of the dose-eguivalent rate meter
as function of the photon cncrgy

As pointed cut in |1| the decay time of phosphorescence after
irradiation of the inorganic scintillators with X-rays should be
within the order of a few seconds. Measurement have shown that 1
minute afth irradiation, the yield of the phosphorescence is
about 5-10 of the 1intensity of the Elucrescence. In this case
the influence of the phosphorescence on the reading can be
neglected shortly after irradiation.
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TRZRCODICTION

i gaseous lenizaillon deveclors, W-value definec as an
aversge energy cxperded per dion-nair, plays an important role for
tho mesgurcment o sbscrice descoc. Howewver, thcre doeg not exiss
Lhe same kine ol cuanrtizy, W2, which should Dbe defllred as zZn
avaerage orergy cxpeonded poer eniblad p“ﬂol,cn, in the casc of
gcintiTiators. 1% Zz very difficult te sesclutely wmeoasurc such s
quanvity with presezrs techr*qucc using of seintiliaters and
available vpholocultbivliers {(PMT). Lln the PMT, it I quit
aifficult bz messure Lhe ::o.]iec:LJ{)rl afficiency ol nholeoelecirors
at tne Tirst dyrode and tac muitipiication gain of successlve
dynedes c¢haln, altheughk the cuantum efficiency ¢ the
pactocataocds is measurzble. On Lhe olher hund, Lhe ru'nbez" of
vhctoelectrons Froxm the pholtoczthode is saslliy ned Lrable with a
well cailbralea charge sensibive mroplifier. We recently meoasured
rumkbers of pheotoslectrorns with three cowobinations of PMT and
Yu (T1l) for the fital l1mo{1,. Tne M7 was cnerated as a nhoto-
diode (Pl-mods). Thne aver energy expenrndec per collected
prkotoniccectron, Wpo, was al 35 “CC oeW in s.1 *the tarce
ccmbinatiosorns., dJore, wo cri':)o Ythe aessurementa of
photceectronas wilh & Nal{ll) coupled Lo a PMT. Also we shcw the
apolication of this Scchnicue to radiatlon dosimetry usitng a
plastie scivtillater coupled with a PMT and a cnargs integrator,

NIMBEA CF PHOTOELECYRONGS

Measureaoenls of Lhe photoelectrons Pron the phoiccaiode
were made usicg a 3"ec X 3" Nal({Tl) secirnstillator couvnled to a
FMT. n the I’J-mode, Lhke first dynode {(Dyl}, second one (Dy2) and
focusicg grid {G} were cenrnecled logether as a collecter to
collect the photcelectrens, whilc the photocathede (K}, the anode
(A) arnd 11 the other dynodes were cornnceted as z cathode as
sbown in *ig.l. 4 lew nocise chaarge sensitive preampli®ier (CSPA)
was connectnd to the coll E‘r“rOV' with a charge terminalor which was
uscd to calibrate the amnplificr systcm by a high precision
mereury pulger. The slignel Trex Lhke T87A was [fed to a main
anplificr for snaping anrd further asrcplificatior. Tho semi-
Gausslan shapirg was zade wlith dlf .[&Ie"ltJ_ tirtg and integrsting
Lime conslants of beotk 2 usecsz. The ampiifier sysler with a charge
terminzitor was calibrated with the method used I the previsus

rxperinensal(’ ). The camplete colloecnior ¢f pholoelechrong was
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assured by meagurirg the pulse heilghts ¢f the photo-peak due o
the gamma-rays “rom Cs-13% as a furevlen of applied voitage Lo
the csathode. The pulse helight of the photo-peak waas conpletely
saburated above =20 volt as snown in Fig.2. The erergy dependence
of pulse heighia and resoiutlons waws measurcd with the gamma-ray
sourceca of Cg-"37, ¥n-54, Na-22, Co-22, K-40, Ti-2C8, and Tu-0,
4lsu, these messurcnments were repested with a same cembinaticn of
a P¥T and & scintillzicr in the rormal cperaticn wmede of a TPHMT
{(PMT-mode}. Tho two Lypical pulse Zeight distribtutions arce shown
in Tig.3. Figure {(A) and (0] are gamma-ray spectrs from Co-60 and
Py - '.-."'*"1 the PMT-mode, and (3) ard (D} with the TD-mode,

spectively. The pulse nelghts woerc dotormined by lesst -sguare
f;ttﬁng of measured pulsc height aigirlbutions to a Gaugsian plus
# qgquadratics functlon or Two Gauszslans. The converted gpulasc
hoighzte to the rumber of prascloclecirons wern [lited againsi Lhe
crergy of gampa-rays by the least-squarcs £1L. The nuober of
phoscelectrong was obtaired La be {9.941C.0045) electrons/keV in
this combkinaticr. The Woc WA S 100.6 eV, This rTesu.t
excellently agreed wiih Lhe previous resu>ts{i].

ENTHGY REIS0TUOII0NS THW *D-MODE AND PMT-MODE

Tr theg casa of the PU-—mode, the PMT iz cperated withcocut the
muitiplicatiocr of clezclraoans at Lhe dyncd cnain ard Lhe

measurcments sre Tade With a nlgh pain charge sensitive anplifior
sysitem. Therelore, 1lhke sigrasl toc nelsec ratio 1s zn inperiani
facluer Le Timit Lthe cxnericents. Two Lypica? exacples measured
with the PD-mode and tiae FMT-mode are asheown in Fig.3. Thke cneorey
rosoluticns ¢l thne PMT-pode are sligatly better than thesc of the
Pl-ncde at the gamma-reys fronm lZo-&0, bus are slmest comparsble
at akouy &6 MeV {(Pu-C). The roisc wicdhkh cbtained freom the nulsc
helgki disirlbution: of the tesl pulsze well zgreed toe be 420
electrons in the full widthk at hzi® saximuo{fwham) as & ncisc
ggquaivaienl ecnarge({2). The noise uldth meinly deverds on Lhe
nput rcapacitazncees of the FP¥T and tne amplifier, and also on the
leaxege current of Lhe PMT.

o W

AFPLICATION 70 TOS5IMATRY

Plastiec secintillelors (F3) arc similar to tissuc in
compoginior and dergity, and are alse ilself radliatieon detecters.
The PSS nad beer used to meagured the tigsuc egquivalens ansorhbed
dogc, Ir Lnat case, the meaguroements were made by bhe PMT-mode
with a conbinzticn of a F& znd a FPMT., The ccaobinallion was
calibrated with Lne gamoa-rays ¢ the known snergics. The
rezsurchents of The avzorbed dese were nade first?y by Laking a
pulse hsight digtritulier wlith a pulsc height analyzer, seccondly
by calculating the Total nuilse nclighis weighted with counts per
channel, and thirdly corverted the tetal pulse heights te the
:i:.:\,rbed energy uJdsing the enargy Dper cnanncl. However, the
method described acre way ke much easiecer, since the zbhsorbed
energy ia gslapsy caziculated frox N X wWpe, where 3 28 the total
rurhber of phobtcelzclrons. The experimerlal apvarstus uvsed in the
nresent mcasurements 15 shown in Fig.d. A P8 (HNEIC2A4), of which
the disnmeter I8 3 oxm and Zhe thickress fs 1 ez, was uscd to
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measure bolh Wpe aznd cnergy depositions. A& PMT (R13207, Hawmamatisu
Photonics Co.) was coupied to Lac P35 as a photo-diocde. Yhe P3 was
wrapped w>th alumirnized wylar sheel as the reflecctor of photons.
In order Lo measure the Wpe, the collecetor was connected toa Tow
noise charge sensilive amplifier systewn (A) a* firs%. The Wpe of
the combination was measured to be A30+20 eV wibn the gmoma-rays
of the known energies. Tn eorder Lo measure Lhe absorbed cneregy,
the collector was connccted with a charge integrzter (B), whkile
the cathede was held at -50 volt. A well calibrazted capaciter (C)
was 9.52 pF., The charge of pholvelecirons was Integrated for a
pericd {(Ti) and diececharged pericdically by a relay-. The outout
wavetform wus recorded on a sirip-chart reccrder. The Ltutal charpgo
wag caiculated from the maximuo voltage (Eo). Thke Lotal
integrated charge due Lo backpground rediations and lcakage
currcnt between the cathode and the collector was mecasured Lo be
(0.67+C.1) pC Tor the integraltion time of 2 seec. & Co-60 gamme-
ray scurce of 7.9 nCi waa used for irrsdiation o? the PE. The
reasured net charges gt 29.7 onm snd 1397 o were (10.910.1) anc
(0.53+6.01} pC for 2 seec, respechively. Thesc are casily
converted to absorbed dosc ratea with the Wp and zrc 115 and 5.4
mrad/h, respeciively. Also the absorked dose rates at scveral
points betwecn aboave two peints wore measurcd. The dependence of
those on the distance between (he source and Loe PS5 wze sssured
toe be well Fitled 4o the inverge socuare law.

DISCUSSTON

Tne preliminary resulbs scea bo guggest that thias nethod is
effeciive to the absolute mezsurcment of tissue esqulivaleni dose
with the P3. In Lhis melhod, a kigh voltage nDower supply, which
is nmormally uscd to operaic & PMT, is net necessary znd the
vollectlion efficiency ol photoelecirons doss not depend on the
flucetuation of biasing veltage. Those aslso suggesy a possibility
Eaking of a small sizec dosimeter without 3 high voitage power
supply. Ir bthis experimenl a charge integraltor ig used to messurc
the total charpes of collected phoioelecirons, but it is alzo
possible to use pulsec technioues to gei the tebal chkarges., There
may exist two faulls in this method. The Wpe of the P35 was
determined with the Comptor edges of the garma-rays with the
known energieas. Tne standard deviation ci the Wpe Zor the PS5 was
large due to uncertainty in deterriring tne Complon edgeg, cven
though the 1ow noise charge gersitive amplifiecr, of which Lhe
noisc width was £95% + 2 elecirong ir [I'whm, was used “or the
measurencnts. Furthermore, <the nuober of pholoelectrons in the P&
was about one fourth of thst in WaI{Tl). Fowever, thke uncertainty
in the Wpe is possibly aveidable by using severa?! ronochromatbic
electron sources for the enerpgy calibrztion. In the lattsr case,
photo-delectors with much higher guantum efflciency 1z deairable.

Roferenceos

1T M. Miyaji &. Sasaki, and E. shibamura, Nucl. Inatr. &

Meth., 22 (1984) 3371,

2. M. Miyajirta, 8. Sasaki, znd E. Skibamura, Nucl. Tnslr. &
T

Mcth., o be published.
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Fig. !

Schematic diagram of the experimental eguipment

Fig. 2

Saturaticn characteristics in PD mogie
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HIGH RESOLUTICON SCINTILLATOR/PHOTODIODE DETECTORS
FOR ROUTINE MONITORING

M.F.Caottrall# and D.M.Raymond™*
Royal Free Hospital School of Medicine, Londen, U.K.
Present address {{Medical College, Sultan Quaboos University, Oman
*Birkbeck College, University of London, U.K.

For many  years the practical application of  photodiodes in
geintillation detectors has been limited by the relatively high levels of
noise  assoclated with their junction capacitance and  the charge
amplification process. Recently devices have become avalilable with more
suitable characteristics, which have allowed the development of detectors
for routine radiation monitoring.

DETECTOR SIGNAL/NOISE

The equation for the noise at the cutput of a system consisting of a
photodiode, FET charge sensitive preamplifier and main amplifier with CR-RC
pulse shaping has been given by Delaney (1980). The noise contains several
components and the variation of noise with pulse shaping time shows a
definite minimam indicating an optimam pulsc shaping time for a given
photodiode/FET configuration. This time has been measured experimentally and
is in good agreement with theoretical predictions.

Some of the most important components in the noise equation are
dependent on the junction capacitance of the phorodiode, which is roughly
proportional to the diode sensitive area. However the size of the signal is
determined by the 1light which can be coupled onte this area. We have
therefore investigated the signal/noise ratio as a function of the
proportion of the face area of a large scintillator optically coupled Lo a
given photodiode. Areas of the scintillator which are not coupled are ceoated
with a diffuse reflector, such as magnesium oxide powder, so that some of
the 1light finally emerging suffers multiple internal refleetions. For a
given face area of scintillater there is an optimum sensitive area for the
diode, and the signal/noise ratic can be predicted quantitatively using a
simple theoretical model.

It appears also that to obtain a good optical coupling frem a
scintillator, it is important for the window te be in contact with the
gilicon surface. The type of diode which has an epoxy resin window provides
the best results in spite of having a poorer transmission in the UV part of
the spectrum.

Resin window photodiodes are available as PN or PIN devices. It Thas
been pointed out by Groom (1984) that PN diodes have an associated series
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resistance which acts as an extra source of thermal noise. We have measured
this serles resistance for PIN diodes and find it to be much smaller than
for the PN variety. PIN diodes are also able to withstand a greater reverse
bias, enabling a pgreater reduction in junction capacitance and hence a
slgnificant reduction in the other ncise components.

The photodiode output signal also depends on the spectral matching of
the light emitted by the scintillator and the overall diode response. Table
1 shows a comparison of the signal strengths for 662keV photons from 137Cs
measured for variocus scintillators coupled in turn with silicon grease to a
photomultiplier and a resin window photodiode. The scintillators were cut
into cubes of side lem and one face polished on moistened paper. The
photomultiplier had a blalkalil photocathede with peak quantum efficiency at
420nm, while the photodiode has a broad absorption band peaking at some
S00nm. The advantages of using CsI{T1) with the photodiode and NaI(Tl) with
the photomultiplier are clearly seen.

Table 1. Comparison of observed pulse-heights with various scintillaters on
photomultiplier and photodiode.

Scintillator Reported light output Pulse Reight Pulse Reight
as & X of Heasurad on PM Heasured on PD
NaI(Tl) as % of NaI(Tl) as % of Nal{Tl)

HaIl{T1) 100 100 100

CeI(Tl) 41w A 148

CsI{Na} 65 ~ Ba* 84 82

BGO a8+ - -

* Nuclear BEnterprises Inc. Drochure No 126P {1980)
+ Purukhi M.R, Mac, Res. Soc. Symp. Preoc Vol 26 (1863)

DETECTOR PULSE HEIGHT SPECTRA

Only one commercially available photodlode (Hamamatsu Photonics 81723~
06} meets these requirements and it happens to have a sensitive area of lcm
. The performance of various scintillators has heen studied using this
device together with a high quality pulse amplification system (Ortec) with
pulse shaping time of 10ps and a 4000 channel analyser {Nuclear Data). Some
results for CsI{Tl) are shown in Pig.l and Table 2. The width of the peaks
15 due largely to the electronic nolse and corresponds te a FWHM of 38keV.
The photopeak of 241Am can clearly be resolved.
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Flg.1 Pulee height apectrum for photons from 241Am and 99Tc-m
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For the 2" diameter X 1" high scintillator the proportion of the light
which can be directed onto the lcm®* photosensitive area 1s subtantially
reduced and this is shown in Table 2 by the reduced channel number of the
photopeak. However tha noise wldth as indicated by the FWHM is relatively

independent of the crystal dimenslons.

Table 2 Effect of increasing face area of CsI{T1}
Crystal Photopeak FWH Resolution
Dimension Channel No channels Z

M

TuTx1l2.7 378 21.5 5.7
10x10x10 365 21.0 5.8
20 dia = 10 288 23.5 8.2
25.4 dia x 12,7 231 20.5 5.0
50.8 dia x 25.4 114 19.5 17.1
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PROTOTYPE MONITOR

To demonstrate the promises of such detectors, we have constructed a
prototype we call the "mitie" moniter. The detectors are detachable and plug
into a box, measuring scme 13 X 8 X 5cm.,which contains a YV battery, charge
ampifier, main pulse shaping amplifier and a digital ratemeter displaying
counts per second. On the front panel the threshold energy can be adjusted
and an analogue output 1s provided for spectrometry. ¥Fig. 2 shows some
rasults obtained using a 1" diameter X 1" thick CsI{Tl) detector compared tc
those for a commercial instrument using a compensated GH counter. The
sensitivity of the '"mitile" is much greater as expected for a scintillation
counter, and with suitable integrating time can measure satisfactorily at
the 1pRh™ level.

Fig.2 Comparison of response to photons from 137Cs and 60Co
100 T 10000
"Mitie'Monitor i
cocunt rate,cs
10 - 1000
PDR2 \5 AN
j | Exposure rate q . 100
mRh ™! S
4 (Nuclear Enterprises) S "
S
* “
0.1 s, - 10
\
60Cc 137Cs Background -
[+ - :-
Calculated exposure rate mRh™' ;
0.01 r T T T T 1
100 10 1.0 0.1 0.01 0.001

CONCLUSIONS

The prototype can conveniently be held in one hand, is robust and the
pulse height is inherently stable. By eliminating the need for =
photomultiplier and a high voltage supply, it is relatively inexpensive to
preduce. With further development we may expect the scintillator/photodiode
detector to replace present scintillation detectors 4in many current
applications,
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ADVANTAGES ARND LIMITATIONS 0OF Si SURFACE BARRRIER AND [CdTe
DETECTORS FOR MEASURAMENT OF DIAGMOSTIC X-RAY SFECTRA.

“R.F.Laitano., ™ R.Fani,"""R.Feilegrini, "“M.F.Toni
“ENEA Lab.Metrologia Radiaz. Ionizzanti-FAS-CRE Casaccia Italy
~“Dpt.Medicina Sperimentale-Universita "La Sapienza"-Roma Italy
mmCNR 5.8.F.5 Roma Italy

INTRODUCTION

The knnwledge of diagnostic X—ray spectra is very important
to determine and minimise the dose to the patient. To this
purpose and also for image optimisation 1t is also necessary to
tnow the spectra of the photons trasmitted from a phantom or from
the patient in the actwal conditions of a radiological
examination. ¥-ray spectrometry by means of germanium detectors
can be performed .ot the present time, by well established
methods. One of the major problems , encountered in this type of
measuraments is dwue to the high photon fluence typical of
diagnostic X-ray beams. Counting rates, pile-up and pulse
distortion are usually reduced by: al! very narrow collimations
and large focus detector distances, (b)) decreasing of X-ray tube
current (10-30 A ) ,whenever possible. [t is then worthwhile to
investigate on detection systems whose efficiency is much laower
than that of the Ge detectors and which are capable to realise a
compromise between sccuracy of measurement and simplicity of use
as  happens with Silicon surface barrier and CdTe detectors (Fani
et al. 19846, Di Castro et al. 1963). In this work diagnostic X-
ray spectra measured with both detectors are compared in  the
energy +range 10-100  LkeV. Detector work conditions and the
stripping procedures utilized are also analysed and discussed.
The advantages of these spectrometric system are @ operation at
room temperature, simplicity of use with photon flunce up to 10
photans /mmﬁg, and response in fairly good agreement with that
typical of a Ge detector. Some difficulties arise in the use of
these detectors as they require for the detected spactra
correction procedures that are more complex than in the case of
Ge detector.

EQUIFMENT AND METHODS

An n-type silicon surface barrier detector ( Ortec AB-16-25-
Zory 3Q0 micron thick,totally depleted with an area of 25 mat was
used in this study. It is usually employed to detect charged
particles but it has good characteristics also to detect X-ray
photons such as a good energy resclution that wvaries +from
.4 to &.3F ke in the range from 20 to 400 keY. The cadmium
telluride detector was grown in Italy in the I.N.F.N. Laboratory
of Rari. It was produced with travelling heater method (THM) and
it has a sufficient energy resolution (94 at 122 keV) and a size
of SubSxl.7 mm . CdTe detectors are not at present available with
volumes larger than 0.5 cn® and with high purity. Cdte and &i
detectors have a low detection efficiency that make them quite
suitable +or application in high intensity photon radiation beams
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which may exceed the detection capability of the spectrometric
system such as in a direct measurements of diagnostic X-ray
spectra. They do not need the cryogenic cooling which often
limits the choice of a suitable experimental geometry. All
measuraments of distributed spectra were compared with ones
obtained from a Ge high purity detector (PGT IGF 103) with a size
of 100 mrf x 5 mm. The X-—ray equipment consists of a metrological
tube Fhilips MG4XZ1 with a costanmt potential in the range 3JICG-4Z20
V. The focus—detector distance used in this study was 1 meter.
A collimation with 1 mm of aperture diameter was used for the Ge
detector. The collimation for Si and CdTe detectors was chosen at
4 mm of aperture diameter to limit the irradiation area to the
detector active area. Energy calibration and efficiency was
determined for each detector using standard point sources in the
enetgy range from 5 to 200 keV. In figures 1 and 2 are shown
pulse height distributions of two typical X-ray gualities,and the
presence of spurious effects for Si and CdTe detector
respectively. These effects are principally due to the escape
from the depletion layer of Compton photons, K=-photons,
photoelectron and Compton electron and due to the incomplete
charge caollection. The influence of these effects depends on
detector active volume , 1its atomic number and purity. To obtain
the true bremsstrahlung spectrum impinging on the detector a
carefull analysis 1is needed to determine the influences of
spurious effects on the detector response., This analysis consists
of calculating the transport of radiation through the detector.
To this aim a Monte Carlo method based on "analog procedures" was
used. The technigques and the general! methods employed io the
Monte Carlo program for the solution of transport problems are
discussed elesewere (2. After the Monte Carlo analysis a
"stripping procedure” is applied to correct the measured spectra.

STRIFFING FROCEDURE

The stripping procedure for CdTe and &5i detector is
summarized in the following formula:

Ng m(e)»{ck& vE AN JLLHEQ]-E:ES (EIE.,)NE_(E.]} E’E:h,., (&5, N;c[t,)] S R Nt(e_)] J "

Exrk

x (e’
The formula consists of the subtraction of four terms from the
number of detected photon of energy E (N4d(E}). The first term
represents the number of EK-photons that escape from the
detector.The presence of this effect has to be negieted for 5i
detector because it is negligible for incident photons energy
greater than 12 keV and for the presence of the detector noise
below. The second and third term represent the number of events
of energy E due to electron escape and due to single and multiple
scattered photon escape respectively. These correctionshave been
completely neglected for CdTe detector because Compton scattering
becomes considerable aonly for incident photon energy greater than
150 keV. The 1ast term represents the events introduced from
theincomplete charge collection. The charge trapping is the main
contributing factor to this effect for CdTe. Such correctieon can
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be neglected in Si for its high purity. Finally correction for
photopeak efficiency E (E) is applied. A more detailed desription
af hi{E}, rg(E} and R is discussed elsewere (1) (2.

RESULTS AND DISCUSSION

Measured and corrected spectra for CdTe and Si detector are
shown in figure 1 and 2 respectively. The stripping correction
effect 1s impressive for both detectors. Figure 1 shows a
sufficient agreement between the 100 kV spectrum detected by CdTe
and the same obtained with Ge detector. It was possible to
analyse with CdTe detector only heavily filtered spectra because
of the detector noise (20 keV) and the higher errors introduced
by the stripping increasing the number of the channels involved.
Typical diagnostic X-ray spectrum is shown in figure 2 obtained
with Gi detector. There is a good agreement with the spectrum
measured with Ge. Only a difference can be noticed in the energy
range of W-E lines due to the lower resolution of Si. The higher
accuracy ot 5i detector response and stripping correction is also
shown in +figure I where the tungsten kK-limes affect the
distribution much less than CdTe detector.

In conclusion the §8i surface barrier detector offers very
interesting advantages optimizing the compromise between accuracy

and simplicity of use in the energy and fluence rate
radiodiagnostics.
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CUJECTS GF A STABLE BEAM CALIBRATION SYSTEM BASED ON
PHYSICAL COKSTAKTS

D Gifrerd, H J A Avery, 1 J Godden, D Kear
Department of Medical Physics, Brisitol and Weston
Health Autheority

Calibratiorn o©f protecticn-level doscmeters 1s a  legal
requirement in many countries: and in the UK is required by
Regulation 24 ¢f the Toniging Radiations Regulations 1985°. Two
important features of the testing required under this regulaticn
are that 1) the rcalibralicn is trareable to a national standard
and Z) the accuracy of the calibraticn is kXnown.

A mejor difference  between the reguirements for  the
calibration of clirical deosemeters for use in radicotherapy and of
protection-level dosemeters s that in the former case there are
a Foew dosemeters reguiring calibration to a high standard of
accuracy while in the casc of protection-level doscmeters, there
are o great number cof dosemeters reqgquiring calibration to a
lewer, but known standard of accuracy. The performance of
dosemeters used fcr protectior purposes must be verified on a
regular basis, and in view of the numbers of dosemeters and
doserate meters involved, a robotic system presents many
advantages, as it is no longer permissible te use dosemeters the
characteristics of which have not been verified.

In the system described, dosecmceters are placed in known
positiocns ¢n  measuring platferms (fig 1). Cn leaving the
calibration cell, the operator initiates the calibration
procedure, which c¢an be wholly or partly robotic. Measuring
seqrences c¢al' be chesen so that cach of two detectors can be
placed at each pozition and exposed in turn, or alterratively a
single detectocr can be exposed at each chosen position along the
axis of the kbeam.

Iig 1 GENERAL VIEW SHOWING fig 2 SCQURCE HOUSING AND
MELSURING PLATFORMS CONTROL MECHANISM
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Conventiconal dosemeter calibration is based on the transfer
of calibration factors from a calibrated secondary standard
dosemeter which itself reguires to be calibrated regularly
against a national standard, so that the calibration of the
ingtruments calibrated against it =are also traceable. The
secondary standard dosemeter itself is subject to possible loss
of its calibrated status due to severe environmental conditions,
damage cor component failure. It is necessary to maintain a
reference source tc check the calibration of the seccndary
standard dosemeter.

The philosuphy of a stable-beam calibration system is to use
for calibration purposes the output from a radicactive scurce the
air kerma rate from which at a given distance, once determined,
can be predicted by the use o©of physical constants, sco as to
eliminate the intermediate secondary standard dosemeter
interposed between the primary standard and the dosemeter under
calibration by using the radiation beam from the source as the
actual calibration stancdard. While this eliminates the need for
the wuse for the secondary stardard dosemeter for each
calibration, there may however remain the need to wvalidate the
accuracy of the system at regular intervals cof szy a week or a
month by checking the air kerma rate at a fixed point in the beam
using a calibrated secondary standard dosemeter. These
measurements will ensure that that changes have nct arisen due to
mechanical inconsistencies arising from shocks to the system or
wear and tear, or to urpredicted changes in air kerma rate
arising from the decay o©of the radicactive sopource nct following
the predicted values due tco the presence of source inpurities,
and are reguired in the UK t¢ satisfy the reguirements of MNATLAS
and NAMAS,

Inaccuragies occurring in celibration against secondary
standard dosemeters of known accuracy can arise due to
uncertainties regarding the source in the case of X-ray
generators, to errors in the secondary standard itself, and tc
positicnal inaccuracy, arising from  uncertainties in  the
determination of the exact postion in the photon beam where
the air-kerma rate is determined, together with the need to
position the dosemeter wunder calibration with comparable
accuracy. If an X-ray source is used, there is the further
requirement to position a reference dosemeter, to allow the
air-kerma rate to be normalised between dosemeter readings.

While at thig stage of its development, a stable~beam system
cannot itself be regarded as a secondary reference standard, the
performance of such a system is substantially better than that of
a tertiary standard, and the degree of consistency of measurement
which can be achieved is such that only occasional reference to a
secondary standard is regquired. The calibraticn standard in a
stable~beam system consists of the photon beam itself, emitted by
a radicactive source or sourceg of phctons of suitable energy or
energies, the characteristice of the source and of the beam
itself being known to a high degree of accuracy. Once the air-
kerma rate at a given point on the axis cf the beam has been
established, the air~-kerma rate at that point can be predicted at
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a futurc date by wmweans of the decay constant of the given
radicnuclide ard the reading of the instrument under calibration
compared with this value.

The use of the ailr kerma ratc at a point in the beam from a
radicnuclide scurce as a reference standard presuppoeses the
availability of a stable scatter~free beam, the characteristics
of which have been verified by a mnational standardising
laboratory.

CALIBRATION USING A STABLE BEAM SYSTEM

The use o©of a stable heam system for calibration consists
therefore of the following initial steps:

The =system is set up with one or more radicnuclide sources,
The beam is checked for electron contamination and the photon
energy checked.

The air-kerma rate on the &xis of the beam 1is measured to
check for any deviation froum the inverse square law prediction
and enterced into the system computer, together with the date
and decay constant of the source {fig 3).

The air-kerma rate is measured across the beam at various
positions along the axis to ascertain uniformity of air-kerma
rate over given measuring wvolumes, 1in order to establish
accuracy limits for radiation transducers of different sizes
(fig 4).
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CALIBRATICON PROCEDURES

Dosemeters under calibration are then set up on one of
the two measuring platforms and moved to the limit of distance
along the axis of the beam (7Z-axis). The reading of the
instrument is then observed and entered into the computer, and
the detector moved to anothcr position.

The time required for each observation is limited by the
response time of the instrument, and is pre-programmed before
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the measurement, the detector being driven autcocmatically to
the next position after a given time. When the series ocf
measurements i1s completed, the computer produces a calibratiocon
certificate for the instrument which includes all relevant
information: the measurement data entered by the computer and
the details ¢f the instrument entered by the c¢operator. In the
case of donisation chambers under calibraticn, details of
temperature and pressure are also entered auntomatically by the
computer, and the ccrrection factor applied so  that the
calibration,. producced " is correct at 20°C and 1013 mbar
{1.013 x 10~ Paj.

Source hcusings {fig 2} are available to permit the use
of two sources of high photon energy; for scources of lower
phecton energy., an alternative source Thousing 1is being
developed. The lower energy sources arce intended Lo fit on to
the axis of the calibration system in front of the main source
housing. Examples of nuclides evaluation of which it is
propesced  to carry out to assess their suitability for
calibration purposes includc 2%lam, S57Co and 1271,

A wide range of tests may be required for complete
calibration. Scme, such as those relating to warm-up times
and the response time of the instrument are :iImportant for
measurcment of rapidly changing radiation intensities. It is
alsc important to wvalidate insirumental integrity over the
range c¢f physical conditions under which the instrument is
likely to be used, and over the full range of intensity and
photon energies to which the instrument may be expecsed. The
calibratiorn process consists o©f a range of pre-programmed
measurements, which are compared with i1he standard data stored
in the computer, A summary of the results from a f{full
calibration of a range of instruments can then be used to
evaluate their suitability for use for a particular purpose.

The purpose of developing this system is to attempt to
set up a calibration facility which satisfies the NAMAS arnd
NATLAS requiremcnts as set out in publicaticens M151, M152 and
M153, BOO0Z21, B0102Z and Ml to M53. The first system was
installed at Bristol General Hospital in what was previously
the Cobalt Teletherapy Suite in the cld Radictherapy
Department in October 1587.

These calibration systcems are being developed in
cellaboration with Messrs FPantatron Engineering Limited,
Gillingham, Kent.
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A SELF-CONTAINED ENERGY & PULSE SHAPE
LIQUID SCINTILLATION SPECTROMETER

John W. McKlveen
G. William Klingler
Radiation Measurements Facility
College of Engineering and Applied Sciences
Arizona State University
Tempe, Arizona 85257

INTRGDUCTION

The increase in nuclear energy applicaticns and the use of
technically enhanced sources of radicactivity engenders a need for
rapid, low-level technigques to detect and guantify alpha
radionuclides., Existing methods often require extensive
chemical separations, ion exchange and thin film deposition
onto flat surfaces. Counting is performed with surface barrier
or gas flow proportional instruments. Occasicnally tracer
radionuclides are needed to determine the variations in
chemical procedures or plating efficiency while prepared
standards are used to correct for self-absorption and
backscatter. The existing methods may not be feasible for some
applicaticns or for field measurements,

Liquid scintillation alpha spectroscopy is a viable
alternative to the methods described above. Coupled with solvent
extracticn techniques, alpha emitter recovery and counting
efficiency can approach 100%. The 4x counting geometry eliminates
backscatter and self-absorption. Pulse shape discrimination (PSD)
signals may be used to segregate alpha particle from beta-gamma
decay events. The concept is called Photon Electron-Rejecting
Alpha Liquid Scintillation (PERALS} spectrometry. PSD alpha
scintillation spectrometers have been developed and applied to the
assay of uranium and thorium concentrations in phosphate
fertilizers [Bo79,Me80]} and *Pg in a uranium mill circuit
[CaBl, McK83].

MODULAR PERALS SPECTROMETER

The Radiation Measurements Facility at Arizona State
University has attempted to develop a portable PSD alpha spectro=-

meter {K181}. The PSD circuit used in the portable system was
designed by Thorngate [Th77,Th78]. However, the electronics
suffered two instability problems, "walk" and "jitter". Walk

refers to the trigger level of a measurement with respect to the
amplitude of the peak; for example, a trigger level of 0.25 volt
occurs at greater percentage of a 1.0 volt signal than a 10.0 volt
signal. Jitter refers to the changes in the trigger level timing
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due to fluctuations in the signal. To compensate for the
instabilities it was necessary to perform frequent adjustments of
several interacting potentiometers. A high speed oscilloscope and
a pure alpha-emitting sample were needed to perform the
adjustments, Therefore, it was decided to reevaluate the
electronic schemes published by Thorngate and others. The
objectives were to determine if the electronics in the PSD
circuitry could be improved and the instabilities eliminated.

The resulting electronic c¢ircuit incorporates the ideas of
Alexander and Goulding [Al61l] as well as Thorngate. Figure 1 is a
block diagram of the new electronic scheme. Referring to Figure 1,
the photomultiplier tube anode pulse (point A} is integrated by the
pre-amplifier., The signal branches (point B} into an upper and a
lower channel and an output which is delayed for 400 nanoseconds,
The delay allows the integrated signal to reach its peak voltage
(point E}. The upper and lower channels each contain a percentage
of the non-delayed signal tc be used in the compatators. The upper
channel contains a larger percentage of the signal than the lower.
The signals in the upper and lower channels {pcints C & D} are fed
to separate comparators and produce a fixed fraction of the signal
(points F & G} for use in the time-to-amplitude-converter (TAC).
The comparators trigger as the rise of the delay signal crosses the
voltage settings determined by the upper and lower channels. The
time difference between the comparator trip points is processed by
the TAC and produces a PSD spectrum (peint H} [Ca85].

Figure 2 is a diagram of the modular PERALS spectroreter.
The spectrometer is six NIM modules wide. It contains a high
voltage power supply, a photeomultiplier tube, a sample holder, and
the PSD and pulse~height amplification electronics. The unit fits
intec a standard 6 or 12 wide NIM bin. As shewn in the figure,
outputs from the PSD portion of the system may be sent directly teo
a multichannel analyzer (MCA} to provide gross alpha and beta/gamma
decay information. 1In addition, the PSD signal may be used to gate
the MCA and reject all beta/gamma decay events. Thereafter, only
the alpha decay events from the energy pulse-height amplifier will
be accepted by the multichannel analyzer. The resulting alpha
energy spectrum does not contain any beta/gamma interference.

Two figures of merit defined by Thorngate (Th77}, the beta-
gamma Rejection Ratio and the Background counts, may be used to
evaluate the performance cf the system. The Rejecticn Ratio is the
unit’s ability to reject the beta/gamma decay events occurring
within the sample. Background is the unit’s ability to reject the
environmental beta/gamma events, The new PERALS spectrometer
exhibits a slightly improved Rejection Ratio over Thorngatefs (our
system = 99,98% , Thorngate = 99.95%) but had a higher, yet
acceptable background (our system = 0.046 cpm, Thorngate = 0.002
cpm). The new system has less jitter and walk and does not require
frequent adjustment. It is hoped that the system will be
commercially available in the future.
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AN INEXPENSIVE DOSIMETER CALIBRATOR

L.J. Filipow
Dept. of Radiclogy & Diagnostic Imaging,
Mackenzie Health Sciences Centre,
University of Alberta, Edmonton, aAlberta T6GZR7, Canada

ABSTRACT

A large Radiclogy department may have many room monitors,
dosimeters, and survey meters. The cost of having all these
devices calibrated yearly can amount to a large sum of money.

This paper describes a purpose built, inexpensive calibrator
which uses 241-Am as the source of radiation. The calibrator
can be used to monitor changes in the recsponse of any of the
radiation detection devices in the department. It is designed
to provide a range of exposure rates. The system is very

reproducible and can accommodate a wide range of ion chamber
shapes.

241-Am emits a rangc of alpha particles and a 59.5 keV gamma
ray, which falls nicely in the range cf typical diagnostic
x-ray cnergics. 241-Am has a half life of 432 years which
provides a good degrce of reproducibility without the nced for
constant decay correction.

The use of the system is for menitoring changes in response
of calibrated devices, and should not be considered to have
eliminated the need for proper calibration from time teo time
by a Standards Laboratory.

119



LA Ll RO BACKUROUM) ALPHA  JOUNT
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Fregquently, il is required tu analyse a fairly large number of
annples for weal alpha radioactivily in Lhe field of radiation pro-~
tection, hiealth nhiysics, environrental menitoring, food inspection,
ruclear medicine, radiocbiclegy and pgeoloprical prospecting, Phe sam~
ple 1s always separaled or enricried by some radiochemical processes
and deposited to form & Thin planar scurce, finally nut it in a low
background assenbly tor radicactivity weasurenent. In order to lower
the minimun deteciion 1ilmil, the counting time is extended greatly,
especially for weak alpha activity, always up Lo Z&hours. For this
reason, 4 sort ot practical instrunent must be staule, reliable,
low back.roumkl, unsensitive to disturbance, easy to operate, able
simulbtaneonsly Lo mensure several sampies, able to continuously
cperate longer thon 24 hours aod low produclbion cosk, that will suit

11

e donand very well.

Silicon~ gold surface barrier semicornductor detectors are
~chosen for alpha deuwecturs, because which are more firm, less
auxiliary circuits and smaller in size lhan scintlllation counters,
and less sensitive Lo disturbance, less auxiliary installation and
smaller in gsize than grid ionization chamber. The insbtrunenl con-—
sisting of six detectors, might sinultaneously and sceparately
vount oix samnles. kEach deteclor look on to a planar source which
is put into a shallow hole on a drawer.

The signai from the delbector 1s Ped to a charge sensitive
amplifier,then Lo alinear complementary voltage amplifier and a
discriminalor. All these linear circuits are desipgned in a low
power consumptive mode and allow to work at wide voltage range.
Thne lasting current ol eacn charnnel linear circuitbt is less tham
vne milliaapere at 7-49 volts.
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In order to reduce the noloe, ordinary charpe sensitive ampli-
Pier utilizes nigh mutual condustance FET (field effect transistor)
and hence larse drain cusrent 1s needed, We use hiigh 4 transistors
with weall steady current and get less noise to meet this instrument
feature. Tiwe discriminoaktor consist of a FET, a thyristor and a tran-
sistur. The inpulb PN Junction o the thyristor bilases the VBT, Once
the FET 15 set into condueting sufficiently, 1t will trigger the
thyrister. lhe detecior and linear zircuit of each channel is put
inbo an electric ms nellic shieliting to reduce Lhe interference from

each obhter and the disturbance from oulside.

The ouviyuts of six lincar cirvecult chamnels are fed to six
storage counters, which are made of Jrl05 integrated circuit for
reasons of saving vowor and reliability. Each storape counter has
Tour decimal digits and o overfiow sipnal. There are only one de-
o arsl e dinplay wc b ligquad cryskbud For all six slourage

counters. fhey alse share a sedli’-Lest device and an aufO*timing
device, which ases o oo guarte bime clireult arnd the time interval
are ¥, 1, Y, 10, 20, 60, 100, 40U, 4000, 1400 minutes optionally.

vWhole insrumersk is supplied by o sebt of six storage batteries
or six dry cells, wilth neibher vollape stabllizer nor stev-up
device, 8o that no exlra power is expepnded. NMon-linking with mains
power abtain two advantage: to avoid disturbance frdm mains net-—
work, from whizh majority interference come; to avold losing the
daba Just in progress, this situation may happens in a mains
supplied instrument, while the mians break off unexpectedly.
Fresh recharged hatteries will last 500 hours or longer. If the

voliage supply lower below sone level, a special sign will appear,

The oulward appearance of the instrusent is same as a NIM
standard bir, with zize 480nm(W)»240mn{ 1) x340ma(D) ., The effective
sensitive size of detectors may be 12 wm, 1% wm or 20 mm in dia-
meter cpticnally. The performance index of mean instrument back-
puckprommd s 5, 3 or 10 counts per 24 hours respectively, and
dirtection efficlency for planar 2% source is larger than 60%, 65%
or 704 respectively. the actual measurcd mean backpground is 2.4,

3.2, or W7 counts por 1A00 minutes, and efficiency of 7 mm diameter
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Pu-239 planar source is 65.4%, 74.2% and 79.1% respectively. Up to
now, forty sets of six channel instrument are working satisfac-
torily.
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THE DEVELOPMENT OF ENERGY COMPENSATED GEIGER MULLER DETECTORS.
FOR THE QUAKTITY AMBIENT DOSE EQUIVALENT

David Barclay,
Mullard Ltd
New Rcad, Mitcham, Surrcy CR4 4XY, UK

and

P.H. Burgoess
Naticnal Radiological Protection Doard

ABSTRACT

Many national authorities are considering the adoption of the dose-
equivalent quantities proposed in ICRU publication 39. Two of these,
ambient and directional dose equivalent, are appropriate for use in
survey instruments. Energy-compensated Geiger Huller detectors have
been designed to measure the guantity ambient dose equivalent over the
energy range 40 keV to 1.25 MeV. These detectors complement existing
exposure measuring devices. The general principles of design, materials
and construction are described for four types, which cover in total the

dose rate range from 1 uSv h™' to 10 Sv h™*!,
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RADIATION PROTECTION AT HIGH ENERGY HEAVY ION ACCELERATORS

H.-P. Weise
Bundesanstalt flir Materislforschung und -prifung (BAM), Berlin
Unter den Eichen 87, D-10000 Berlin 45, Federal Republic of Germany

INTRODUCTION

The radiological impsct in the envirenment of high energy
accelerators is given by the fellowing main contributions:

1. prompt radiation consisting mainly of neutrons which goriginate
from shields;

Z. activeted air released from the accelerator building;

3. skyshine of neutrons emitted into the air above the accelera-
tor.

Radiation exposure of the public due to activaeted ground
water was found to be of no concern., Simple relationships have
been derived which allow the calculation of the three dominant
contributions te the radiation impact of heavy ign accelerators
gperating in the energy region between 0.4 and 2 GeV/nucleon.

CALCULATION OF THE NEUTRON DOSE RATE OUTSIDE SHIELDS

Assuming that the ion beam interaction zone can be regarded
as a point neutron source {Fig. 1) the dose rate at the outer
surface of the shield can be expressed in terms of the differen-
tial neutron yield per ion of the sowrce, the effective fluence to
dose canversion Factor and the effective dose trensmission factaor
of the shield. For thick shields
(> 500 g/em?®) the contribution
af source neutrons below 100 MeV
to the dose rate at the outer
surface of the shield is only
a fFew percent. Therefore to a
good approximation the lower
limit of the source neutraon
energy to be taken into account
is chosen to be E5 = 100 MeV.

The effective quaptities ion beam ey .
were calculated by faolding T

the appropriate data For target

monoenergetic neutrons with

measured and calculated spec- Fig. 1 Shielding geometry

tra of neutrons produced in high

energy heavy ion reactions {1]. Since the effective dose transmis-
sion fFacteor for £+ d > 500 g/em?® cen be described in terms of an
exponential function and a dose buildup fFactor we obtain:

H=K=+"'+3-expl - (p%d)/ i]}] (1}
2
r
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The parameters K and
an the neutron emission angle.
estimation of the

shield thickness ¢ -

Equ. (1)

i depend on the specific ion energy and
allows the straightforward
d fram the given dose rate

limit. The necessary data are guoted in reference [1]. For compar-
ison this method was applied to the lateral shielding of proton
accelerators where cother published data are available.

TABLE 1

Lateral shielding of multi-GeY proton and heavy ion ac-

celerators by ordinary concrete or spil. E£; specific ion

energy in Ge¥ per nucleen; [ P+ d ] = g+ em™
H{O = 909322/
Reactian WwSveh=Tlcm?-5) Caomments
p thick iran 0.16-FEj-exp [-{n0-d)/108] this wark
target
0.39:E *exp [-(p+d)/103] 0'Brien-method
0.16°€;5 exp [-(pd)/117] | Moyer-method
Ne thick iron{ 5.7+ Ejrexp [-(n-d}/106] this work
target
2.6 Ejrexp [-{o-d)/114] this work

The various shielding formulas for protons are in satisfactory
agreement. For thick concrete shields (o-d = 1000 g/cm®) the cal-
culated dose rates differ by no more than a factor of two. For
heavy ion beams the lateral neutron dose attenuation length is
nearly identical to the proton value but heavy ion reactions yield
much more neutrons than proton interactions at the same specific
ion energy. This is simply a consequence of the larger number of
interacting nucleons in heavy ion collisiens. With respect to
radiation protection this means that for the same specific ian
energy and the same beam intensity a multi-GeV heavy ion accelera-
tor requires considerably more shielding than a proton machine.

ACTIVATLON OF AIR

With respect to radiological impact only a few gaseous radio-
nuclides are of concern. The most impertant reactions and their
effective cross sections are summarized in Table 2.

) TABLE 2
Targetnuclide 1 ) )

1 Effective cross sections
Redio- T1/2 TN T4 0 16 Ar 40 JgffF (> 15 MeV) in mbarn
nuclidg ] of nuclear reacltions
Be 7 53.3 d 2.9 2.5 - induced in air by sec-
C 11 20.4 min 16 B.2Z - ondary particles pro-
N 13 9.96 min | 17 3.4 - duced by interactions
g 15 2.03 min - 34 - of 2 GeV/u heavy ions.
Ar 41 1.83 h - - 6610
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The production of gaseous radionuclides can be estimated
using an average spectrum (integrated aver the emission anyle) of
secondary particles-predominantly neutrans - emitted from the beam
interaction zone:

Nz n o+ Q (>15 MeV) - dgpp (> 15 MeV) -« ropr (2)
N+ production rate.
Q (>»15 MeV) source . sktrength of neutrons with energies
above 15 MeV.
Yaff (215 MeV) effective cross section of the activation
reaction for neutrons above 15 MeV.
TefF effective radius of the activated air

volume depending on the shape of the vol-
ume and on the neutron angular distribu-
tion,

The effective cross sections were derived by folding the
energy dependent craoss sections of the nuclear reactions with the
average specktrum aof neutrons with energies above the lowest thresh-
old {15 MeV¥}. The influence of neutrons belaow 100 MeV is signif-
icant because of their wvery large conftribution to the btotal source
strength and oF the strong variation of the rcross sections in this
region. The yield of Ar 41 was estimated from the flux density of
thermal neutrons in the accelerator void. From the yield ofF radio-
nuclides the annual activity release fram the different parts of
the accelerator was estimated and used as the saource term for the
atmospheric dispersicn. The main radiclogical impact is due En
gamma submersion in the plume. The dominant contributions to the
annual dose equivalent are caused by the positron annihilation ra-
diatian of the short lived radionuclides C 11, N 13, D 15, For a
heavy ion beam of J = 1-1095‘1, 2 Ge¥/u Ne-ions absarbed in a thick
iron target, the total annual activity release from a 71000 m> tar-
get room {ventilation rate: 10 h“1, beam time: 6000 h/a} is of the
order of magnitude of 1012 Bg. At the location of maximum radiolog-
ical impact the annual dose due to gamma submersion is about 1 pSv
(stack height: 30 m) which is far below the dose limit Far the pub-
lic. Areas however where high intensity ion beams are absarbed
should be supplied with an air circulation system in order bto mini-
mize the activity release and Lo keep the cnllective dose equiva-
lent oF the public as low as reasonably achievable,

SKYSHINE

In designing the shielding of the accelerator area it is
important to consider neutrons whirch pass intoc the atmosphcre and
are scattered back to the earth thus contributing to the radia-
logical impact. The skyshine dose rate can be described using the
importance function of nmeutrons with given energy and emission
angle fur a certain distance from the source. Physically the im-
portance functiaon is the dose equivalent per source neutron pass-
ing into the atmosphere. The data of ref. [2] were used for the
evaluation of effective importance functiens by averaging aver Lhe
neubtron emission angle and by folding the data for monoenergetic
neutrons with the average spactrum of neutrons emitted from the
interaction zone of a 2 GeV¥/u Ne-beam (Tahle 3). It is essential
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to take into account low energy neutrons (< 10 MeVY) because they
largely contribute to the skyshine. The importance functions in
ref, [2] centain the contribution of photens produced in neutraon
interactions with air. The skyshine doae rate at distance r from a
beam interaction zone without rcof shielding is expressed as:

H =0 (&2) - Igpp (r)/r? (3
Q @ total source strength of neutrons emitted
into the solid angle A&f.
Iefrflr) effective skyshine function at distsnce r

from the source.

TABLE 3 Effective skyshine importance function {2 GeV/u Ne-beam)

r (m) 50 100 200 500 1000
= S e S-S - TS Lo DR - ST o oI oo DN CC oD Con DD DC-o-DD}-c=--D=zZz-DS=ZT=-DcTE=Sc-c=Dz=Z==Dc====%
lepr ()
cSv m 2.3-10-13 1 2,3.40-13 l2.0:10-"3 {t.4-10-13 |s5.0-10-1%
neutran

Using the data in Table 3 the skyshine dose rate caused by a
target srea without roof shielding was calculated from equ. (3}
assumming that & beam of 10% s-1 2 GeV/u Ne-ions ie absorbed in a
thick iron target {Table 4}, The effective source strength Q(41)
of neutrons above 0.1 MeV emitted from the beam interaction zone
into the atmosphere is about 6-10'0 5-1, The influence of a roof
shielding on the skyshine dose rate was evaluated in ref. [2].
Using these attenuation factors the results given in Table 4 are
obtained. The results show that at high energy accelerators with
large experimental areas at ground surface level the skyshine prob-
lem needs very careful consideration with respect to the annual
dose equivalent of the workers and of the population living in the
vicinity of the accelerstor site.

TABLE 4 Skyshine dose rate {uSv/h} caused by an experimentel area
without and with an ordinary concrete roof shielding

r (m) 50 100 300 500 1000
ordinary -—- 200 50 4.8 1.2 0.11
concrete roof 100 48 12 1.2 0.25 D.026
shielding 200 10 2.5 10,24 |0.060 {5.5-10-2
{g/em?) 300 2.0 0.50[0.048 {0.012 j1.1-10-3
REFERENCES

[1] H.-P. Weise, "Shielding of High Energy Heavy Ion Accelera-
tors", Proceedings of the 20th Midyear Topical Symposium of
the Health Physics Society on YHealth Physics of Radiation
Generating Machines", Reno, Nevada, Feb. 8~12, 19B7, p 459.

{2} R.G. Alsmiller, JR., J. Barish, and R.L. Childs, "Skyshine at

Neutron Energies £ 400 MeV", Perticle Accelerators 11,
{1981}, pp. 131-141.
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ASSESSMENT OF OCCUPATIONAL EXPOSURES AROUND
HIGH~-ENERGY PROTON ACCELERATORS

M. Hofert and J.W.N. Tuyn
European Organization for Nuclear Research (CERN)
1211 Geneva 23, Switzerland

INTRODUCTION

At CERN, the European Laboratory for Particle Physics, three
high-energy proton accelerators are 1n  operaticon: a 600 MeV
synchro-cyclotron (SC), a 28 GeV Proton Synchrotron (P5) and the
450 GeV 3Super Proton Synchrotran {(5P5).

At pregsent the Large Electron Positron (LEP) accelerator 1s
under construction and will start in 198% initially operating at
1 GeV. In the meantime the 31 GeV Intersecting Storade Rings {I3R)

for protons have been decommissioned (1984) . In conjuncticon with
the accelerators mentioned above occupational exposures €0 various
types of radiation are of concern. As around nuclear reactors, the

main source of radiaticon causing perscnal exposures 15 gamma radilia-
tion from activated accelerator components during accelerator shut-
down periods. During operation of the accelerators, exposures to
hadrons {mainly neutrons), covering a wide energy range in eXperi-
mental areas, and to high-energy mucons downstream of primary proton
beam targets have to be considered. OQutside controlled radiation
areas occupational exposures are derived from a system of passive
thermoluminescence detectors (TLD) used for area monitoring, while
inside controlled radiation areas individual dosimeters are worn.
This paper describes the systems used at CERN for monitoring of
eXposures,

INDIVIDUAL MONITORING

Personal monitoring at CERN is still based on films. For
gamma, beta, thermal neutron and muon monitering the double-coated
Kodak RM type 2 film is used, For evaluating the difIerent radia-
tion components, the CERN film badge contains the following filter
combiyation: (1) plastic B0 my/cm , (Z2) plastic and aluminium g9
mg/cm , {3} open window, {(4) tin 1070 nmg/cm , {(5)_lead 1260 mg/cm ,
{(6) cadmium 1150 mg/cm 1slpd (7) plastic 355 mg/cm . while the expo-
sure free--in -air of a (s snurce serves as a reference for the
calibration, the interpretation of +the optical density pattern
behind the wvarious filters, as a result ¢f a irradiation 1n the
photon field of induced radicactivity, takes the backscatter from
the wearer's body into consideration. Hence, a good match of dose
results Dbetween the film badge and the pocket dosemeter 135 assured

{1].

The presence of beta radiation or thermal neutrons 15 checked
by comparing the optical densities behind the two thin plastic and
aluminium filters or behind the cadmium and tin filters, respec-
tively. Thermal neutrons are of no concern for personal exposures
at CERN, while beta doses mainly coccur during the assembly of large
high-energy physics experiments containing depleted uranium,
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Muons cause a . }ackening gf the gamma film about 20% lower

than expected from a Cs exposure for the game dose eguivalent
i2zl. Personal exposures +to muons are only occurring in limited
guantities.

FPersonal dosimetry of hadrons {mainly neutrons) 1s still
carried out with the Kodak NTA nuclear emulsion, since the stray
radiation field outside the shielding of the CERN accelerators 1s
composed of a broad spectrum of hadrons (up to the energy of the
protons  accelerated). Calibrations in such fields are carried out
a5 a routine., Fading of latent tracks in the NTA f£ilm sealed by the
NRPB under pitrogen is sufficiently low to enable the use of the
nuclear emulsion during two-month periods, 3 two-monthly distribu-
tion period 1s further justified by the low perscnal neutron doses
normally encountered at CERN [3]. The2 {conservative) conversion
factor used is 14 tracks per msv and mm

Attempts +to replace the NTA film by solid-state nuclear track
detectors like LR115 and CR3%, to wovercome e.g. the fading problem,
have been made since 1972 [4,5,6]. High background and poor repro-
ducibility did discourage routine use at CERN.

AREA MONITORING WITH PASSIVE DETECTORS

The dose distributiovon outside controlled radiation areas 1is
determined with a TLD gystem having a_.high neu;ron~to—gamma sensi-
tivity. The system ug2ed consists of "LiF and LiF {(Harshaw TLD-600
and TLD-700 chips) inside a cylindrical polyethylene moderator of
12.% ecm © x 12.5 c¢m, S0 that the neutrons after slowing dowh_ are
detected by the Li{n,a) He reacticn. The read-ocut of the LiF
detector 1s  corrected fo; gamma and charged particle background
using the read vut of the LiF detector, almost ingensitive to
thermal neutrons.

A network of 178 TL monitors of this type 18 in use at present
on hoth CERN sites on an annual read-out basis. The detectors are
calibrated in  the atray field itself using Andersson and Braun
neutron rem counters and argon-air filled high-pressure ionizagion
chambers at 13 different positions as reference detectors. The "LiF
calibration factor for stray neutrons is about five times higher
per mnsv than for gamma ragiation. The system 1s in use since 1973.
The two pairs of LiF and LiF detectors have so far been read out
using a Harshaw Atlas reader. The same detectors will be evaluated
from 1988 onwards, using the Alnor hot nitrogen Dosacus reader and
corresponding detector holders.

The neutron energy dependence of the response of such a small
moderator system 13 not i1deal wWith respect to dose egquivalent
meagzurements, but the system c¢an still be used since the stray
neutron 2pectrum pelow 10 MeV does not show too strong variations
at sufficiently large distances (»100 m) frcem the shielding of
primary proton beams {7].
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EVALUATED OCCUPATIONAL EXPOSURES

Occupational exposures, as determined by both systems for the
CERN populaticn of 7363 perscons (4791 under film-padge control) at
the end of 1986, are summarized in Table 1. The collective dose for
both CERN persconnel and outside contractor staff under film badge
control  is given, together with the collective dose derived from
iscdose distributions as measured by the TLD system outside con-
trolled radiation areas. An example of such an isodose distribution

measured on the CERN Meyrin site 1s presented in Fig. 1. The
collective dose derived assumes a presence of 21% of the time on
the CERN site with nu vorrections applied for working indoors, so

that a considerahle overestimatlion may be present.,

The rcollective dose as given in Table 1 for the film badge
results contains a c¢caontribution of neutrons {(for CERN staff an
average of 12%}, while for the collective dose due to stray radia-
tion, as measured with the TLD system, the average neytron contri-
bution is about 83%. Table 1 shows that although the mailn source of
occupational exposure is work on activated accelerator components
inside controlled radiation areas {target and primary beam areas),
the collective dose due to stray radiation, as determined by the
TLD &area monitoring system, 1s not negligible. The total detriment
due to CERN operation, expressed in terms of total cellective dose
(film badge + a4area monitoring results), could be compared to the
total number of protons accelerated annually at CERN by the P5.
This accelerator has been the principal scurce of protons at CERN
during the periods considered, whereby it supplied protons to ISR
and SPS as well. The collective dose per accelerated proton, as
given in Table 2, diminished between 1976 and 1986 by a factor of
about 7, partly due to improved accelerator design and maintenance
practices, as well as accelerator shielding.
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Table 1

Film-badge results TLD area monitoring
Avaerage Average3

Collective 1individual Collec}ive individual
Year dose dose dose dose

(man.Sv)' (msSv) (man.s5v) {mSv}
1976 4.16 0.A1 0.16
1977 4.62 1.06 .83 o.17
19748 3.658 0.7 0.80 0.186
1978 4 .06 0.84 C.70 Q.14
1980 3.08 Q.52 0.4¢6 Q.09
19861 2.08 .41 1.30 .24
1982 1.83 Q.34 1.47 0.22
1983 1.68 3,29 Q.63 0.09
1984 1.59 0.27 0.79 0.10
1985 1.67 Q.30 Q.61 0.08
1986 1.52 Q.27 0.38 0.05

1) CERN personnel and outside contractors
2) CERN staff only
3) Total CERN population gutside controlled radiation areas

Table 2
Collective dose versus number
of accelerated protons

Total collcctive1 PS5 accelerated Dose in Sv per

Year dose prot?gs proP?Q
{man.sv) {(x 10 7} {x 10 ]
1976 4 .37 2.76 1.80
1977 5,45 3.66 1.49
1978 4,45 6.18 0.72
1979 4.78 6.99 0.68
1980 .04 5.8% 0.60
1981 3.238 5.08 0.6k
1982 3.30 8.27 0.40
1983 2.31 9.468 0.24
1984 2.38 10.93 Q.22
1985 2.28 3.78 0.23
1986 1.90 7.15 Q.27

1) Film badge + TLD area monlitoring.
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THE RESPONSE OF SURVEY METERS TO PULSED RADIATION FIELDST

Richard C. McCall and Nisy E. Ipe
Stanford Lincar Accelerator Center
P. 0. Box 4349, Stanford, CA 94305

The response of most survey mecters to steady radiation fields
is fairly well known and documented, However hardly any data is
available in the litcrature regarding thc response of these instru-
ments to pulsed radiation. Pulsed radiation fields are encountered
e.g., in the vicinity of linear electron accelerators or klystrons.
Linear accelerators can deliver pulses up to a few microseconds
long at repetition rates cof a few hundred lz. The fraction of
operating time during which the beam is on (i.e., pulse width x
repetition rate) is called the duty factor (D.F.). Typically duty
factors for linear electron accelerators arc less than 0.001.

These small duty factors impose severe limitations on the radiation
detection instruments as is shown below. The peak or instantaneous
intensity (Ip) will be Ip = Iaqy/D.F., or morc than 1000 times the
average intensity {(Isy).

An instrument that ordinarily responds well to tho average
dose rate spread out evenly 1in time may not be able to cope with
such a high dose rate. Instruments which have long dead times such
as Geiger Mueller and proportional counters tend to become satu-
rated in such fields and only count repetition ratc. Icenization
chambers are less influenced however, they must be operatcd with
adeguate voltage to overcome recombinaticon leosses. Scintillation
survey meters may become non-lincar at higher dose rates for pulscd
radiation because the photomultiplier cannot handle thc instanta-
necus currents that are recguircd. Because of the need to test the
response of different radiation detection instruments to pulsed
ficlds, a pulsed x-ray facility has been built (Ip87}. A brief
description of this facility is given below along with tests of
several different instruments.

Figure 1 shows a partial cut-away view of the pulsed x-ray
facility. The major part of the x-ray tube is the electron gun
which provides a strcam of pulsed electrons that can be accelerated
towards a combined target-window located directly below it. The
window consists of aluminum 510 um thick plated on the wvacuum
side with a layer of gold 6.4 um thick. The frequency of the
electron pulses can be varied by an internal pulser from 60 to 360
Hz with pulse widths from 360 ns to 5 us. The pulse amplitude can
be varied over a wide range of currents. An external pulser can be
used to obtain other frequencies or special pulse shapes. The
voltage across the gun can be varied from ¢ to 100 kKV. The major
part of the x-ray tube is enclosed in a large walk-in cabinet made
of plywood lined with 0.32 em thick lead, thus adeguate shielding
is provided.

A precision ionization chamber* (Farmer type) mounted directly
below the x-ray tubc facilitates remote readout of radiation levels

Model 30-351, Victorean Inc., Cleveland, O 44104
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inside the cabinet. Experimental data indicated that this chamber
and the Radcal ion chamber* {uscd with a 2025AC radiation monitor)
were in good agrecment thercfore, the readings taken with the Radecal
arc considered to he the "true dosc rate". The Radcal has a fairly
uniform response between 30 keV and 1.33 MeV.

N brief study was made of the response of a cylindrical GM
countecr to pulsed radiation. Because of a non-pulsed dark current
from the x-ray tubc, it was not possible to study this in great de-
tail. However, 5 mR/hr of non-pulsed x-rays at 80 kV gave 410
counts/second. An additional 5 mR/hr of pulsed x-rays at 100 Hz
(pulse width = 2 ug) gave an additional 87 + 11 counts/second.

This shows that even at 5 mR/hr the GM counter is essentially only
counting pulse repetition rate.

The "Radector II" consists of a pressurized argon filled ioni-
zation chamber (Ncher White) which has a uniform response for
photon cnergies between 80 keV and 1.2 MeV. 1Its responsc t¢ pulscd
x-rays {(pulse width = 1 us}) at 100 kV (with aluminum Ffiltration
1.6 mm thick) at 100 Hz is shown in Figure 2. The response departs
significantly from linearity for dose rates above 1 mGy/h. This
1s probably inherent in leher-white chambers due to thc low col-
lecting voltage. Part of the spectrum of the pulsed x-rays was
below the flat response rangce of the Radector and this caused it to
read only 45% as high as the Radcal at low dose rates.

The SLAC scintillation survey meter is built in house and con-
sists of a Bicron air cquivalent plastic scintillator doped with
arsccnic to increase the effective atomic number to that of air.
Its decay constant is in the nanosccond rangce. Figure 3 shows its
corrected rcsponse to pulsed x-rays (pulse width = 2 uS) at 70 kV
and 120 Hz. The response hegins to deviate from linearity above
1.0 mGy/h. There are several causes of non-linearity in photo-
multiplicrs. It is not certain but we believe the cause in this
case 1s due to the photocathode resistance. The data has been
corrected for the small difference in spectral response of the
instrument from the ilonization chamber.

The Xetex 303B is specifically designed for use around pulsed
radiation sources. It consists essentially of a calcium fluo-
ride scintillator and a vacuum photodiode and has a response fairly
independent of encrgy between 60 keV and 2 MeV. It's response to
pulsed x-rays {pulse width = 2 uS8) at 70 kV and 120 Hz is shown in
Figure 4. The response is quite linear up to 40 mGy/h. The data
is corrected for the somewhat low response of the 303B to this
X-ray spectrum.

*Model 20X%X5-180 Radcal Corporation, Monrovia, CA §1016.

REFERENCES
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RADIATION ENVIRONMENT IN THE TUNNEL
OF A HIGH-ENERGY PROTON ACCELERATOR
AT ENERGIES NEAR 1 TeV

Joseph B. McCuasling* Rai-Ko 8. Sun, * Willlem P. Swanson, *
Alexander J. Ehoyn, =¥ Willium 8. Freeman, #*
Hans Jostlen, ** Craig D. Moore, #* Peder M. Yurista, ¥¥
and Donald B, Groom*#*

*Lawreuce Derkeley Laboratory, Berkeley, CA 94720, USA
*+Formi Nations! Accelerator Laboratory, Datavia, 1L 60510, USA
#H*AI3C-CDG, Lawrence Berkeley Laboratory, Berkeley, CA 84720, USA

Neutron encrgy spectra, Ruenee distributions and rates in the FNAL Tevatron
vunnel are suminarized. This work lias application to radiation damage (o electronics and
research ecquipment at high encrgy accelerators, as well as to radiclogical protection.
Preliminary studies and lLla.t(?d work are described elsewhere [, 2, 3.

EXPERIMENTAL ARRANGEMENT

Figures 1 and 2 show the experhmental arrangement in lhe A-17 region of the
Tevatron tunnel. A room-temperature straight section (11.95 m) is shown whieh had a
controlled N, leak in order to study ncutron production as a function of beam-gas
interaction rate during coasting beam conditions. Pressure was measured by a calibrated
gouge near the leak and was controlled over the range 10* to 10°° torr, The pressure in
the adjolning eryogenic magnel chains, about 1310 torr or less, was uegligihle by com-
parison. A “trlangular’™ N, pressure distribulion was assumed, 7.¢., a linear decline in
both directions from the leak, going Lo zerc at the eryogenie interfaces. The interaction
rate within the warm section was caleulated to be 1.02X10°? interactions per g em™? of
N, and per passing proten, based on a total cross section for N of 238 mb.

Counter

: ) arrays
é 23 5 g 1 12 18in 3 Positig&x‘l
| E j T30 cm
Turret wall g .
2 R o o HEE A ST
— = a33cm

o
[=]
[N
=)
3

Fig. 1. Plan view of experimental setup

in the tnnnel near A-17. (a) overall view; Fig. 2. Tunnel cross section near A-17.
(b} spectrometer geometry.



A Bonner multispliere newiren specetrometer [4] was used, consisting of eight
Li{Eu] scintillation erystals (12,7 mm diain X 12,7 mm high), c.umherl to 99% *T.1, and
surrounded by splerieal polyvethiylene neulron moderators ruaging in diameter from 0 to
43.72 cin. These dotectors were coupled through photomulliplier 1ubes to an 8-input
4006-channel analvzer. For speetral unfolding, the response functions of Sanna were
used [5] in the program T.OUHI {6]. or some runs the eight detectors were fitted with
icentical 12.7cm splieres Lo study the loncitudinal distribution of neutren fluence.

The Tevarven aad Main Ring (MR) share a common tunnel {IMg, 2) 7], Because
the ME wroduced elevated radiztion backgrounds, delectors were pated off during MR
aion which accelerated protons from 8 to 150 GeV. A standard current toroid
served as bewm monitar,

Prellintnary meamzements were made in 1985 at a dillerent jocation [A-48; not
snown uere), & Jow-losa veglon (small 3] representing “quiel” coasting-beam conditions of
secelerator operat’on. Here, Ue spectrometer was deployed 14.2 - 17.6 m downstream of
sl Teng warm seetlon cordaining a nondnal pressure of 2107 torr, Measurements
were made durivg Tevairon operation al 160 and 800 GeV, and during MR operation
fonly) at 150 GeV.

NEUTRON FIRLD IN THE TUNNIEL

Fluetice rates as fuietions of gas pressure were weasured along the tunnel over
the ranze -19 <2 < 35 1w wsing identicsl 12.7-cm moderators surrounding each Lil seintil-
L o
Intor, Freure 3 shows an example of 2 linear fit relating the counting rate Lo the gas pres-
& 1 & & Eas |
sure 10 the warm straight seciion for o 900-GeV oproton beans. The slopes and intercepts
[reny sneh fits for each loestlon were converted to fluence rates per proton pessing the
mieasurement point and are motted separately Lo show the disiribution along # in Mg, 4.
It is evident that Yhe slope data (Flus, 3, 41:-1" are reloted to primary interactions within
| (17us. 3, I ;
Ll warm seellon. There are varizyions qu 72 20%: ) which are not understood between
e measurement sets shown {[Fig. 4a). l(, ](;n[lleh il distribulion of intercepis (T'ig.
4] was fonud 1o be very similar in shape to that of the slopes, but the variance Is mueh

Aot

Representative neontron spectra made using the Bonuner spectrameter under five
different conditions are shown ju FFig. 5. The remarkable features of Lhese spectra arc: {a)
the prominent peak in all distributions that lies in the few-hundred keV region; (b) the
relatively few high-energy nevtrons (about 109 and 19 of Nuence above 2 and 50 MeV,
respectivelyl; sd (¢) the average quality factor in the range 0 — 6.9 - 7.6.

Winh the spectrometer deploved as in Iig. | during 900-GeV oneration, the slopes
from flucnce-vs pressure plots (Fig. 3) were used as input data to LOUTIL This pro-
cedlure gives the speetrmn of neutrors wnambigrousty produced in caseadeos Initiated by
primery interactiorns of sretens on Ny of the warm scction. The preminent peak s cen-
tered at about 360 keV. The spectrnm derived frem fntereepds of the same plots is
related to peimary Interactions an materials In the vieinity other than introduced N
The peak is centered at about 75 keV oand can be compared with specira obtained down-
sirea of A-18 (1983) at a gas pressure such that interactions in the warm scetion should
not dominate. The spectra shown are for 150 and 800 GeV Tevatron operation and for
MR-only operation at 160 GeV. The peaks are centered at 280, 135 and 240 keV, respec-
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tively, We do not fully understand the differences between peaks but point outl that the
primary interactions that do not cccur on N, most likely occur cither on H, or He in
eryoseitic seetlons or with machine materials.

Monte-Carlo simulations performed by Gabriel ev all (not shown here) are in good
agroeenient with L]l(’ supeetrunt of Fig 5 derived from slopes [3]. They furthermore indi-
ciate Lt about KO%: of the nen t]m s at 200 cm Prorn the beam line are alhedo neutrons,
ee., scattered from I.mmt‘l

. This was Lested ‘Xr)m'imc‘nmll}’ hy repeating certaln
rues ab 39 cm frow Loe besm ] e ::l.’os]L-ion 2, Mig. 2], Tle resuly was consistent wich the
eapected radial distriboetion for the divect {luence, assuming that the sibedo fluenee is

uniferm across the funnel secilon.

Tutegration over the “slope™ z-distribution of Fig. 4a and correcting for the
albedo fluence pives a value [0 neutrons produeed per Y00-GeV protou passing A-17 and
per g oem 2 ool Ny target. A sindlar caleulation based on an integration aver the intercept
z-distribution (Fig. 4L gives 7x10™ neulrons produced per passing 900-GeV proton.
We cautlen Lhe re: |c]("‘ that tiobs Intter value iz not well vnderstood, s subject to the
vagueries of machine operation and will likely vary widely fron: place Lo piaece arcund a

piver acceleratar ring.

,_,

o

The shove observations sucgest o conunon e Jor the neutrons, regardless of
tiae nature of the originval intersctions whica produea the parent cascade. Prominent
parts of the dilter must be the Tron magnel volies ag well as the conerele tunnel Jining.
The neuwiron field deminates the sunnel radiation Feld in terms of ahsarbed dose to tis
sue. Because of thielr capability of producing tatlice defects and transmuiations, neu-
trons of energy L = 150 keV are Lhie most important potential cause of radiation dam-
aze to solid state eciectronic devices In accelerator tunnel environments similar to those
studied [1;.

This work was partially supported by the U, 8. Departinent of Fnergy under Con-
Lroet Neo DIS-ACOS-TOET 00008 with the University of Cailfornia.
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25 YEARS RADIATION PROTECTICON PRACTICE
AT LOW ENERGY PARTICLE ACCELERATORS

P.F. Sauermwmann, J. EKnieper and H. Printez

Nuclear Research Centre Jilich,
P.0.B. 1913, D-5170, Jilich, Germany

ABSTRACT

St e e

Small high vield parvicle accelerators, such as neutron generators
and minicyclotrons, are used in various areas of phvsical, chemi~
cal and medical rescarch. Sihce they are strong sources of neu-
trons and y-radiation a number of radiation preotection nroblems
mast be solved to achieve a proper protection of workers and envi-
ronment. In OuX paper we give recommendations to solve these pro-
blems according to¢ our long practice.

The main problems at neutron generators concern the behaviour of
tritiam, Our papcr informs about our experiences with the leakage
of tritium into the environment wlth respect to transport, storage
installation and change of high activity tritium targets.
Furthermore, we inform about the release of tritlum to the environ-
ment during normal coperacion of neutron generators and our measured
to reduce the releases. Finally, the procedures suitable for the
conditioning of tritium in pump oils, coeling water and absorption
cartridges are described. These procedures were also applied to
the safe decomnissioning of a neutron generator at the end of 15
vyears of operation.

At minicyclotrons three radiation protection problems are domina-
ting: proper desion of shiclds, induced activity and exXposure to
workers. In our paper we give recommendations for shield design on
the basis of our gxtensive attenuation measurements performed in
the last twenty years. Furthermore we ¢give recommendations for the
planning of Ventilation Systems which are in harmony with the
ALARN-principle. Since minicylotrons are mainly used to provide
short-lived radionuclides the handling of the radionuclides possib-
ly results in high whole body and hand doses to workers. Qur papsr
gives & dosc record for the years 1371 to 1988.
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NEUTRCN YIELD OF MEDICAL ELECTRON ACCELERATORS

Richard €. McCall
Stanford Linear Accelerator Center
P. 0. Box 4349, stanford, CA 94305

Shiclding calculations for medical electron accelerators
above about 10 MeV require some knowledge of the neutron emission
from the machine. This knowledge might come from the manufactur-
er's specifications or from published measurements of the neutron
leakage of that particular model and energy of accelerator. In
principle, the yicld can be calculated if details of the accelcr-
ator dcsign are known {1). These detalls are often not available
because the manufacturer considers them proprietary. A broader
knowledge of neutron emission would be useful and it is the pur-
pose of this paper to prescnt such information.

Patterson (2} reported that a fast neutron source placed in
a cavity with thick concrcte walls produced a nearly uniform field
of thermal neutrons inside the cavity. They found that the ther-
mal neutron fluence rate is given by the simple relation

k
6 = £ (1)
where 3 = thermal neutron flucnce rate (n cm_z sec_l}
Q = fast neutron emission rate {(n s~21} o
5§ = 1inside surface area of the cavity {cm )
and kX 1is a constant egual to 1.26 t 0.10.

A similar relationship has been found for scattered fast neutrons
(3,4) and for scattcrcd photeons (5) when the source is a gamma ray
source. While Eg. 1 would be expected tc be strictly wvalid only
for spherical rocoms, ratterscn found that it worked well for a
cubical cavity. McCall (4) used the Mobte Carle Code MORSE and
measurcments to show that for both thermal and scattered fast neu-
trons, the typical radiation therapy electron accelerator rooms
also gave adequate agreement with this representation. An cbvious
modification is to rewrite Egq. 1 so that ¢ is the number of ncu-
trons produced per photon rad delivered at the isocenter (n/rad)
and ¢ is (n cm~2 rad™!). Using the above, it is possible to mea-
sure the thermal ncutron fluence per photon rad and the dimensions
of the room and calculate the neutron yield of the accelerator.

It should be noted that if the thermal neutron detectors are cali-
brated by an exposure in a cavity in concrete with the aid of

Eg. 1 and then used in the therapy room measurements, k cancels
out in thc calculations.

During the course of the last 10 years, the author has made
measurements of the neutron yield, Q, for many accclerators of
different types. Scme measurements were made while deing neutron
surveys of the accelerators as a consultant. The rest, and larger
fraction, havc been made by mailing gold foils to medical physi-
cists and asking them to make an exposure. The gold feils, along
with the appropriate information concerning the exposure and rooms,
was then mailed back fer counting. The author is wvery grateful to
the large number of people who have assisted in this project.
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The geld foils used, 2.54 cm diameter by 0.0025%4 cm thick,
were counted with a pancake G-M counter in a lead shield. Suffi-
cient counting time was always employed so that counting statis-
tics contributed less than *#3% 5.D. The overall precision of the
measuremcnts is difficult to estimate. From MORSE calculations,
it is believed that variation in room sizc and shape did not con-
tributc more than *10% S.D. Variations in the calibration of the
accelerator output should conservatively be less than #5% §.D.
Normally, the Cd difference method was not used. Measurements in
10 therapy rooms gave a Cd ratioc of 2.1 + 0.2 which was indistin-
guishably different from that in our calibration facility. An
overall precision of *15% S5.D. 1s a reasonable estimatc.

Systematic crrors are alsc involved. The foils were cali-
brated in a concrete cavity with a calibrated 238PuBe source. any
errcr in this value is reflected throughout the measurements. It
is possible that variaticns in cencrete composition can produce
different values of the constant k. This might be a function of
the chemical composition of local sand and aggregates.

Table I and Table II give the results of measurements on elec-
tron linear accelerators and betatrons, respectively. In general,
nominally identical accelerators gave very similar neutron yiclds,
with a few exceptions. Popular machines tended to have more nearly
the same neutron yicld than those where only a few were made. This
was presumably because the less popular machines were still under-
geing engincering changes from one serial number to the next. It
should be noted that the numbers in the ceolumn labelled "Energy"
are those provided by the user. Often the manufacturer guarantecs
a certain depth dose characteristic c.g., percentage of maximum
docse rate at 10 cm depth in water and the listed energy is only
nominal.

It is striking that there is sc much variation in neutron
yield from one manufacturer to another for machines operated at
the same energy - c¢.g., by a factor of 1.5-3.0 at 18 to 25 MeV.
This is believed due to the following rcasons:

1. Varying becam loss kefore the electrons strike the target.

2. Choice of material for the target and flattner.

3. Deviation from the nocminal energy in order to attain

the desired depth dosc performance.
These results are good enough for many shielding calculations,
e.g., when it is contemplated replacing an existing accelerator
with a higher energy machine in the same room.
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from Medical Accelerators p 75, NBS Special Publ. 554, (1379).
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4. McCall, R. C., Jenkins, T. M., and Shore, R. A., IEEE Trans.
Nucl. Sci. NS-26 #1, 1593 (1979}.
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Table I. Neutron Yield of Linear Accelerators

Type

Varian Clinac 18

Toshiba LMR-15

Siemens Mevatron XX

Varian Clinac 20

Varian Clinac 20

Mitsubishi

Varian Clinac 1800

AECL Saturne (Therac 20}

Philips SL-75-20

Siemens KD

vVarian Clinac 2500

Energy
{MeV}

10
10
10

10

14
14
14
14
14

15

18

18
20

20
20

24
24
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10
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10

10
1010
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10%0
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10

10
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10
1079
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10
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10
10

Comments

Water Phantom
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Shielding in
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Table I {Cont.)
Type

Varian Clinac 35

CGR Sagittaire

CGR Saturne

AECL Therac 25

Philips SL-25

Table IT.

Encrgy
{MeV)

25

25

25
25
25
25
25
25

BaBD B RS
Ut o

Neutron Yield
Per Photon Rad
At Isocenter

1.2 x 10%5
6.6 x 1010
6.6 x 10
4.8 x 10%8
5.2 x 1010
4.5 x 10,
6.5 x 10
10
5.5 x 107
3.8 x 10
1.0 x 10%%
6.0 x 10%8
4.1 x 140
10
8.6 x 1Q
6.4 x 1010

Neutron Yields of Betatrons

Neutron Yield

Encrgy Fer Photon Rad
Type {MeV]} @ 1lm From Targel

Siemens 18 1.8 x 1010

18 1.1 x 10%3

13 3.4 x» 10
Allis~Chalmers 22 5.6 x 109

24 1.3 x 10%8

25 1.1 x 10

25 8.8 x 107
Shimadzu 25 1.4 x 10%0
Brown Boveri 32 6.5 x 10°
Siemens 42 3.2 % ]09

a2 5.3 x 10°
Brown Boveri 45 3.7 x 103

15 2.0 x 109

45 3.3 x 10
Scanditronix* 50 6.5 x 107

50 6.7 x 10
*Note: These two machines are microtrons
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Older Design

Ilmenite Con-—
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Comments
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rather than betatrons.



p-Be FAST NEUTRON ACTIVATION EXPERIMENT OF CONCRETE

Akihisa Hara
Technical Research Institute of Hazama-Gumi, Ltd
4-17-23, Honmachi-Nishi, Yono, Saitama, Japan

and

Takashi Nakamura
CYCRIC of Tohcoku University

and

Yoshitomo Uwamino
I1.N.5 of University of Tokyo

ABSTRACT

Concrete is widely used as a shielding material of @
radigtion operating facility., But induced radioactivuty in
concrete irradiated by neutrons becomes Q new radiation
source, which increase the rodiation exposure of mgintenonce
workers ond the rodiooctive waste. These are the problems ot
focility operotion ond dismontling., The development and
popularization of lorge scole accelerators makes these
problems more serious while they produce mony high energy
neutrons.

We measured the induced rodiooctivuty of cancrete
irradioted by neutrons, which were produced by 20, 30 ond
L0-MeV proton bombardment of a beryllium torget, The neutron
spectra were alsc measured. ond the experiment wos performed
at the SF cyclotron of the Institute for Nucleor Study,
University of tokyo.
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ACTIVATION PRODUCTS OF A HEAVY ION ACCELERATOR

Johannes Georg Festag
Gesellschaft fir Schwericnenforschung mbH, Darmstadt

Abstract: Heavy ions - carbons to uranium - are acceleratcd up to
20 MeV/u by the UNILAC (universal linear accelerator].

Parts of the accelerater - the beam ducts, slits, apecrturcs,
Faraday-cups or the experimental devices arc sometimes hit by the
accelerated ions. The induced radiocactivity is analyzed by v-
spectrometry.

Shortly after the irradiation a lot of nuclides is found -
partly depending of the accelerated ions - whereas after a cooling
time of some month the determined nuclides are mostly known as
activation products of proton accelerators,

The UNILAC is able to accelerate heavy ions - carbon to

uranium - up to 20 MeV/u. Almost each of the clements has been
accelerated during the past years. A large part of the beam time
very heavy ions - heavier than gecld - arc sent to the experimental
devices.

y-Spectra of parts dismantled from the acceleratcr or the
beam pipes were measurcd. Short time after the end of irradiation
nuclides as Se-75, Rb-83, Ag-110m or some Hf-isotopes are found
depending on the material of the irradiated part and the accele-
rated ions. Generally only the well known nuclides ncar to the
iron region are seen after some month of cooling time (1), as it
is shown in the figure.

There will be given some examples of y-spectra as a function
of cocling time.

It has not been tried to calculate the activity of the
irradiated parts on behalf of the variety of accelerated ions,
different energies from 5 MeV/u to about 20 MeV/p and the unkncown
portion of the beam hitting slits ctc.

1.} F. F. Szlawvik, Activation of a 42 MeV Cyclotron:; Hcalth Physics
of Radiation Generating Machines; CONF B6& 02 106
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EFFECT OF HYDROGENQOUS SBHIELDS ON
THE AVERAGE ENERGY OF NEUTRON SPECTRA*

R. C. McCall and T. M. Jenkins
Stanford Linear Accelerator Center, Stanford, CA 94305

In a previous workl, the authors and colleagues studied pro-
blems of photoneutron transport in concrete rooms using the Monte
Carle transport program, MORSEZ and supporting experimental mea-
surements. From this work, an empirical methcd of calculation was
developed based on the average energy, E, of the neutron spectrum.
This method has been described in NCRP 793, Using this method, it
is possible to calculate the effect of metal shielding and also
scattering inside a concrete room based on E,and to provide a suit~
able conversion factor for converting fluence to either dose eguiv-
alent or tc absorbed dose. For subseguent shielding, TVL's for
polyethyvlene or concrete were given for two different geometries,
one from the accelerator moderated by a heavy metal (sphere gecm-
etry) and the cther from these same spectra modified by room scat-
tering (long geometry}. It should be noted that these TVL's are
for shields where the thickness is great enough that there is an
exponential decrease, and thus would overestimate attenuation irn the
first few centimeters (see, for example, Fig. 1}. The neutron
spectra used in this paper are as follows: 15W = photoneutrons from
15 MeV _on tungsten, 25W = photoneutrons from 25 MeV on tungsten,

Cf = 252Cf and 14W4W = photoneutrens from 14 MeV on tungsten sur-
rounded by 4 inches {10 cm) of tungsten.

While the TVL's given in NCRP 79 are correct for a given E,
provided the shield is thick encugh, they do not give any insight
intoc how the average energy of the neutrons changes with depth in
either concrete or polyethylene shields. It was felt that some
such information would be informative, and is the subject of this
paper.

When penetrating heavy elements, such as ircn, lead or tung-
ten, the average energy of the neutron spectrum decreases nearly
exponentially at first, and then approaches a constant value at
large thicknesses. This is expected since the major mechanism for
energy loss is through non-elastic scattering linealstic, (n,2n),
(n,p), etc.}. In hydrogenous materials, however, the energy loss
in most energy ranges is dominated by elastic scattering on hydro-~
gen nuclei. Thus, the macrescopic behavior may be guite different.

Using the MORSE code, we have studied photoneutrons penetrat-
ing heavy metals such as might be found in a medical accelerator,
and then subsegquently striking a concrete or polyethylene shield.
These spectra have been used in two different geometries. The
first is a spherically symmetric shield such as might he added
around the accelerator head to reduce neutron fluence, or might be
applicable to the accelerator room itself which has a direct view
of the accelerator. The second geometry is that of a long tunnel
or duct with the absorber at the end, representing the door at the
outer end of a maze. In the former case, the neutron spectrum

*
Work supported by the U.S. Department of Energy Contract
DE-AC02-768F00515.
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incident on the absorber is that from the accelerator {through the
heavy metal shield) plus the room scattcred neutrons. For this
case, a rande of values for E are of interest representing the dif-
ferent source terms. In the latter case, only room scattered neu-
trons reach the absorber. For this case, only a single value for

E is needed since the E of ncutrons reaching a door down a maze is
always in the neighborhood of 100 keV regardless of the acceler-
ator energy.

We have not found any simple empirical relations to describe
the effect of hydrogenous shields on E. Instead, wc present some
graphical data which should be of some help in analyzing measure-
ments. The spherical gecometry results are shown in Fig. 2 for
concrete and Fig. 3 for polyethylene.

The graphs cover the range of thicknesses which might be re-
guired for medical accelerator shielding. Frem the figures, we
note that there is always an initial decrease in E followed by a
slow hardening of the spectrum with increasing depth in the shield.
This is consistent with the removal of the lower energy neutrons
early in the shield.

Figure 4 shows the average cnergy outside a polyethylene
shield in a geometry such as a door into a maze. Again, we see the
rapid decrcase in the E focllowed by a gradual increase in E. The
attenuation of dose equivalent through such a door closely follows
an exponential with the TVL's as given in NCRP 79. When using a
fluence detccter to determine neutron leakage through the door, it
may be easier to measurc with the door open and calculate the re-
sult with the door closed rather than try to correct for thc ef-
fects of the changing spectrum through the docor.
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BROAD BEAM ATTENUATION AND HALF VALUE LAYER
DETERMINATICON IN BARYT CONCRETE FOR 150-400 KV X-RAYS

Dj. Ristié*, P. Markovidé®**, S. Vukovic®
®Radiation Protection Department
"Boris Kidrid" Institute of Nuclear Sciences, Vinéa
P.G.Box 522, 11001 Belgrade, Yugoslavia
*4Physics Department, University "Svetozar Markovié",
Kragujevac, Yugoslavia

1. TWTRODUCTION

Using broad tearm geomebry, the attenuatic oroperties for baryt
concrete, made cutbt of domastic baryt and on our own prescription (1),
have been studied for constant Y-rays potentials from 15%0-U00 XKV.

The density of the used baryt concrete was 3,6%x102 kg/m?. From the
experimentally cbtained attenuation curves, the half value were de-
termined, and presented in the paper.

2. GEOMETRY, EQUIPMENT AND INSTRUMENTATICN

The measuring geometry 1s shown in Figure 1., This geomectry is
to some extend result of our own experience in this field (1) but
also 1t meets all requirements cof the TEC recommendations for de-
fermination of Lhe prolective properties of materials wused faor the
protective shielding against X-radiztion of radiation guelity up
to 40C KV (3).

Lz a source of Y-radialio two types od X-ray eguipments, with
constant tube voltage, were uscd. Fhysical characteristics of the
useful begam are shown 1in fable 1.

The attenuation material consisted of sheets of baryt concrete
52x5%0 cm sguare. Tts thickners varied from 1 toc % cm, and density
of samples wag 3,06x107 kg/m3.

Data were taken to establish adequate size of the beam to in-
sure "broad beam" conditions. Results are shown in Figure 2. A LCcm

square field was found to be adequate c¢one, what agrees rather well
with other authors.

Measurements were performed by Victoreen ionisation chambers
model 130, 227, 683 nad 228,
3. RESULTS

The Baryt concrete attenuation curves for kilovotages from 150
to 300 KV are shown in Figure 3, and those for 300, 350 and 400 KV
in Figure 4.

From these experimentaly obtained curves the halfl wvalue layers
for the examined baryt concrete were determined. Otained results
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are presented in table 2. These values were cobtained for the end
pecints of attenuatiorn curves.

Table 2. Half-layers values for Laryt concrete { p= 3.6x10% kg/m3}

for broad X-ray beam

Voltage Values of half-layers Remark
(kV) {em)
150 1.250 RS tube: CMA 306
200 2.750 Filtration: 6 mm Al
250 4,275 Radiation beam: 40x40 cm
300 6£.065
300 5.950 R& tube: "ISOVOLT Yzov
350 T.275 Filtration: 3 mm Be
Loo 8.350 Radiation beam: 45x45 cm
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NEW GAMMA-RAY BUILDUP FACTORS
INCLUDING THE EFFECT QOF BREMSSTRAHLUNG

M. Abou Mandour and E.Ghanem
Dept. of Nuclear Engineering, Faculty of Engineering,
Alexandria University, Alexandria, Egypt

ABSTRACT

Despite the simple manner by which the transport equation can
ke derived, the solution of this equaticn is, however, difficult
to obtain on an exact form unless certain restrictions are to be
applied, which may consequently lead to unefficient solutiens.
This reason, tcgether with the complicated calculations to be done
every time the transport eguation is to be solved, led to the
development of the concept of the buildup factors. BApplying
the concept cf the buildup facteors, the radiation transport
calculations can be easily reduced to the use of the buildup
factors for the nuclear responses being calculated.

The ceoncept cf the buildup factors has been considered since
1951 and a large set of buildup factors was obtained. 1In mest of
those calculaticns, an important process in the Gamma-ray transport
through media, which is the bremsstrahlung process through which
secondary photecns are emitted by energetic electrecns, was neglected.

The effect of the bremsstrahlung on the buildup factors was
investigated in a somewhat approximated manner through a few
papers. Nearly, in all of them, the prccess was considered as the
average of multi-collision processes between the electron and the
medium atoms. However, because of the importance of this effect,
especially at high photon energies and for heavy materials, a more
exact treatment is developed in this paper.

In this treatment, the bremsstrahlung is treated as a single-
collision process. The calculations are carried out using the
Monte Carlec metheod, in which the complete photon-electron-photon
cascade is considered. The dose-buildup factors are calculated
for different source gecmeteries: Point isotropic, plane normal
and plane inclined sources and with photon energies of 6.0, 8.0
and 10.0-Mev, Two media are selected, lead and tungesten, as
irradiaticon media.

The results show that the values of the buildup factors are
increased by a factor ranging from 120% to more than 200%
depending on the initial photon energy, the medium wmaterial, and
the depth inside the medium. Good agreement is achieved in
comparing the results with the experiments.
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HUMAN RESPIRATORY TRACT MCODEL FOR RADICLOGICAL
PROTECTICN - A REVISICH OF THE ICRP DOSIMETRIC
MCDEL FOR THE RESPIRATORY SYSTEM

W. J. Bair*
Battelle Pacific Northwost Laboratory
Richland, Washington USA

The need for standardized values for various parameters describing the
inhalation, deposition, retention and translocation of airborne radicnuclides
in workers tfor the purpose of deriving exposure limits was addressed in
Tripartite Conferences on Radiation Protection [rom 1949 to 1953 {(KVO 1984).
At conferences held at Chalk River, Canada, September 29-30, 18549, and at
Arden llouse in Harriman, New York, March 30-2pril 1, 1953, agreement was
reached on a model for calculating radiaticn doses resulting fram inhalation
of radicactive aervscls when specific data were not available.  This model
was used in the 1959 report of the ICFP Committee II on Permissible Dose for
Internal Radiation (ICKP 1959)., It was assumed that 50% of an inhaled
aerosol is deposited in the upper respiratory tract, 25% js exhaled and 25%
is retained in the lungs. For soluble particles, it was assumed that the 25%
is ebsorbed and translocated to other tissues in the body. For inscluble
particles it was assumed that 12.5% is cleared in 24 hours and the remaining
12.5% is rctained in the lungs witli a half-time of 120 days.

This simple moxdel of deposition, retenticn ard clearance of inhaled
aerosols was the hasis for the limits for exposure to radicnuclides and for
calculations of doses to exposed individuals for both assessment and predic-—
tive purposes until ICRYF Publication 30 appeared in 1979, using much moere
sophisticated dosimetric and metabolic moxdels (ICRP 1979) . The model used
was a slight modification of that published in 1966 bv a special Task CGroup
on Lung Dynamics of ICRP Committee II, chaired by Dr. Paul Morrow {ICRP
1966) . Major innovations were introduced by this task group, including a
deposition mxdel not only based on but using dust sampling data. Deposition
was described for three anatanical compartments, which had both physiological
and radiobiological implications. The rioxdel made possible consideration of
hoth particle size of inspired aeroscls ard respiratory rate with respect to
fraction depesited in cach region: nasal, bronchial and pulmonary.

A quantitative kinetic clearance model was introduced that accounted for
material deposited in each of the three regions, Perhaps of greatest impact
was the classification of chemical carpounds according to estimates of their
expected tendency to be retained in the respiratory tract., This is the D, W,
Y classificatian; D class for those compounds expected to be cleared fram the
respiratory tract with a half-time less than 1 day; W class for campounds
with clearance half-tine of a few days toc months; and Y class for compounds
that are expected to be retained with half-time of & months to years. This
medel also provided for the transfer of inhaled particles to the thoracic
lymph nodes. The effort of the task group was a major scientific accomplish-
ment, It used and expanded upon the total relevant technical data available
and reflected the outstanding expertise and extracrdinary insight of the
Fekxers.

*Work supported by the U.S. Department of Encrgy under Contract DE-AC06-76RLO
1830
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The deposition and retention models developed by the task group provided
a sound scientiiic bhasis for ICRP Committee IT to calculate radiation doses
from inhaled radionuclides leading to recamendations tor Annual Limits on
Intake and Derived Air Concentrations that appeared in Publication 30, Task
group rodels went further than Committee IT was prepared to go in scme areas,
such as the transfer of radicnuclides to thoracic lymph nodes {Comittee II
elected tou combine the lymph nodes and lungs), but failed to address others,
such as the nasal passages. However, the omissions were insignificant
campared with the magnitude ot the advances in knowledge of inhaled particles
stimilated by the task group's report. After publicaticn of the 1966 report,
research on the deposition, retention, clearance and translocation of inhaled
aerosols intensified with studies on both hgnans and experimental animals.
This new knowledge led to the ICRP's decision to initiate a review of the
dosimetric model for the respiratory tract and a possible revision or devel-
opment of a new model., In 1984, the ICRP appcinted a task croup of Comittee
I7 to undertake the assignment., The members of the task group were selected
to assure that the broad spectrum cf biclogical, physiological, chemical, and
radiological aspects of inhaled radiocactive aeroscls could be capetently
addressed. The members of the miltinational task group are Fredrick Cross,
Richarc Cuddihy, Peter Gehr, Anthony James, John Johnson, Roland Masse,
Monique Roy, Willi Stahlhofen, and William Bair, Chairman, In addition,
numerous corresponding members were invilted to provide technical assistance
and to review drafts of the report. The following describes the status of
the effort in October 1987. The dosiretry model eventually adopted by the
ICKP may be quite different, since fmch work remains to be done.

Following a review of the current ICRP lung model, a basis way estab-
lished for a revision. Principal inadequacies of the current model would be
addressed, such as calculation of radistion doses tc the nasal and oral
passages; replacement of the D, W, and Y classification system for clearance
of inhaled materials where adequate information is avallable; and calculation
of doses for inhalation of gases. The revised model would use new knowledge
of depcsiticn and retention of wvery small particles {well below 0.1 um
diameter), regiounal deposition of inhaled particles, the distribution of and
abscrption of inhaled gases, and clearance kinetics for mumerous radicactive
compowids determined in humans and experimental animals., Knowledge cf the
morphology and the physiology of the respiratory tract has increased, the
relative regional sensitivities of the respiratory tract to cancer induction
is better understood, and desimetry modeling concepts and approaches have
greatly expanded., The major developments in computer technology during the
last few years have opened nmumerous possibilities for not only modeling the
intake of radioactive materials but alsc utilizing the nedel for projecting
and assessing radiation doses. The task group determined that a new model
should facilitate calculation of biclogically meaningful deses; shouid be
consistent with morphological, physiclogical and radicbiclogical characteris-
tics of the respiratory tract; should incorporate current knowledge; meet
radiation protection needs and be user-friendly by not being too sophisti-
cated; shoulé be adaptable to develoment of computer software to allow
calculation of relevant radiatior doses from knowledge of a few readily
measured exposure parameters; should be equally useful for assessment pur-
poses as for calculating ALIs; should apply to all members of the world
population; and should consider the influence of smoking, air pollutants and
disease.

The task group's approach was to converge separately developed morphclog-
ical, radicbiological, physiological, deposition, clearance, dosimetric, and



bicassay considerations into a cagprehensive rultipararmeter dosimetric model
for the complete respiratory tract. All will be addressed in considerable
detail in the report. An anatomical representation of the mudel is shown in
Figure 1, along with the regional compartments that can be identified with
respect to measuring deposition, clearance and retention of inhaled aerosols
and to the occurrence of necplastic diseases, the samatic effects of princi-
pal concerm in radiation protection. These campartments are the extrathor-
acic, ET, camprising the nose, mouth, pharynx and larynx; the thoracic
fast-clearing region, T{f}, corprising the 0 through l6th airway generation
{trachea through the terminal bronchioli); and the thoracic slow-clearing
region, T{s), comprising the 17th through Z3rd airway generation {respiratory
bronchioli through alwvecolar sacs) plus the thoracic lymph nodes.

Since the revised lung model is to be applicable to essentially all
merbers of the world's populaticn under both working and nomworking condi-
tions, reference values for numerous physiological parameters will be given,
Lung volumes, flow rates and respiratory rates either will be given feor
Caucasian, Asian and African male and females of varying height and weight as
a function of age, or guidance will be provided for deriving these values for
use in calculating radiation doses to the respiratory tract under conditions
of interest. The nodel will apply to both oral and nasal breathing, separate
ly and in camination; e.g., at ventilation rates several times the resting
value, it will be assumed that half of the intake is through the nose and
half through the mouth. The task group considers it necessary that the
dosimetric model aocommodate a wide range of physiclogical parameters because
they influence the amount of radicactive gases and particles inspired frem a
contaminated envirorment, as well as regional and total deposition of part-
icles within tle respiratory tract.

The proposed revised model addresses inhalability of aerosols and
deposition in extrathoracic tissues such as the nasal passages, pharynx,
larynx, and vocal cords. Depositicn in the T(f) region is assured to include
material rapidly cleared essentially by mechanical processes from airway
generaticns 0 through 16 (Figure 1}. Deposition in the T{s} region includes
material slowly cleared fram airway generations 17 through 23 by both mechan—
ical and solubilization processes as well as material infinitely retained
such as in lyrphatic tissues. Calculation of deposition of particles in
these regions as well as in various tissues within these regicns will be
based on morphometric models and experimental data from human subjects
inhaling test aerosols over a broad range of particle sizes.

1n the proposed model, clearance of particles is campetitive, occurring
either by mechanical or abscrption processes, and is assumed to be nonlinear,
with excretion a time-varying factor of the residual amount. Mechanical
clearance rates will be obtained f£from studies with human subjects. Tor
canpounds for which reliable human data exist or for which data can be
extrapolated from animal experiments, the model will use chserved rates aof
absorption. For otler campounds, default values will be used based on the
current D, W, and Y classification system. Mathematical models for calculat-
ing radiation doses to various tissues of the respiratory tract will be
developed incorporating expressions describing the deposition ané retention
of radicnuclides. Rather than treating the lung and lymph nodes as a single
organ and calculating an average dose, the revised model will provide for
calculating doses to tissues in all anatomical regicns identified in igure
1. To provide some perspective to the calculated doses, the task group will
assess the relative sensitivity cf these tissues to the induction of cancer
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FIGURE 1, Proposed Revised ICRP Lung Model

by radiation., This will alsc be useful in future partitioning a weighting
factor that might be assigned to the total respiratory tract for calculating
effective dose equivalent. The calculation of doses will follow the method
¢f ICRP 30 in which the committed dose equivalent in a target tissue is
determined by the energy abscrbed per unit mass from the radiation emitted
frem a scurce corgan, Compared with the current model, the proposed model is
expected to simplify calculating respiratory tract doses from bicassay data.
The task group expects computer software will facilitate but not be necessary
for using the revised dosimetric model for the respiratory tract.

This work is being coordinated with a similar effort undertaken by the
National Cowneil on Radiation Protecticn and Measurements in the United
States to minimize differences in the respiratory tract dosimetric models
adopted by the two organizaticns.
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QSTEOQSARCOMA INDUCTION BY PLUTONIUM-239, AMERICIUM-241 AND NEPTUNIUM-237:
THE PROBLEM OF DERIVING RISK ESTIMATES FOR MAN

David M. Taylor
Kernforschungszentrum Kaerlsruehe, Institute for Genetics and Toxicology,
D-7530 Karlsruhe 1, F.R.G.

Sportanecus bohe gancer (osteosarcoma) represents only apoutr (.33% of all
auman gcancers, bub 1t is well known to pe inducible ir humars by internal
contanination with AQadium-226 {1y and Radiom-224 121 . Plutonium-239,
Americium-241 and Neptunium-:237% form, or will form, the principal long-liwved
alpha particle enlitting components of high activity waste and "burat-up”
acclear fuel elements. These three nucilides depesit excensively in human bone
and althcugh, fortunately, no case of a human eosteocsarceoma induced by any of
these ruclides is known, evidence from animal studies suggests that all three
arc rmorc eftfeective than Rediam-226 in inducing ostecosarcoma (3,4,5,.6). Ths
assumdption that the ratio of the ZRisk Factors, the nurber of ocsiecsarcoma
expected per 10000 personfanimal Gy, for Radium-226 and any other bore-scexing
a.pha-emitter will be independent of animal species has formed the basis of
all. the Importart studies of the radiotoxicity of actinide nuclides i
cxperinerntal animala (7). The aim of thails communication iz to review the Risk
Factoras which may be calculated from the varicus arimal studies carried out
cver the last thirty years with PlutorZum-239, Americium~?241 and Neptunium-237
and toc consider the proklems which may arise in cxtrapolating thesc Risk
Factors 1o homo sapiens.

Data on osteosarcorma induction by each of the three actirnide nuclides are
available only for rats, but infermation for Plutonium-233, 238 and Americium-
241 has oeen obtained ‘n mice and beagles. Scome of the beagle studies are not
yoeb comoleted and scme of the rodent data were cobtained only at relatiwvely
hign radionuclide doscs: however, sufficient information is now available to
make & provisional evaluation of the Zikely Risk Factors fer mar for the three
most dmmortart actinide components of the nuclear fuel cycle.

The radiotoxicity of Plutonium-23% and Americium-241 in rats has been
studied by Soviet workers {4,8) and by Taylor et a: (3,9) folleoewing
intravencus intecticon of activities which yiclded an averaged radiation dose
to pone of about 7 Gy. For each of “hese nuclides the various sels of data may
be corbined to yield single Risk Factors for Plutonivem-239 and Americiom-Z41
of 440 {Standard DLeviatien (8D) 50 and 230 (53 207 respectively. The
difference between these wvalues is statistically sigrnificant and suggests that
Plutonium-239 is 1.% {SD 0.2) times more effective irn inducirg osiecsarceoma
thar Americivcm-24°,

Data for NeplLunium-237 are muchk less extensive and come from studies by
Soviet workers (6] and by Wirth {(l0). A aingle large U3 study ZIcllowing
inhalation of Neptunium-237 yielded nc osteosarcomas {(11). From the Soviet and
Cerman data Risk ractors for the male and female rat combired have Deen
caloculated as 1200 (Sp 130) at an average bene radiation dese of 3-5 Gy; 2500
{5 450) at 0.7-1.0 Gy arnd 370J (50 129C) at <0.15 Gy. These results suggest
that Neptunirm-237 may be more carcinogenic than Plutonium-239 and that chore
may be & trend towards higher Risk Factors at lower average absorbed alpha
doses to bone.

Studies of the relative radiotoxiclity of Plutenium-239 and Americlium-241
ir rice have been made by the Salt Lake City Group (12,13). These studies show
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no clear evidence for an effect of radiation dose to hone on the calculated
Risk ¥Factor and, for averaged deoses to baone ir the range 3 to 13 Gy, Risx
ractors of 730 ({SD 70} for Plutonium-239 and 270¢ ({SD 50} £for Americium-241
have been calculated. In this species Plutenium-239 appears to be 2.7 (S50 0.2)
times more effective than Americium-241 feor the induction of bone sarcoma.

The wmost wvaluable information wili come frcom Lthe as yet uncompleted
beagle studies in the United States. However, due to the kindress cof the
groupa in Salt Lake C:ity and Righland in publishing extensive data on the
progress of their studies it is pessible to make provisional estimates of the
Risk Factors for Plutonium-239, Americium-241 and Radium-226 at wvarlious dose
levels. It must be empnasised that the walues which will bc discussed in the
felliowing paragraphs are provisicrnal since they are kased on the present
author's analysis of daga which have not yer Dbeen fully analysed by the
original investigatcrs.

The Risk Factors caleculated for Dbeagles are shown graphicelly in
Figure 1. A1} three nucliides show Risk Factors which are significantiy higher
at low average alpha radiation doses to bone, as compared to higher bone
doses. Tais effect is most marked for Plutonium~-239% and is least for

5000

Pu-239

OSTEQSARCOMAS 7 16* BEAGLE Gy

AVERAGED RADIATION DOSE TO BONE Gyl 35

FIGURE 1 Calculated Risk Factors for ostessarcoma induction in beagles as a
function of radionuciide and average alpha radiation dose tTo bone.
Closed symbols - intravenous Injection (5},
open syrbols - intalation (14).
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Radium—226, Particularly noteworthy are the very different ranges of bone dose
over which the maximum risk is observed for the different nuclides, ZFor
Plutonium-239 the dose range is very narrow, about 0.1 to 2 Gy, as compared to
about 1.5 to 6 Gy for Americium-241. For Radium-226 the calculated Risk Factor
is similar {400 SD 60) up to about 25 Gy but reduces to about 170 and about 60
at average bone doses of 40 and 155 Gy respecktively. At average bonre doses of
about 1.2 Gy Plutonium~-239 appears to be about twice as carcinogenic as
Americium-241 (Pu/Am = 2.3 (5D 0.2)), but at the two higher doses shown in
Figure 1 this difference disappears. The risk Factor for Plutonium-23% 1in the
bone dose range 9.1 to 2 Gy for the Utah beagles, which received single
intravenous injections {5}, 1is closely similar to those which may be
calculated from the data of Park (14} for beagles which inhaled either
Plutonium-239 nitrate or Plutonium-238 c¢xide (these values are shown as open
symbols in Figure i),

All the Risk Factors discussed above were calculated feor adult animals,
for young adult dogs Mays et al (7)) nave calculated a Risk Factor of 7709
{5D 1200} at bone doses <1 Gy, a value about double that shown in Figure 1.
Thus the possibilicy that age may significantly affect the Risk Factor canaot
be excluded.

The quite large differences in the ranges of averaged bone dose over
which Plutonium-23%, BAmericium—241 and Radium-226 apparently exhibit their
maximum risk highlights the importance of a detailed understanding of Lhe
microscepic distribution of alpha particle radiation dose and the development
of cell-specific dosimetry for each bone-seeking radionuclide ({i5}. Such
models are under active Zinvestigation for the above nuclides in beagles, but
for Neptuniuvm-237 it appears probablie that any such cell-specific model will
have to be developed from studies in rat bone, a tissue with characteristics
rather different from human bone.

The data in Figure 1 show that for radiation protection purposes it is
necessary to calculate the Risk Factors from animal studies involving the
lowest meaningful bone dose levels available. It must also be recognised that
the Risk Ratios for pairs of radionuclides may alsc vary with the averaged
alpha dose to bone. From the human data for Radium-226 (1l6) at bone doses of
<14 Gy, a Risk Factor of between 50 and 100 may be calculated, 4 to 8 =imes
lower than that observed in beagles, and of the same crder as tne difference
in the spontanecus incidence of osteosarcoma in beagle and human. Thus using
the risk ratio concept, and assuming that at very low bone doses the relative
carcinogenicity of Plutonium-23% and Neptunium-237 are similar in rat, beagle
and man, the following Risk Factors for the three actinides in humans are
proposed:

Plutonium-239, 238: 1000 to 23900 osteosarcomas/10000 person-Gy
Americium—241: 500 te 1900 osteosarconas/10000 person—-Gy

Neptunium-237; 3000 to &C00 osteosarcomas/10003 person-Gy.
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LYMPHATIC CANCERS AND LEUKEMIA AMONG PLUTONIUM WORKERS

Gregg S. Wilkinson
University of California
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ABSTRACT

Recent studies of cancer incidence and mortality among plutonium workers
suggest elevated risks for certain lymphatic cancers and leukemias. An
investigation of cancer incidence among Los Alamos National Laboratory male
empioyees resulted in standardized incidence ratios of 2.49 (90 per cent
confidence limits: 0.98, 5.23} when compared with cancer rates for the state
of New Mexice. A study of mortality among 5413 white males employed for
at least two years at a plutonium weapons production facitity found fewer
deaths than expected for all causes of death, all cancers and lung cancer when
compared with U.S. death rates. MNo bone cancer was observed; however, an
excess of brain tumors was found for the cohort in general. Comparisons of
plutonium burdened with unburdened workers showed elevated rate ratios for all
tymphatic and hematopoietic cancers combined (RR = 9.86, 90 per cent confidence
Timits = 1,26, 94.03) and for all causes of death combined {RR = 1.33, 90 per
cent confidence limits = 1.05, 1.68) at 5 years induction time. Rate ratios
were also suggestively elevated for esophageal, gastric and prostatic cancers.
Aithough standardized rate ratios for several causes of death at several induc-
tion times increased with increasing exposure category, no overall linear
dose response trends were found. These findings imply that increased risks
for several types of cancers cannot be ruled out at this time for plutenium
burdened individuals.
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EPIDEMIOLOGICAL FOLLOW-UP OF URANTUM MINERS IN CANADA
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Ministry of Labour, 400 University Avenue, Toronto, Ontario, Canada.

INTRODUCTION

The hazards of exposure of uranium miners tc high concentraticns of radon
and radon daughters have been recognized for several decades. Quantitative
estimategs of risk based on epidemiological followup of exposed miners are
becoming increasingly available in recent vears. The present report deals
with four studies of Canadian miners; the results are compared with those of
two other major studies of U.S. and Czechoslovakian uranium miners.

RISK COEFFICIENTS

Table 1 summarizes the quantitative estimates of risk of induced fatal
lung cancers per WiLM of exposure to short-iived radon daughters. Lung cancers
appearing less than 10 years after first exposure are usually excluded in
these calculations in order to ensure better comparability of the data from
short and long term followup and to ensure that the risk coefficients are not
too low because of the inclusion of years of followup during which no effect
of radon daughter exposure ig anticipated (2}. These data thus represent the
average risk coefficients observed between 10 years after first exposure and
the end of the followup, at which time mest of the miners were still alive.

A major problem in all these studies is the reliability of the exposure
estimates. In general, exposure rates were highest during the earliest years
of mining and were decreased, primarily by improved ventilaticon practices, in
later years. However, monitoring of radon daughter concentrations was
infrequent or absent during the earliest yeare of mining; the exposure
histories of the early miners with the highest exposures and longest followup
have necessarily been reconstructed from minimal data. In the study of 15 984
Cntario uranium miners, estimates of radon daughter concentrations were based
on results of area monitoring in the mines in the early years or in cases
where no reliable measurements were availabie, on estimates provided by three
mining engineers who were familiar with the Ontaric uranium mines over the
early yvears of operation {B}.

The risk coefficients derived from these studies (Table 1) vary over a
range of about 10-fold. This is true both for estimates based on the relative
risk model {expressed as % increase in normal incidence of lung cahcer per
WLM) and on the absolute or attributable risk model (expressed as excess
rumber of lung cancers per 10 person-years at risk per WLM). Part of this
variarion is probably due to uncertainties in estimated exposures. The range
of risk coefficients appears to be compatible with the average values of 1%
increase in normal incidence of lung cancer per WLM or 10 lung cancers per 10%
perscon-years per WLM that were sugdested in ICRP Publication 50 (9).

MINIMUM LATENT PERIOD; EFFECT OF TIME AFTER EXPOSURE
Previcus studies have in general not shown a significant excess of lung
cancers within the first 10 years of followup after first exposure fo radon
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daughters in uranium mines. It is therefore of some interest to note that the
studies of Beaverlodge and Port Radium miners Doth showed zero excess of lung
cancers 0-5 years after first exposure but a statistically significant
increase 5-10 years after first exposure (1,7}.

The effect of age at first exposure has been examined in 3 of the
Canadian studies. HNo consistent trends in the risk coefficiernts were cbhbserwved
{1, 5, 7). Three of *he 4 Canadian studies showed a trend towards a decrease
in relative rigk coefficient with increase in age at the time of appearance of
ilung cancers {1i,5,6). A similar frend is probably valid for the followup of
U.8. uranium miners (10}. A more sophisticated risk model was also tested in
o recenl reanalysis of the Ontario data by Muller and co-workers (113}, In
this model, the increase in relative risk was assumed to be 9% during the
first 5 years after each increment in radon daughter exposure and best values
for relative risk were calculated for subsequent times after each exposure.
The available data on Ontaric uranium miners suggested an increase in relative
rigk per WLM of :.6% at 5-1C years, 3.4% at 10-15 years and 0.3% at 15 or more
years after each annual incremeni in exposure {11) . "he raw data from
certain other studies can also be fitted by a similar model.

EFFECT OF CIGARETTE SMOKING

Approximately 70% of the miners in all groups listed in Table 1 were
cigarette smokers. The Orntario miners' study included large groups of gold
miners and of copper-nickel miners as well as uranium miners. An excess of
lung cancers was observed in the group of gold miners as well as the uranium
miners, but not in the group of copper-nicxel miners, who are believed to have
a similar smoking history. The major cause of lung cancer among the golad
miners was cigarette smoking, as expected, with a relative risk of 7 for
smokers compared to non-smokers {12}, The excess iung cancers observed in the
goid miners group appeared to be correlated with exposure to high ore dust
levels in the earlier years of mining before 1945. Smeoking also increased the
risk of silicosis {(12).

Interactions between cigarette smoking and inhalation of radon daughters
were examined in the study of Newfoundland fluorspar miners. The data did not
permit a clear choice between the relative risk model, irdicative of a
multiplicative interaction, and the absolute risk model, indicative of an
additive interaction (5). Limited data from the Ontario study were compatible
with the hypeothesis of a mulrtiplicative interagtion (11). Other data have
suggested that cigarette smoking accelerates the appearance of lung cancers in
exposed miners, with the resuit that a multiplicative interaction between
smoking and radon daughter exposure is most evident at the earlier stages of
followup but absent or less evident many years after exposure (4, 13).

DOSE~RESPONSE RELATIOQNSHIP

The data from a:l 4 Canadian studies are compatible with a iinear, non-
threzhold reilaticnship between accumulated exposure and incidence of induced
lung cancer. The fluorspar miners' study did not provide any evidence of a
decreased response per unit dose at high accumulated exposures in the region
of 2500 WLM {5}, such as has been observed in the study of U.8. uranium miners
{2, 4, 13%.

LI®ETIME RISK ESTIMATES

The excess risk of death from lung cancers before age 70 has been
calcilated for maie uranium miners using both relative and absolute risk
models, the expected values for non-exposed males being derived from Caradian
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vital statistics (£,7). Using the average risk coefficients suggested in ICRP
Publication 50 {3), the wvalues are equivalent to a risk of 2.5-2.9 x 107° per
WLM. A total lifetime risk of about 3 X 10™* per WLM would appear to be a
reasonable choice, assuming that exposure to radon daughters at any age
resulted in an increased risk of lung cancer which continued throughout life.
If the relative risk model were correct, the risk to non-smeking miners would
of course be appreciably smaller (9). Assuming that increased risk ceased 15
years after each exposure, the lifetime risk would be closer to 1.7 x 10™* per
WIM for male miners exposed to 1 WLM per year from age 20 to age 55, based on
the time-dependant relative risk coefficients which were derived from the
study of Ontario miners. Further study of miners exposed at younger ages only
would be required to substantiate this latter medel.
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TABLE 1. EZETIMATLE OF RTSK OF ITNDUCED LUNG CANCER TH VARICUS GROUPS OF
MINERS
Group of mincrs Averago Excess lung cancers Reference
estimated appearing more than
exposure in 10 years after first
WLM EXNDOSUTE

o

% increase per Excess cancers

WLM in normal pcr 10% person-
incidence years per WIM
tldarado Port 2437 0.27 3.1 1
Radium uraniur
.8, uranium 1780 3.3-0.45 3.5 2,3
0.8-1.4" 6" 2,4
Nt ld. fluorspar 348 0.9 6.4 5
Ontario uranium 33 1.9 9.7 o
1.3+ 7.2%
Czech uranium, 310 1.8 19, 2
started 1348-5Z
Eldorado Beaver_odge g 3.3 21, 7

urarnium

N

44% of the person-years ab rlisk in the category with <5 WIM and with no
excess lung cancers were oxcluded for this calcouiation.

' Calculuted for groups receiving lower exposures (<360 WLM) only.

Risk coefficients for the group of miners with no prior experience in
gold miring. Cata based on "speciai WLM" estimates (6,8) are nol included.
B T4% of the person-years at risk in the category with <& WLM and with no
pwcess lung cancers were excluded for this calculation.
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LUNG CANCER MORTALITY OF URANIUM MINERS IN FRANCE
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ABSTRACT

An ecpidemiological study of the uranium miners in France has been
plarmed In order to study any excess of cancer mortality, mainly from
bronchogeniec lung cancer and to establish a relationship between this
excess mortality and the radon daughters exposure. Tt includes abeut 2000
mincrs having entered the mines between 1947 and 1972, This cohort study is
actually continuing, the dozimetrie data of each miner, collected from
different files, having to be verifiecd and complcted before being entered
in the [inal analysis.

The wvital state of these miners has been studied up to december 1985.
We observed a significant excess mortality compared te the national
population of the same period, excess of cancer morvality, and of lung
cancer deaths, The exposure of the uranium miners having largely changed
during the year 1956 when several radicprotection procedures have been
introduced such as : ventilation, systematiec individual recording of the
exposure of each miner ... the excess mortality by lung ecancer is discussed
by studying separately the group of miners having worked underground before
1956 and those having entercd the mine between 1956 and 1%972.

INTRODUCTION

The cpidemiological study of the French uranium underground mincers has
been organized 1In order to sutudy any excess risk of cancer mortality,
mainly of bronchogeniec lung cancer, iIn relation te the occupaticnal
exposure. The studies on uranium miners in the U.5.4. (1) ,{2), CAKADA {(3),
CSSR  (4) showed an excess vrisk of lung cancer mortality for those miners
having cumulated more than 100 WIM" during their working life.The French
study gives us the opportunity to study this risk of lung cancer martality
in function of relatively law annual exposures cemparcd to those of the
U.5. miners; the mean annual expousure of the French underground miners is
comparable to that of the Canadian miners, but the mean duration of
underground uranium mining in Canada (less than wwo years) Is shorter than
in the French study. Conseguently, this study may be able to give an
estimatien of an excess risk by WIM cumulated during the working period,
but may alsoc contribute to the study of an eventual excess risk linked tao
the annual dose level,

* 1 WIM (working lewvel month) corresponds to an éxposure fto a concentratiaen
of 1 WL for a period of 170 hours. 1 WL 1is equivalent to any combination
of radon dauphters in one liter of air that will result in the emission of
1,3 x 10° Mev of alpha energy in their complete decay through Folonium 214.
This petential alpha encrgy will oceur when 100 pico-curies of Radon-222 in
onc liter of air is in equilibrium with its daughter products.
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The factors implicated in the etioclogy of lung cancer being numerous,
some of them like social class and especially tobacce consumption ought to
be taken in acecount during the study of che lung cancer risk of the uranium
miners. Tobacco consumption may be registered after iInterviewing the
uranium miners, if they are still alive, or by collecting this information
in the medical files. Informaction from the family of the deceased may be
biased 1if they know the cause of deach. They unconsciouly may enhance
information collected about a given factor, known teo be carcinogenic.

METHODS

The protocol of this study has been deseribed previously (5) . The
cohort includes all the uranium miners having worked underground for more
than three months and having entered the mines between 1947 and 1972. This
study is part of the large dosimetric survey program of the French uranium
miners, «collecting the individual annual data of the exposure to short
lived daughters of Radon-222, to long-lived radicactive dust, and to gamma
radiacion. The preliminary analysis of the cancer mortality of this cohort,
in relation to occupational exposure, is limited Eto those miners having
experienced more than two years of exposure to the short-lived daughters of
Radon-222, and having a complete individual dasimetric survey. (n = 1632).

The mortality of this cohort is compared to that of the French
national male popularion of the same calendar period, standardized on the
age distribution by the indirect method of standardization. The observed
number of dearhs of a given cause is compared to the expected number and is
presented in a ratio, called the standardized morrvality ratic (S5MR). The
statistical significance of the observed excess (p - values) is calculated
in a one-sided ctest, based on the hypothesis of a Poisson distribution of
the observed values. The number of person-years at risk of dying (PYR) is
caleulated wup to the date of death, or, for those still alive up to the
actual endpeoint of the survey period : the 31" December 1985.

The search of the causes of death presents some difficulties in
France, mainly for those workers dying when retired (after age 535), or when
having 1leaved the mines Ffor already a long period. We have no legal
possibility to access to the national files of the mortality data. The
medical staff of the uranium wmines wmnakes large efforts in order to
follow-up all of the miners.

Nevertheless, at the present point of the study, in the cohort of
those having worked for more than two years, 14 % of the deceased miners
have an unknown cause of death. 65 % of these unknown causes of death are
observed in the group of underground miners having worked for less than
5 years, and having entered the mines before 1957.

RESULTS

During the period 1947-1985, the 1652 miners having worked underground
for more than 2 years, have been followed up for a mean period of 26 years;
their mean number of years of underground exposure is 13 years. At the end
of 1985, 79,5 % of these miners where still alive their mean age being 57
vears. Table 1 shows the results of the mortalicty of this cohort, and the
cancer deaths significantly in excess in comparison to rthe national
population.
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Table 3

Cohiort having encered the mines before 1956 (n = 767)
mean survey = 78,5 years

Yorcalicy |Obs. Numb.j SMR | Statisc.
: Signif.
All causes | 215 1,321 9 < 10°%
All cancer i a2 f1.a1; 7 < 1072
Lung cancer 27 fZ.??i p < 107%

Table &

Cohort having entered the mines hetween 1936 and 1972
(n = 385} mean survey @ 23,7 years.

Hortalicy (Cbs. Numb, | SMR| Statist.
Signif.
All causes 124 1,43 N. §.
ALl cancer | 37 1,14 Y. §.
Lung cancer | 14 |1,93] p = 0,02




Table 2 presents the mean amnual exposure to the radon daughters
(in WIM"). It indicates an important modification during the period 1935 to

1956, In the year 1956 large radioprotection procedures have heen
introduced in the mines : wventilation, systematic recording of monthly
exposurc of each individual... During the period 1947-1955, the miners have

indeed been exposed to a larger cxtent than during the follewing period.
The exposure during this first period had to be estimated retrospectively,
and it will be difficult to appreciate 1f this exposure has been
overestimated for some individuals or if it 1is reflecting the real
individual cecxposure of this period. Consequently, we decided to analyze
separately the mortaliry of 2 subcohorts, separated in function of thelr
date of first underground mining. Table 3 is indicating the mortality data
of those having entered the mines before 1956; Table 4 includes the same
results caleculated on theose having begun underground mining between
1956-1972.

DISCUSSION

The study of mortality of causes other than cancer having not yet been
realized, we cannot conclude if all of the excess mortalicy is linked to
cancer mortality or if part of It can be explained by violent deaths, as
secn  In most of the studies of underground miners. The excess of cancer
mortality scen on the whole cohort, refleccts essentially the resultis of the
cohort. having been underground before 1956. But this first cohort has a
longer survey peried than the second one, 1s older and so has a longer
latency peried and a betiter chance to show an excess risk of cancer. In
both of the subcohorts, we observe a significant excess of lung cancer
deaths. This excess may be linked to the radon daughters exposure and to
othier dusts present in the underground environment, but it can alse be in
relation with the tobacco consumption which has not yet been controlled in
this study, or with exposure to raden daughters at home, which has to
be discussed in this evaluation. Expressing an excess risk by unit of
exposure without standardization on tebacco smoking implicates that the
tobacce consumption and radon exposure are two independant factors. At the
actual vpoint of our study, the wverification of the dosimetric data is
rather complete and the collection of the tobacce consumprtion Is in
progress. The opportunity of studying this second facter in a ceohort study
or in a nested case-control study is under discussion.

CONGLUSION

At the actual point of the study, we confirm the excess lung cancer
mortality of these French underground miners, which ig significantly in
excess in hoth eohorts, but the verificatien of the tobacce facter in these
2 szubcohorts is necessary before realizing a dose-response analysis in
relation to the radiation expousure or estimating a risk factor.
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EFFECTS QF PARTICLE SIZE DISTRIBUTION IN THE ANALYSIS
OF BIOASSAY RESULTS FOR AIRBORNE EXPOSURE INCIDENTS

Richard Belanger and Eric Hope
SAIC, 10210 Campus Peint Drive, San Diego, CA 92121

and

Patrick Papin
San Diego Slabte University, San Diego, CA 92182

ABSTRACT

A study has been conducted of the variations in retention and dose predicted by
the ICRP-30 model for whole-body counts and urinalysis. Various isotopes and
chemical forms are examined and compared. The variation in retention and dose
due to marticle size distribution is examined in detail. Calculations are
compared against the United States Nuclear Requlatorv Commission UNIBIQ code.



ONCOGENES IN RADIATION-INDUCED LUNG TUMORS

M,E. Frazier, G.L. Stiegler, L.L. Scott,
5.R. Peterson and R.J. Rausch
Pacific Northwest Laboratory
P.O. Box 999, Richland, Washington 99352, UGsa

ABSTRACT

Oncogenes in Radiation-Induced Lung Tumors. M, E. Frazier, G. L. Stiegler,
L. L. Scott, S. R. Peterson and R, J. Rausch. Pacific Northwest Laboratory
P. 0. Box 999, Richland, Washingtaon 99352, telex 15-2874.

This research examines the role of known oncogenes in lung tumors that develop
in animals following the inhalation of 238py and 23%9pu, The standard NIH 3T3
transfection assay was used to detect dominant-acting transforming oncogenes
present in plutonium-induced tumors. The genes responsible belong to the ras
family. Cloned viral homologs of oncogenes labeled by nick-translatjon were
used as probes to analyze DNA from tumor cells and from radiation exposed
nontumorous cells from the same animais. Novel {tumor-specific) restriction
fragment length polymerphisms were detected in the DNA sequences of ras genes
from some plutonium-induced tumors, Levels of ras gene transcripts were also
higher in the tumors than in normal tung tissue from the same animal. These
studies indicate that a ras oncogene is activated in plutonium-induced lung
tumors,

Evidence is accumulating that oncogenes activated by certain chemical carcino-
gens contain characteristic molecular changes in their DNA sequences, The
molecular lesions in the activated ras oncogenes of plutonium-induced lung
tumors are being characterized in order to determine whether alpha-radiation
induces distinct changes in the DNA, If so, the changes may serve as molecular
markers for identifying radiation-induced DNA damage in cancer-causing genes,
Such markers could provide a means of examining the relationships between risk
and causality.

Work supported by the U.S, Department of Energy under Contract #DE-ACO6-76RLO
1830,
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PLUTONIUM PARTICLE AGGREGATION AND PROMOTION OF
PULMONARY CARCINOGENESIS FROM INHALED PLUTGNIUM

C. L. Sanders, K. E. McDonald and K. E. Lauhala
Biology and Chemistry Department, Pacific Northwest Laboratory
Richland, WA §9352

Radiation doses delivered to focal areas of lung from aggregations of
inhaled 239pu0y particles elicits a sequence of focal changes, including
inflammation, fibrosis, bronchiolar hyperplasia and adenomatous_bronchiali-
zation that precedes the promotien of malignant lung tumorsl-4,7. Nonciliated
Clara cells in terminal bronchioles may be target cells for most induced
carcinomas in the rat lung from inhaled plutoniuml. These cells differentiate
and proliferate during normal, hyperplastic and metaplastic rencwalb.
Prometicn represents a clonal amplification of initiated cells, facilitated by
increased cell division fellowing tissue damage and repair stimuli, such that
they express the neoplastic phenotypelQ,

METHODS

Young aduli, SPF, Wistar female rats were either sham-exposed (361 rats) or
exposed to an aerosol of high-fired 169yb-239pu07 with an AMAD, of 1.6 = 0.11
am (303 rats}. Initial lung burden (ILB} was determined in individual rats by
whole-body counting for 169Yb at 14 days post-exposure. Radiation dose to the
whole lung was calculated based on ILB determinations and time to death after
inhatation using a two-exponent lung clearance function {About 80% Z39pu
cleared with a half of 20 days and 20% cleared with a half-1ife of 200 days)
and a lung weight of 1.6 g5. Dctermination of plutonium particle distribution
by guantitative autoradiography in the left lohe (using I1ford K-5 emulsfon and
a four week exposure) was carried out in a 5 um sections of exposed rats with
Tung doses from 0.35 Gy to 20 Gy. Lung sections were examined with a light
microscope using a 6.3 X objective and a 12.5 X eycpiece containing an ocular
micremeter divided into 100 sguares using a 10 x 10 matrix, with the side of
each square measuring 150 pgm. Each star (point source of >4 «-tracks) was
considered to represent one particle. A particle aggregate consisted of more
than one star present in one or more adjoining squares of the grid; particles
in all adjeining squares were considered part of the same aggregate. The area
encompassing each aggregate with >25 particles was also measured with the
ocular micrometer.

RESULTS

Median lifespan ranged from 620-690 days post-exposure for lung doses of
0-10 Gy, and 460-560 days at doses of 12-20 Gy. Plutonium particle aggregation
was common in alveolar regions of the lung (Figure). No aggregates with >25
particles were found at lung doses of about ¢l Gy. Aggregates with 25 parti-
cles were nearly always associated and surrounded by inflammatory and fibrotic
tissues. At doses >1 Gy, the number of aggregates with >25 particles increased
in a linear manner from 0.2% at a dose of 1.4 Gy to 8.2% at 20 Gy; at 8 Gy
about 4% of aggregates had >25 particles (Table). A total of 307 aggregates
with >25 particles were counted in all dose groups (range of 26-515 and a mean
+ S,E. of 58 = 1B particles/aggregate)., The mean « S.E. of tissue volume
containing aggregates of >25 particles was 7.5 + 0.2 x 106 43, with a range of
1.4 x 106 u3 to 2500 x 108 3. A mean dose of 1.2 cGy per day was delivered to
the mean aggregate tissue volume, containing >25 particles; each particle was
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assumed teo be 0.12 ym in diameter. Daily doses ranged from (.002 cGy/day to
53 cGy/day, depending upon particle number and tissue volume.

Figure. Aggregation of inhaled 239pu0y particles in rat lung: 1left, light
microscopic autoradiogram; and right, scanning electron microscopic autoradio-
gram.

The incidence of all lung tumors {about 80% of which were carcinomas)
increased rapidiy, starting at a lung dose of 1.4 Gy, increasing to a maximum
tumor incidence of B3% at B Gy (Table). No further increase in lung tumor
incidence was seen at lung doses »B Gy. The maximum Tung tumor incidence at 8
Gy was associated with a plutonium particle concentration of 130 particles/cm?,
an aggregation concentration of 25 aggregates/cm¢, a mean of 4.0 particles/
aggregates, and 4.0% of aggregates having 25 particles.



Table. Relationship of initial lung burden §ILB) to particle aggregation and
pulmonary pathology following inhalation of 239Pu02; values are means =
standard error.

Number IAD Dose to Lung, % Aggregates: % Lung

of Rats kBq Gray >2h Particles Tumors

36l 0 0 0 0.6

39 10 + .003 .35« .01 0 5.1
40 .20 = ,003 73 % .02 0 0
35 .38 = .01 1.4 « .06 0.2 « 0.1 h.7
35 71 = .02 2.6 = .4 0.9 + 0.3 11.4

28 .94 & .03 3.4 &+ .05 1.1 = 0.4 21.4
17 1.2 * .02 4.5 =+ .06 1.8 + 0.7 35.3
17 1.7 = .07 5.9 1 .15 1.6 £ 0.7 58.8
18 2.2 =+ .04 7.9 =+ .11 4.0 = 1.4 83.3
13 3.0 « .29 10 £ .15 3.5 £ 1.1 76.9
20 3.5 = .18 12 £ .12 4.9 « 1.6 80.0
22 4.4 & .17 15 £ .2b 5.3 2 1.1 77.3
13 5.9 = .17 20 x .38 8.2+ 2.1 78.9

DISCUSSION

Inhaled 239puQy particles are initially deposited in alveoli in a random,
uniform fashion, mostly as single particles. Each individual submicron 239puQs
particle is incapable by itself of eliciting an inflammatory or fibrotic re-
sponse. However, inhaled plutonium particle aggregates formed during the first
year after inhalation, particularly in subpleural and peribronchiolar regions
of the lung, are capable of inducing these lesionsZ.7, Plutonium-238 micro-
spheres introduced inte the lung of rats by intravenous injection have been
largely ineffective in inducing lung tumors8. However, lung tumors are induced

by aggregations of 239Pu0y formed in lung tissue following transthoracic injec-
tion¥.

About 80% of the total Tung dose is delivered during the first 90 days
after plutonium inhalation, amounting to a mean daily dose to the whole lung
during this period of 7 cGy in rats recciving lifespan lung doses of 8 Gy. Yet,
the mean deose-rate to focal aggregate regions at the time of death was only 1.2
cGy per day. Chronic «-radiation damage and cell death in hronchioles adjacent
to Targe plutonium particle aggregates results in a wave of proliferative
repairl. Aggregates >25 particles and lung tumors were infreguent at doses <1
Gy. At doses of >1 Gy there was a positive association between particle
aggregation, of sufficient size to initiate focal inflammatory and fibrotic
lesions, and lung tumer induction. The steeply rising portion of the dose-lung
tumor curve for inhaled 239Pu0y {from 1.4 to 8 Gy) appears to be due to the

formation of large plutonium particle aggregates adjacent to bronchioles, that
promote the appearance of Tung tumors.

Work supported by the U.S. Department of Energy under Contract DE-AC0B6-76RLO
1830.

180



[S4]

10.

REFERENCES

R. Masse. In, "Pulmonary Toxicology of Respirable Particles." CONF-
791002, NTIS, Springfield, VA, pp. 498-521 (1980).

C.L. Sanders, G.E. Dagle, W.C. Cannon, D.K. Craig, G.J. Powers and
D.M. Meier., Radiat. Res. 68, 349-360 (1976).

C.L. Sanders and J.A. Mahaffey. Health Phys. 41, 629-644 (1981).

C.L. Sanders, K.E. McDonald, E.S. Gilbert and J.A. Mahaffey. 1In,
"Radjation Protection-A Look to the Future," Proceedings of the 25th
Hanford Life Sciences Symposium, Richland, WA, Health Phys. (in
press), 1987.

C.L. Sanders, K.E. McDonald, B.W. Killand, J.A. Mahaffey and W.C.
Cannen.  In, "Life-Span Radiaticon Effects Studies in Animals: What
Can They Tell Us?", CONF-B30951, NTIS, Springfield, VA, pp 429-449
(1986) .

E.M. McDowell and B.F. Trump. "Survey and Synthesis of Pathology."
Rescarch 2, 235.

K. Rhoads, J.A. Mahaffey and C.L. Sanders. Health Phys. 42, 645-656
(1982).

C.R. Richmond. Health Phys. 29, 525-539 {(1975).

C.L. Sanders and J.F. Park. In, "Inhaled Particles III," ¥ol. I,
Unwin, 01d Woking, UK, pp. 489-498 (1471).

M.J. Slaga. "Mechanisms of Tumor Promotion." CRC Press, Boca Raton,
FL (1983).

181



COMPARAISSN DE LA LDISSOLUTION FULMONAIRE DU TETRAFLUORURE LW URANIUM
AUX TESTS DE GISSOLUTION IN VITRO

S.ANOREL | H.METIVIER', G.LANTENCISS, D.AUGET! M.EBOYER®, R.MASSEL
1-CEASIFSN/DFS/SFES Section de Toxicologle et Lancerologile Expérimentale
BF 12, 71580 Bruydgres le Chétel, France
Z-CEASDAM/ Laboratoire d'Analyse de Biologie Medicale
BF 7, 7?7181 Courtry, France

INTROOUCT I0N

Le tétrafivorure duranium est un intermédiaire importart lors de
la conversion du concentré en métal! ou en hexafluorure. Dans le but dieviter
toute surestimation ouw sous-estimation de 1a chargae pulmonaire, en Ccas
d’inhalation accidentelle 8°UF;, la surveillance medicale du personnet,
nécessite de connaltre parfaitement son devenir bioloogigque {(Métivier et al
17687 .

Cependant dars te cas précis d'UF, les travaux expérimentaus
tentant de déterminer 1a classe de sociubilite de ce composé ont montre
d'importantes contradictions. Yuile ({1973}, Durbln et Wrenn (15751, et
finsobarla (1933} indiguent Gu'lF, se comporte comme un compos# insciuble,
Galibtrin et Farfenov {19711, Cooke et Holt (107 41 et Htradiing et al {1985,
indiguent gu’'UF4 ce comporte comme un compose moderement soluble. Toutetois
ia DIFR {1979 a classé ce composé dang le groupe W des composés mayennemsnt
transtérables.

Le Dut de notre &tude etalt de déterminer ia ciasse de soiubilite
drun @chantilton industriel 47Ur, aprcc exposition puimcealre chez le rat et
le simge. MNous avons etudie ‘alimination wrinaire et ia  clailrance
pulmonalre de 17uraniwn chez ie rat 2t le scinge, aprés exposition & de
faibies guantités d'UF; par inhalation ou instiliatien intrstrachéale. Les
réasuitats ont £ete camparés svec ceui ocbtenus par un test de dissciuticon
chimigue tKanapilly &t al 1973},

iz rats ont é&té utiiisdss dans cette &tude. Huit rats
Wistar et 23 rats Bprague—lLawley pecant 220 g au débur de | 'expérience ant
iwnhalé par vole sgche ta poudres &°UF 5 Bn provenance de !usine de italvest
(Francel . Hait rats Zpragut lawi:ey pgesant 220 g au début de 1 'expérience ont
regus par vole initratrachéale & ug d'UF 4. Deux sinees babouipns (Fapic papio!
male et femelie pesant 7,3 et 5 kg ont regu  par vole intratracheale (60 ug
d'UF, .

Immediatement aprés ! inhalation les rats 2t les singes zont placés
individuel jenent en CAdES &2 métabol isme, ies bl recudeiliies
ind:vidueltes=nt &t guotidiesnnement. Les rats ayant  innale UF,;  sont
sacrifies sgquentiellement, par groupes de 4; 24, 45, 72, %4, et 14E heures
aprés T7inhalation., Les rats et les singes avani regu une institlation
unigue cnt ét& maintenus &n ceges 4 métabolisme pour une durde de 20 Jours.
Au sacrifice, 1! a été prélevd Te poumon, le foie, '=oc reins gt les fémurs.

Les tests de dissclution chimigue dévelaopés par kKanapilly (19731 ant
ete utilisés preécédemment par Cooke et Holtr (1%74), Ansgborlo (1383) et
Etradling et a1l {198%) L2 dissolution dyvnamicue d°UF; par un ftux
traversant {4ndré et al 1587z d7up mitieu simulant le sérum sanguln (Gamble
9e7y, A 37 O'C, ouyoEné ou nen, & éte étudids pour déterminer eftet de
1'ouydation sur la dissoiution d= c= composé.

Les concentrations d'wanium dans les urines, tes liguides d‘élution du
test de dissolution chimigue ant é&té dosées par une méthode fluorimétrigue

Deux so
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‘uranium sont catcinées A

dir9cte Les organes ou tez filtres contenant de
o gorimétrie. e niveau de

S0°C pendarnt 2 heures avant d'é&tre doséz par f
détELtlﬂn de cette technigue ezt de 5.1077 va/mi

FESOLTATE
Inhalation - Lz moyenne ces charges pulronaires initiales des rats
11,75 ug) a eté détermings & partir des dosages effectuss aprds chague
inhatation sur 4 animawy:. La rotention poimcnaire est faible. Son évoluticn
au cours du temps peut Bhire décrite par une exponhentielle =imple d'équation
= 1'04 e ,78} powr Jaqueille on peut calcwler Ty, = 7,208 .
ez résultats 1nL1quLn+ que la dissotoatian df UF4 est rapide. T

L@limination urinaire montre peu de varmiations entre les 7 premiers
Jours guil swivent 1 7inhalation, le taur die:eretion est constant (tableau
ti. la mavenne des taux dfexcrefion winaire realisée 4 partir de ces
donnges et provenant de 1'ensemble des rats derne une valeur de 0,18 ¢ 4,12
107 par  Jour. La fizat:on dfuranium dars ies reins représente i de la
charge pulmonaire dés 45 heurss apsés 1 7inhalation et demeure Constante
pendant 7 Jours., Les charges hépatigues et ozseuses se sont rdsdlden
inférleures 4 Ya Yimite de déteciion.

Instillation intratrachéale ~ Les charges pulmonalres initiaies
rats sacri1fids apras ©instiilation &tzient respectivement de :
ug. Lfinstiltation de 3.9 ml d'une suspension d’UF4 A 4% ug/m!
estimation d2 1a charge pulmonaire des singess de 160 ug.

Le taux d'diimination uwrinaire moyen, mesurégﬂgur 9 Jdaurs
et le singe est respectivement de 4,2 + 0,7.10°¢< st 2,5 +
cingtigues d’'élimination winaire étudides cher les deus espere
Jjotrs p:w\enr etra décrifes par des sxponent:elles :lmE gs déguia
7,18 o Wsl6t - 0,55 pour le rat et v = 1,52 &7UUIL o= 0 gy

=

|+

pour le
singe,. L -éliminatian wurinaire cher e rat est donc pius rapide que celie
obzervée cher e singe.

Entin les résulteats aprés anstiliation intratracheate sont identigues a
ceux abtenss aprés 1nhalation (Takleao 20,

Test de dissolution chimique - Les rézultatse de dissolat:ion chimique
indiguent que 1roxvydation d'UFy; tiemt un o rdle prépondérant  dans  2a

dissoclution {Tahiteau 3. En effet, pandant les scixante premidrss heure
Aeluzion Te taus de dissolotion cowr te "Gamble” additionne digiveéne est 5
a4 14 fols supérieuwr aux tawx observd pour le "Bamzie" sewl et 1g "Gambia"
additionng 4'argon. Suel que soit Je miliee J'&icbkion, on observe une
augmentation continue de la guantitéd d'uranivm disscat durant les &0
premizres heuwres puls une diminetion trés nette des guantités d'uranium
solubpilisses soit apres la H0EME haure df&1ution nour P oargon soit o apres 1a
FOETE sour te “Gamble" seal. Liapparition de ces faibles gquantités d'uranium
dissoutes coincide avec le mement ou tes ilguides J7&Tuhion ont Até
remplacés ators gue tes itiguides d’&lution dorigine se sont probabslement
chargés en oxygéne a partir de 17a&1r ambiant. & cet instant, 1a dissolution
de 'UF4 par lg lizuide de "Samble" additionné d oxvaRne ==t S0 fois
supérieure & celle du liguide de "Sambie" non gxvaéné et 20 foisz supérieurs
a c2lie du Tiguide de "Gamble" additiornne d7aracn. Les faikles vateures de
dissolution restent stabiez pendant guarante heures et ne réaugmentent
quau-delad de ta 10G2me 2our ie MGBamble” seul st pour Yargon confirmant
ainsi  1'oxyesnation des mitiews dfélutian a  ifair apbiant. Le taux
d’8lution moyen du “Bamble” oxygéne de la 10%™2 & ia 100" peure est de
2,34 ua/ml¢sh. Ce guil correspond compte tenus des 40 mg de poudre placéde sur
le fiitre & un faus de dissolution par 24 heures de 3,4.107%,

Mo

DISCUSSIOoN

ta rapidité de la clairance pulmonaire che:z le raft est corntfirmes par le
. P . . . X _ =3 . . .. .
Journzliler d’élimination urinaire de 2,4 10 <, En 7 jours 17&limination

1B3



urinaire regrésentes 40% de la charge pulmonaire initiate, compatiblie avec
une valeur d’épuration puimonaire de S04 pour cette pericde sachant par
ailieurs gue la charge rénale & 73 est de 7%,

Le test de dissolution chimigque réalised <=ans ouygéne montre an

caractére d insglubhiiité d'UF, compatible avec les conclusions d/Ansoberlo
(YHT) . & 1'inverse, foxyvaenation du mitieu célution ertraine une
augmentation d un factewr 50 de Ya fraction dissoute. Ceci peut s’expliguer

par |’onydation d’'UF, en UlzF-, compos? trés soluble. Lorsquion compare la
dissolution en miliec non oxvgené danz leg tests in vitro 3 celle gui 4 Tieu
dan=s un organe caractérisé par une grande surface continuel lement oxygénde
i1 n'ezt paz surprenant d’observer des résultats s1 contradictoires. les
resultats obtenus par les tests do dissgiution en milisw oxygend montrent
bien gue la dissolutian de |°UF; passe au moins par cette é&tape de
trafsformation. En effet, le taux de dissoiution 27°UF, par Z4 heures en
miliew "Bambis" ouyaéneg (3,4 Xi, est eguivalent aux taux d'élimination
urinaire des rats et dee singes (4,3 et 2,7 L respectivement!.

L‘épurat:isn pulmonalre, apres inhaiation chez le rat, ainsi gue
P7&timination urinaire chez le rat et 1e singe, elle méme zimilaire ao taux
de dissolution de 's poudre industrietle d'UF,, en milisu aamble ocoygene,
montrent uu’UFq ezt un compSse sofubie A Tlasser cans la catégorie 0 de 1a

[

classification de a2 CIFR.

Les auteuars tienment & remercier Mme [.Gi1 et Mr D.Renault pour 17aide
eftficace gqu’ils ont apporté tout au long de cette atude,
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Tableau 1. Tawxi d'excrétion urinaire Jjournaltier en feonction de la charge
pulmonaire initiale apres inhaltation de poudre séche d’'UF4 chez e rat.

Temps Sprague-Dawl ey Wistar
A} 6,5+ 0,9 102 n=a 9,5 + 5,4 1072 0 =6
1z 6,7 + 4,6 ,m‘:’ n= 7 7.5 + 0,8 ltii"i n =4
J2 16,3 + 2,9 .io_i n= ig .6 + 1,1 10_: n=4:ag
4 to,0 + 1,5 .10"2 n==5 6,3 + 1,3 io"i n =4
17 2.4+ 1,4 107" n=3 B,4 + 3,4 107 n=3

Tableay 2. Compararson des taux déltimination urinaire Journalier entre le
rat et le sinde aprés inhalation ou instillation intratrachéale (moyenne sur
106 jours exprimée en pourtentsas de 1a charge pulmonsire initiale) .

Inhaltatian Instillation
Rat SO Rat MWistar Rat S0 Babouin
9,5 + 2,2 7,3 + 4,B 4,8 + 0,7 2,9 +0.,3

Tableauw 3. Reésultats du test de dissolution chimique avec le tiguide de
"Gambie" {(Serum simulant} chauffé & 37°C en présence d’'oxyagéne ou d’argon.

Temps "Gamble" seul ‘Gambie" + O "Gambie" + Argon
{H} fug/ml} fug/mt) fug/ml}
2 0,4 1,3 3,7
) 2,3 3,7 1,6
10 0,4 4.4 1,7
20 1,0 3,3 2,0
30 1,8 b,7 1,7
40 3,0 9.5 1,4
S 4,5 7,3 1,6
&0 4.9 10,2 3,3
7a 0,2 10,5 O,b
BO 1,2 11,6 0,8
20 0,2 12,4 0,4
i00 0,4 13,1 (Y-}

L]
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INTRODUET X T4
g walzur de fransteef
car la CIFR pour tes cndfart
aus ia valeur aculie (CIRPR 42, ion s apouls sur des
studec réztizées avec dif+srents mamm1feres quli ort m;rtré que 17 absorntion
azstrnintesztinale des actinides pas 1B mogvesy npe 2taid onviron 100 fois
nlus &levdés gque chez §7adulte Douwr la toute premiers période ©e Ta wvie, Le
olus, contrairement & 1 aculte, on akserve chez le nouvsau-n® ura rétention
impartante dez actirides dare 'e trscitus gastroictestinal o (Suiliwvan 19B2,
Su'iivan et Ghorar 1982, Suilivan et &1 198%, Dsavid et Harrison 12E4,
Bhattachzarvva et al. 1784, Bomford et Harricsorm 1584, Fritscr st 2t 1957k},
Cette augmentation de 1 absorpiion aastroirtestinalie des actinigdes chez
e nooveaw & semble 2tra azsccide a iz permdabilité accros de 1 intestin

racommandesa
f51s plus glevee

atix  macromolécules oo Yait materne’  esserntislles 4 T facguisitior ds

Primmurite, Maiz hien que 1 7'nmomme acquiset con immunifd avant 1a naissance

Ut ausmertation de §absorction asstrointestinale est obasie car mEme
1

chez les espdces comme iz Zobave, cou ! facguisition ds “immurité rn’est pas
postnatale on chserve  egalament urme  audgmentation de 1 "absaragtion
gastrointestinale do Fu et de Sm. Cecl pourrait s’gepliguer par le passaas
de moiécules plus petites gamma—3|lonulines telle 1a lactocferrine
tle le piutonium +ormsrait des camplsees  (RBomford et Harrizon

Bisn oue toulours largement supgrieurs &4 1 aduite, abzorption
rointestinale var:ie considérabiemsnt d7une espére & 1 Tauire cher Tes
@y 398 de 1 eou I gJours: chiens, &% {Suilivan 1580, porcziet 13%
Tivar 1580% ., rar 1-3%  (&Eltivan 1985, Bhattacharwva et 31 1§84,

Hamsters 3-4% (Lavid et Farrison 1984), cohave, 2 1980, Bomtord

ang Harrizpon 19840 .

Ch=z les rongeurs, hamster {favwid et Harricon 19841, rzt (Ehattacharyya

et &l. 1984, Fritsch et ad 1?8733, cobave i 19840,

Prabzerption du pivtonium decrcit la néricdes de

actation pour atteindre "a valeur de 1aduite vers : du sevesae. Ciesh
1 : 1

a pariir de retts phseswvation go
erfants.

Devant ftoutes cps incertitudes, le orobléme du modéle amimal pesmstbant
Ta meilleure extrapolatiorn & 1 'homme reste posé. o 23t pourguol nous avons
gtudié V’absorption gastrointestinaie de mentunium =2t du piotoniam chez une
espece antmale plus proche de 1 hamme; e sinpe babouin. nouvs  rapportons
tci nps premigrs pésuitats relaztitz A Ta variation de 1 absorption
gastrointestinale en fonction ge 1 7&ge desz nouweaux—nséz .,

MATERIELS ET METHODES

Animaux: L=s babouins nouveaus-nés {Fapic aio! mates ou femelles sont
neés dans notre animsierie. ITce spnt mainicnus on cage indivicusl s aver leur
mera qui regoit wne &limentaticn constitude de feuitz et 2z grapplés du
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1

commerca; lfeat de boisson est donnée A& valortd; Teur Sz au gavage  est
rapporteé dans le tabieaw ci-fdecssous.

Préparation et administration des radionucléides. =2 Neptunivm ) 239 a
gtg séparé de Gm-Z43 par  chromstooraphie  comme rnous P avons  décrit
précédempent  (Meétivier =t a', 1%¥67). Juste awveant 17administration, la
spiution de Nsptumium  dams HND- DN est ditude au dixiéme; ia mazse de
Meptumium ingérde a éte d'EnVlFDH—G,702 ua/ka de peoids corpovel

Le plutomium 222 oatilizé était en miliew citrate O0.1M, 1a masse de
niutonium ingérés &tait d'environ Fua/kg et 1Tlactivite d'environ 3% ullifka.

Toutes les sciutions ont 2té <iltrédes 4iitre Millipore 25 nmd} avant le

gavaqe bt aucune perte de radioactivits n'a été ooserves,

‘ingestilan desz solutions Iml) a &téd effactuse =zgr Teoc apimauvs ron
aresthésidés & ! alde d'une sonde gastrique {Minerve, Paris, Francel. fpros
i ipgesztion @5 nodvead: nés sont maintenus  ave leur mére en cCage 3

-
me&taboiisme. ie probiéme dz 1a contamination croisde urine, fécas =t faces
mérs  nouwveal-ngE  npous A condult A exprimer m3s resultats oen terme de
rétention et non oe tacteur de transfert.

Détermination de 'a quantité de radicnuclédides retenue. Guapirs jaursg
apréz 1iingestiaon tes animaux sont anesthesigs et zacritidés,. Le sanc est
préleyd par cathétérization de ta carotide. Le tractus gastrocintestina:, le
taig, lez reins, Ies fémurs et lzs hum@rus sont préleves eh analvses
céparément, Les poumons sont dgalement praievés comms tdmoin & 'une ingestion
correcte., Le MNeptunium contenu dans Tes tissus o2t tTes escréta a0 &té
déterming par détect:on des sayons gamma. Le plutonium 238 a Ate determing
s0it par mesure dirgctie des raies X de son descendant, soit par la fechnigque
de Eegough et Fowers (1570}, La retention totale dee actinides 3 éte obtenue
ern additionnant la quantiié diactinides contenue dans le zgusliette, estimee
partir des valgurs frouvées pous Tes fFémurs et les humdrus maltiptiées par
7.9 iMgtivier et al 1734, du fpie, du zang (représeptant 7.7% du poids
—orporel! et des reineg.

-

RESULTATS ET DISCHSSTON

SEFV%tluﬂ du taplzal ci-desszous sembie indicuer dne diminuetion
progressive de la reptention du Neptunium et du plotornivm ertre ¥74ge de 1 st
34 jours. Pour 1= nepturiun la retention passe d= 40 & 2 <pois la valeur de
P faduite nmour les dges de 4 et 24 Jours respectivement. Yalewr adulta:
0.042% + 0,006 %, Mé&tivier st a} §1984). La rétention du Flutonium chez la
nouvesu-ne de ! jour est 1S fois supérieure 4 ce2lle de 1adulte (GLO15YE +
GL0G5 %, Laraiilade et al, résuitats non pubkiidger, =lle est de 11 +nis la
wateur de Yadutte & 17 jours et est réduite & 7 fois 1a valeur de 17adulte
A 1'age de 34 jours (Tableaw 10.

e neptunium et e mlotonium sont retenus dans Ya parol intestinale,
principalement dans 1-1leun, tout omme le dBcrit zuilivan (1980 et Fritsch
et al (1987b) chez 1= rat le porcelet et 1o ccbays apres inoestion de
ciotonicm. Toutefois, che: le sinmgz nouveau né, ta r~atenticn dans le tractus
gastrointestinal rescte inférieure 4 1% de 13 dose ingérée alars gu’=llz peut
atteindre 34% de la dose de pigatonius ingérée cher le rat de 1 Jour
1Sultivan 1980 .

Tout gcomme chez leg rangeurs, mails 2 un deard mnindre. Ta rétention  du
Ful et du Np aprés inaestipn gastroantestinaie che: e singe houvead-ng est
superisure & celle de 1 adulite; 15 & 30 +ois cheL e =inge contre 70 & 100
fors chaz le rat.

Les valeurs de ta rétenticn du Np & 172332 de Z6 jours et de celle du Fu
& 34 gours (3 et 7 fois la wvalewar de 17adulte respectivemsnt! laissent
supposer que cetis reiention atteindra Ta vatew de 17adulte avant 1'&doe du
savrage camne C ezt cbhservé che: les ronasurs, puisgue 1= sewvrrage intervient
chez le pabouin entra 4 et 5 moirs.

T
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shez 1e singe 2 deémarquent dec waleurs obitenues

par Crawford-Brown (1985 epn o wue d'ume extrapolation

gue le sinmae est plus procbe op 1 'homme que ies

rongeurz de par za periode de sewrage, sa durde de gestaticn, sa durde de
vie, lextrapolation & partir do modéie de Crawford-Brown peut &tre remise
en cause., Lependant dec expériences suppiemeriaires sont indispensabies

pour condirner o 1nfirmer cette hypaothése,
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Tahleay: Effet dp 17zae sy 1z retention du Weptunium et du Flutonium chez lg sinoe
nouvaau -né aprés ingestion de nitrate de Meptumium 239 et de citrate de plutoniumZ38,

Nitrate de Np Citrate de Fu
age au 4g 4 Ed Bd 14d 7hd 24h 173 34d
Qavaoe
dose 435 Z50 149 o0 380 420 41 33 3
(uCi/kg:
Tissus Fourcent de ia dose inoérés
Fouman G003 02 0.60056 00005 000005 Q0T Q.000S 600092 (0004
Sque'ette 1,65 0,183 0,14 0,683 0,107 0,204 0L18884 9,100
Fole Q.05 BLEE G003 ST 0010 G,0020 0.0075  0.071 00,0064
Reins 0,015 QL0035 £.0015  0.00L&  0.0018 00035 0.0023  0,00082  0.0005
Sang 00064 0,003 00,0011 09,0008 0,0028  0.0005 0.0038  0,0038 nd
Rétentinon .71 L2007 o.1ds 0,15% D458 6,117 G,2205  0,1699  0.1049
totale
Tractus 51 Fourcent de la dose inggrée
Fstomac  C.0L0 0L006F 0.0 0,032 0002 00032 0038
Dugdenym  &.011 {041 0.087  0.038 0.0048 (0052 0031
Jajunin 0.012 0 0.0096¢ 0.042 0,007 0.0038 0007 G007
leun 0.0B3  0.08%  0.092 0,01t 0,047 0,017 3800 02820 0.09%
Calon G023 0,002 0,013 40009 0,000¢ 0,004 0110 0.00348 D.0057
Rétention G.13% 0,094 0,1346 0.0A%3 00,1434 0,095 asizZ  0,EZ76C 0,14874

totale GI

rdsnon détectable
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PHAGOCYTE ACTIVITY OF MACROPHAGES IN LUNGS OF

HUMAN AND RATS EXPOSED TO 239Pu02

Tang Peil, Wang Shoufang, Chen Ruscng
Institute for Radiation Protection, MNI
P.O. Box 120G, Taiyuan, Shanaxi, P.R.o. CHINA

ABSTRACT

This paper introduced that the macrophages of human lungs and
rat lungs in vitro after cxposed to ’*°Pu0, collected by means of
washing lung method to study the difference of phagecyte activity
between human and rat macrophages. The “?*?pu0; with MMD 1.3um
was introduced into rat's lung by intractracheal injection,
observing the correlation for phagocyte action of rats in vive
and in vitro.

The results showed that the phagocyte index of rat lung
macrophages in vivo and in vitro increased with the length of
exposed time. The phagocyte index was 1.65 and 1.77 for cxposed
time of 72 hours (P>0.05), and the phagocytec pcrcentage was
89% and 85% respectively. 1In invitro the phagocyte index and
percentacge were 1.49 and 1.72, 92% and 89% respectively (P>0.05).
The numbcr of both macrophages in human and in rats were over 85%
in whole lung washing liquid and their diameters were 12.53 and
11.35um respcectively.

By scanning, thecre were a lot of folds and microvilii on the
surface of control human cells. Dut after 12 hours exposed, the
folds and microvilli of treated cells reduced or disappeared.

Interested in the results suggested that the similar actien
was appeared in rat macrophages for invove and invitro model.
In invitro, the difference of thc phagecyte activity of macrophages
between human and rat was not significant. It scems possible to
mcan that experiment for invitro may represent that feor invivo

and the results of cxperiment in rat be able to reflect that in
human.
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DOES THE GI TRACT MODEL OF THE ICREP PROVIDE RELIABLE DOSE ESTIMATES 7
P. Roth, Ch. Hansen, E. Wernevr

Ges. f. Strahlen- und Umweltforschung, Inst. f. Biophysikatl.
Strahlenforschung, 6000 Frankfurt am Main, F.R.GERMANY

[NTRGDUCTION

For many essential and non-essential elemenis are the details of the
intestinal absorptive patnways still pooriy understood. There is increasing
evidence that the wal’s of the small intestine are a more selective tissue
than previously thought. As an example, Figure 1 illustrates the phenomenon
of a transient intestinal retention component for ingested iron in man.
After oral administration. there is a continuing excretion of iron for seve-
ral weeks, far ltonger than the gastrointestinal transit time {as evidenced
by the whole body retention of 1Cr, wnich was administered simultaneously
as a non-absorbable marker), and also far peyond the iifespan of the entero-
cytes. This fraction of the ingested iron can not have been transferred to
the blood before, since after intravencus administration there is only a
margina: excretion during that period {(Fig.l}). Since this transient iron
retention in the gut watls depends on the body iron status and on patho-
physiological conditions (1,2), it appears to reflect a hitherto unknown
physiolagical mechanism which regulates iron apsorption. Simitar fine struc-
tures in the absorptive pathways are likely to exist also for other essen-
tial and non-essential elements.

1D - Lo n o —{———n o ) =]
SgFe
i.wv.

c.8
i 59pe
& F.C.
— 0.6 -
o
“
&
H
=
T 0.4 1
A
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—
c
i
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0.2 = o

o
b}
o T T T 1
0 5 10 15 20 25 Els)

Time after application {days})
FIGURE 1. Whole body retention of intravenously administered J9Fe

{a), crally administered 59e (b}, and orally admini-
stered dlCr {¢) in a healthy male subject.
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These findings suggest that the current ICRP model for the gastroin-
testinal tract {3) might considerably underestimate radiation doses to
the intestine, since this model does not account for any details in the
absorptive processes. In the present study we therefore used the example
of intestinal radiociron absarption in humans to evaluate the dosimetric
consequences of a medified GI tract model.

RETENTION OF IRON IN THE GI TRACT

Absarption studies were performed in 23 healthy subjects with nor-
maj body iron status. The protocol of the absorption test is outlined
in Table 1.

Figure 2 shows our suggested TABLE 1. Protocol of the radio-
g
modification of the dosimetric mo- iron absorption test.
del for the gastrointestinal tract.
Instead of a direct transfer of 2? :Eﬂ't"r13:b{°=:s car
. . . . wilt norma L ™an = = us
activity from the smail intestine o
to the systemic circulation, as in Test dosa: Lzuk:‘ g§;°"‘7:“ :’te"
. = N —a LT a [:=]
the ICRP model, the revised ver- 200 s amemrnto metd
sion takes account of retention of ima s Smg ¢ 10mg 7 20ma Fel'
activity in the walls of the gut. (ferrous suiphate)
According to this model, the whale 0.a Mag “TCr ;szcr“a)k ,
. r—abrmor a a8 mar 2r
body retention of the orally ad- (ner
min1stered radio-nnon can be des_ wWhale body retention measuremeantbs
: . . of Zlcr and "Pre for 3 - 16 weeks.
cribed by the following equation:
INGESTION
STOMACH
(8T
¥
A
e e B
S”ALL(é?;ESTINE EnTERODCYTE BLoop
X ] ¥
) W
MacroPHAGE Tissue
UrPER LARGE GorLET-CELL COMPARTMENTS
Intestine (ULDD
¥
LowER LARGE
IntEsTINE C(LLT)

Mo

EXCRETION

FIGURE 2. Modified dosimetric model four the pastro-
intestinal tract.
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t
Ryg = Fy + F,RA(E) + (1-F =F)-R(t) - Fz-wa(t'}-RL(t-t'}-dt'
o

with f : fraction of administered activity transferred to the
1 .
blood and tissue compartments,

f : fraction of administered activity taken up by the gut
walls but not transferred te the circulation,

t) : retention function of f?; R.(t) = f rexo{- A -1},

2

R (t) : retention of non-absorbed activity {gastro-intestinal
passage).

o

Table 2 shows the values ob-

tained for the absorbed fraction TABLE 2. Absorbed [raction (f)) and

{fy) and the submucosal retention temporarily retained activity com-
component (fz, Ay ). In normal ponent (fy, Ayl of orally administered
subjects abo&t 1/3 of the radio- radioiren in healthy subjects (mean

tron taken up initially by the ab- values + SD).

sorptive cells is finally trans- Wodified
ferred to the blood and tissue [CRP - Model Cl-Tract
compartments, whereas 2/3 are tem- Model
porarily retained in the gut walls
aUd re-excreted_into the Tumen du- £ 0.1 0.20 + 0.09
ring the following weeks. 1
DOSE CALCULATIONS fy - 0.41 & 0.248
The calculations of absorbed
doses were based on the MIRD con- WCHES - 0.24 ¢ 0.18
cept (4) and were performed accor- W
ding to ICRP Publication 30, with {n = 23}

the modifications of the GI tract
model as described above.

The doses to the inner organs differ between the two models only with
regard to the individual fi-values (ICRP: fy = 0.1}. According to the modi-
fied GI tract moael, the dose to the gut wall has three sources: i. from ac-
tivity transferred to the blood and tissues; 2. from the activity retained
in the gut walls {and re-excreted into the intestinal lumen}: 3. from the
activity in the Tumen (non-absorbed and re-excreted). It was assumed that
2/3 of the absorptior occurs in the ducdenum and 1/3 in the jejunum. Iron,
temporarily retained in the gut walls was thought to be uniformly distribu-
ted in half of the organ masses {ducdenum: 30g; jejunum: 140q {males}, and
125g (females)). This was based on the assumption that the iron is retained
in the gut wall but rot in the muscles of the gut.

_Table 3 compares the doses to the gut from orally administered 55Fe
and 59Fe as caiculated accarding to the two GI tract models. The doses to
the gut walls from activity in the lumen and in the blood and tissues
{Dp41—»yy) are very similar for both moedels. The additional dose component
to the gut wall (Dy_.y), which is not considered in the [CRP model, however,



changes the total doses significantly. For 59Fe as well as for 55Fe, the
doses to the duodenum increase by a factor of about 20, and to the jejunum
by a factor of 3, as compared to the ICRP wvalues.

TABLE 3. Radiation doses to the gut after oral administration of 59%c and
e, Comparison of ICRP data and values caleculated according to
the medified GI tract model.

T
|
n
Radio- | Dosimetric Dy wy (NSv/Bal | Yy (NSV/BQ)
N |
nuealide modol |
=1 LI L LI | Cucderum o junum
i
TR 30 Z.1 i = | B _1a 1 _— _—
b 7
Fe . q
Maodi Fied Z L& [+ a 3] B.ai2.0] | RE_5{w48)  a_Ziie)
ICRPE model |
t
|
. ICRP 30 0.1z o.17 0.30 ! — —
e !
Modif ied
ceitie 0.71 (+0.09) D.76 +0.08) 0O.37 (+».08] 1_87(-1.:0 0O.19 115
ICRP modol - - il
L
[ p] Bel — ¥ : Radiaticn dose to tne gqut wall From astivity in b age and @amen,
D I ; Radiatio- dose te the gut wa™™ Fre= activity retainec in the gut wall [and re-exrreted late-).

CONCLJSIONS

Although radioiror is of 1Timited interest in the field of radiation
pratection, it serves as a goecd iilustration that the absorptive pathways
of radicnuclides deserve further investigations, especiaily in humans.
Furthnermore, any particular eiement should be considered in its own pea-
culiarities ana dosimetric models used should be based on a more physio-
logical foundation, whenever such infermation is available.
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GASTROINTESTINAL ABSORPTION OF SOLUBLE URANIUM
FROM DRINKING WATER
McDonald E. Wrenn, Narayani P. Singh, Herb Ruth
and Dave Burleigh
Radicbiclogy Laboratory,
Oniversity of Utah Schocl of Medicine

This manuscript describes results of an experiment at our
laboratory to determine the gastrointestinal absorption (GI) of U
from drinking water in twelve healthy adults. Preliminary
results obtained in four and eight subjects have already been
reported {5,8). The degree of GI absorption of envirconmental U
by humans 15 not well known. In 1983, Wrenn et al. {1) reviewed
the published data on GI absorption and distribution of U im the
body. Estimates for the fraction of U absorbed by humans varied
tenfeold, from 0.8% to B%, with a consensus "best estimate™ of
1.4%, The International Commission con Radiological Protection
{ICRP} has recommended the use of 5% for the GI absorption of
soluble U by occupationally-exposed workers (2). The GL
absorption of U in man may be affected by other factors also.
Sullivan et al, {3} and Willis {6) found that the absorption of U
is three to seven ktimes higher when given te rats on a fasting
stomach than with focd.

MATERIALS AND METHODS

Consumption of Water Containing Uranium and Sample
Collection: Twelve volunteers, normal in kidney function and
free of any indication of complicating pathology, were selected
after careful detailed medical, hematological, biochemical and
urological examinations at the University of Utah Medical
Center. Subjects collected 24 hour total ocutput of both urine
and feces each day for seven days s¢o we could establish their
normal background of intake and excretion of U. Then during the
next day (between 9:30 a.m. and 3:30 p.m.) they drank, at their
normal rate of drinking water intake, 900 ml of water containing
approximately 90 pCi 238y and 90 pCi Zibq, Urine and fecegs were
caollected for seven more days.

Determination of U in Urine and Feces: The concentrations
of U ilsotopes 1in urine and feces were determined by a radio-
chemical procedure developed in this labeoratory {7). Urine
samples, spiked with 232U tracer, were wet ashed with HNO3 and
H202 until all organic materials were decomposed., Uranium was
coprecipitated with iron hydroxide using ammonium hydroxide. The
precipitate was washed several times with ammeniacal water,
dissolved in concentrated HCl and the acidity was adjusted to 10
M. Uranium was extracted into 20% tri~-lauryl amine {TLA] solution
in xylene twice, back-extracted with 0.1 M HCl and electro-
deposited onto a platinum disec., Uranium content and the tracer
yleld were determined by counting the platinum disc in a solid
state alpha-spectrometer. The fecal samples, spiked with %32y
tracer, were dry ashed in a muffle furnace at 450°C, raising the
temperature slowly in increments of 50°C, followed by wet ashing

with HNO3 and H,0,. The coprecipitation, extractions, back-
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axtraction, electrodeposition and counting were performed as
reported for the urine samples.

RESULTS AND DISCUSSION

Most of the U ingested is excreted in feces in the first two
days following ingestion of the water. However, in one or two
cases we found that fecal excretion was slower and three days or
more were required before urinary excretion returned to normal.
The daily urinary and fecal excretion of 23%y and 23By were
determined as well as the volume of urine and mass of feces
excreted each day by all subjects. Figure 1 showa a typical
pattern.

The gastrointestinal absorption of U was estimated as

follows:

Net urinary excretion of U 1

g rbed = - - - =
absorbe Amount ©of U in drinking water *E

where net urinary excretion is that above background for 3 days,
and £ is the average cumulative fraction excreted in the urine
over 1 days, equal to 0.79 as reported by Spoor and Hursh for 6
human patients injected with uranyl nitrate (8). The amcount of U
in 0,9 litre of drinking water was calculated from the measured
concentrations of 23%p and 238U in the water.

The results obtained by this technique are given in Figure
2. The absorption was the same for 2349y ana 238y for each
subject. There was wide variability in absorption among subjects
ranging from -0.02% to 2.6%, with a mean of 0.6%. The
disttibution appears to be bimodal with 60% of the subjects
absorbing less than 0.2%, Low absorption may be due to the
concurcrent ingestion of focod, as demonstrated in rat (3,4).

The dietary intake of U can be inferred from the results

“ \ Case A
i . 3 7 :‘ ]
B Eavia
) [ .
i -
.- - ;-
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S NAN L AN

FIGURE 1. URINE VOLUME, FECAL MASS AND URINARY AND
FECAL EXCRETION OF 238y anp 234y,
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% U Excreted in Urine of Total U Ingested in Water

Case 238y | 230
A 0.11 0.16
B 0.47 0.52
C 0.03 -0.04
D 0.13 0.18
E -0.02 -0.02
F 1.43 1.46
G 1.26 1.2%
H 0.07 0.08
I 2.10 2.13
X 0.12 0.08

Average | 0.37 0.58

FIGURE 2. G.I. ABSORPTION OF U

obtained in this study. The background urinary + fecal
excretion of 238U over seven days for all ten subjects

averaged 5.45 t 0.59 pg/day.
excretion of U is the same as total U intake per day.
daily intake of U from inhalation is very low (a reference
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At equilibrium the daily

Since




intake of 0.0042 wyg/day) {(2), most of the daily intake should
be from diet and drinking water. In our study, about 20% of

ingested U came from drinking water, assuming 1 litre per day
wakter intake {(6). The U in water is high normal for the U.S.
(91.
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SOLUBILITY CLASSIFICATION OF YLELTOWCAKE PRODLCED BY A
BRAZILIAN URANIUM MILL

Elizabeth S5. Mansur and Suely M. Carvalho
Instituto de Radioprotegdo e Dosimetria
Caixa Postal 37025, Rio de Janeirov; RJ, Brasil CEP 22602

ABSTRACT

Bivcassay interpretation is very difficult in case of intermnal
exposure to commercial yellowcake produced by uranium mills. This
is because variations among the uranium compounds produced are J
believed to he process or site specific,and so are their dissolutio
characteristics in lung fluid.

An in vitro study was perfeormed to determine the solubility
vf the yellowcake produced in a Brazilian uranium mill to permit
classificarion of the inhaled material and to aid biopassay interpre
tation. The powder was taken from 6 different lots of yellowcake
produced during a 6 meonth mill operation periocd, and the amount of
Lranium was determined by neutron activation analysis. Results can
he expressed as:

-At ALt

F=fe "I +f,e

| and A= 01693
i Ti/2

where F is the fraction of the uranium undissolved; f1 and f£3 the
Hissolution fractions of the more soluble and less scoluble portions;
and T1/2(1i)} and T1;3(2),their associated half-lives for dissclutiomn.
values of £1, T1/2(1), and £2, Ty142(2) for lots 0Ol and 02 were equal
fo B4.2%,10.7 h and 15.8%Z,12.9 days respectivelly. For lots 03 to 06

resuits are 70,8%, B,8 h and 29.2%, 30.9 days respectivelly. The

folubility experiment indicates class D and class W compounds,

(S .



UK STANDARDS FOR EXPCSURE TO RADCN DAUGHTERS IN DWELLINGS

G.A.M. Webb and M.C. O'Riordan
National Radiological Protection Board
Chilton, Didcot, Oxfordshire, 0X11l ORQ, UK

ABSTRACT

The National Radiological Protectijon Board has issued formal advice on
the standards to be adopted in the UK for control of exposures to radon
daughters in exif}jng dwellings and for changes in building procedures for
future dwellings'*’.

The standards are based on those recommended by the International
Commission on Radiological Protection but adapted to circumstances in the
United Kingdom. The matters taken into account by the Board when
formulating its advice, and which are discussed in the paper, include the
conversion from measured concentrations of radon to effective dose
equivalent and the impiied levels of risk, the comparison of these tevels
with risks from other causes, the numbers of dwellings in which various
annual doses are likely to be exceeded, the geographical distributien of
these dwellings, the likely costs and effectiveness of various remedial
measyres and the degree of domestic disruption.

The action level for existing dwellings setected by the Board was the
same, 20 mSy per annum, as that recommended by the ICRP, but the Upper
Bound for new dwellings of 5 mSv per annum was lower than that suggested by
the ICRP.

(1) Exposure to radon daughters in dwellings, NXNational Radiological
Protection Board, ASP 10 {1987},



PUBLIC EXPOSURE TO RADON DAUGHTERS

A D Wrizxon, B M R Green and J C H Miles
National Radiological Protection Board,
Chilteon, Didcot, Oxon, 0X11 ORQ, UK

INTRODUCTION
Twe surveys of indoor exposure to natural radiation in the

UK have been carried cut, a representative national survey and a
selective survey ©f regions where above average radon concen-

trations were expected (1). Doses from both gamma rays and radon
daughters were determined. C(omplementary studies were alsoc made
of the doses received outdeoors. The focus here however is on

indoor exposure to radeon daughters.
NATIONAL SURVEY

This survey was carried out te determine the general
distribution of radiation levels in dwellings, to search Eor
correlations with the factors that might influence them and to
improve the estimates of exposure of the population. The
dwellings were selected systematically from the UK housing stock.
The survey was conducted by post, measurements of radon concen-
trations in the living area and main bedroom being made with
etched-track detectors (CR-39 detector elements) over a whole
year. Information on the characteristics of the dwelling and
relevant living habits of the occupants were obtained by use of a
guestionnaire. Of about 5,000 householders invited to take part,
54% agreed to participate. Of these, B8% {more than 2,000)
completed the survey. This is a small fraction of the 20 millicen
or so residences in the UK but was regarded as adegquate if
corrections could be made to any biases in the responses.

The distribution of radon ceoncentrations feor each dwelling
weighted according to the average occupancy of different rooms
{45% of time at heome in the living area and 55% in the bedroom)
is given in Figure 1. The distribution is approximately
log-normal. The arith@etic mean, corrected for bias injthe
sample, was 20.5 Bg m ° and the median about 13.6 Bgq m ~. The
highest concentration found was 50 times the mean. The concen-
trations were strengly related to the local geclogy. Dwellings
on clay had the lowest whereas those on more permeable
sedimentary rock were higher. The highest concentrations were
found in southwest England generally on or near granite,

The wide spread of results caused problems in analysing the
data in relation to dwelling characteristics because the presence
of one dwelling with high levels could unduly disteocrt the analy-
sis. To overcome this, the analysis was based on a restricted
data set including only those dwellings with radon concentrations
within two gecometric standard deviations of the median.

About two-thirds of the dwellings surveyed were two-storey
houses with the living area on the ground floor and bedroom
upstairs. On average, the radon concentrations in such bedrooms
were about 65% of those in living areas. BAbout one in eight
dwellings were bungalows: in these cases, the mean concentrations
in bedrooms were only slightly less, at 30%, than the living
areas., Flats and maisonettes above ground-floor level had lower
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concentrations than ground-floor rooms. These results confirm
the view that the ground is generally the main source of radon in
dwellings. There was no correlation between the main building
material of the exterior walls and the radon concentrations.

Measures taken to reduce heat losses in dwellings, such as
secondary glazing and draught proofing, achieve their success, at
least partly, by reducing the ventilation rate. The analysis of
the data showed that dwellings with either double glazing or
draught-preofing around doors and windows in general had higher
radon concentrations than those without. This effect can be
clearly seen with the data for 2-storey dwellings where, af;ar
gsubtraction of the contribution from outdcor radon (4§ Bg m "),
partial double glazing leads to an increase in radon levels of
indoor origin (the ground and building materials) by about 30%;
complete doubhle glazing leads to an increase by about 60%. The
majority {about 60%) of the dwellings in the survey were of the
2-storey type. For other types of dwellings, such as bungalows,
for which smaller sample sizes were available for the analysis,
the uncertainties on the data became larger. WNeverktheless, a
similar, albeit less pronounced trend, was also observed for
bungalows.

In most cases, an analysis of the data with respect to
window opening habits showed no clear trends. The only
detectable trend was in the case of dwellings where the living
room window was left open at night. Here the radon
concentrations in the living rooms were on average 20% lower than
those for the survey as a whole,

Several factors that might be expected te influence radon
concentraticens showed little or no effect. These included: the
type of heating used; the presence of an air brick above floor
level; the use of extractor fans; the presence of a chimney or
flue and the type of flecr (suspended wood or solid concrete).

REGIQONAL SURVEY

This survey was carried out teo determine the magnitude of
individual exposures, the results from which indicated the need
for standards in the UK. The regions were selected from a study
of the literature on metal mining and uranium mineralisation and
in consultation with geolegists. No attempt was made to obtain a
representative sample for each area but rather to obtain
dwellings in locations where above average radon levels might be
expected. Over 700 householders, the majority in southwest
England, completed the survey.

The distribution of radon concentratiens in the dwellings in
southwest England, the most interesting of the regicns studied,
is shown in Figure 2. The values have been weighted as in the
analysis of the national survey results by average occupancy of
different rooms. The mean radon ceoncentration is about
300 Bg m_3, that is, about 15 times the national average. About
20% of th? dwellings surveyed were above the NRPB actiaon lgvel of
400 Bg m ~ (2,3). The highest value was about 8,000 Bgq m ~. In
the Pennine areas of Derbyspire and North Yorkshire, the mean
concentration was 100 Bgq m °, with 5% of dwellings exceeding the
action level, 1In the selegted areas of Scotland, the mean raden
concentration was 70 Bgqm - with only 2% exceeding the action
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level. These last two sets of results are of some interest. 1In
the former, it is thought that the substantial fracturing of the
limestone which allows the relatively free movement of soil gas
into dwellings is largely responsible for the higher than average
levels. 1In the other case, although the regiocns surveyed were
predominantly granite, the contrast te the results obtained in
southwest England is marked. The absence of widespread
mineralisation and fracturing of the granite is thought to
explain the substantially lower levels of radon,.

RADIATION DOSE

The national and regicnal surveys together provide a
complementary indication of the exposure of the UK population to
radon daughters in dwellings. The conversion coefficient Efrom
time-integrated radon concentration to effective dose equivalent
now used is about 7 nSv per Bg h m® (3). This leads to a mean
effective dose eguivalent of