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ROLE OF PROBABILISTIC EVENTS IN THE APPLICATION
OF THE JUSTIFICATION CRITERION

R. Hock
Kraftwerk Union Aktiengesellschaft, Berlinerstr. 295-299,
P.0. Box 962 D-6050 Offenbach am Main, FRG.

ABSTRACT

Probabilistic events (potential accidents) at large industrial
installations - specifically nuclear power plants - play a major
role in the public debate. According to the IAEA (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 occurrence
and the consequences of such events. As regards the consequences,
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 extent on the fraction of the population
involved: a hundred casualties equally distributed over 100 towns
is different from 100 casualties in one town.

For the application of the optimization 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 individual increases.

The application of this basic concept for the evaluation of a
societal risk caused by probabilistic events may be even more useful
than its application in the optimization process. In 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
society is 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 wishes to be "immortal" and
will therefore have a higher aversion to any risk which may threaten
this desired immortality.

Such a beta factor will therefore approach large values if a
large fraction of a given society would be injured by an accident
or even if it would only be forced to leave its homeland. This
effect 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
consequences of such an event are being considered, for example,
by the authorities of a town adjacent to a plant or by a central
government,

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



RADIATION RISKS: THE ETHICS OF HEALTH PROTECTION

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

Since the inception of commercial wuses of nuclear
technology, radiation protection standards established by
regulatory agencies have reflected moral concerns based on
two assumptions: (1) that the linear, zero-threshold hypothesis
derives from scientific data in radiobiology which are
virtually conclusive; (2) it 1is morally "better" for public
health protection to assume that any radiation exposure, no
matter how small, has some harmful effect which can and ought
to be prevented. These assumptions have been reenforced by a
popular belief that, since World wWar II, technological man has
introduced into the biosphere enormous quantities of synthetic
toxic substances contaminating an otherwise benign natural
world. These include "unnatural" radiation sources as well as

huge quantities of T"sinister" chemicals with no natural
equivalents. (1) Moreover, official policy has enshrined a
quasi-dogma about synthetic substances, chemical and

radioactive: 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 years these beliefs and related
assumptions have received closer scrutiny, revealing hidden
reasons for regulatory selection of radiation risks as objects
of paramount ethical concern, with the result that greater
risks to health have escaped comparison and mitigation. Based
on this scrutiny this brief paper explores two questions:

° Are presupposed assumptions ethically justified on grounds
of scientific evidence and ethical consistency?
° 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 unique 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 scaffolding of beliefs which
are at odds with the actual status of scientific 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/genetic harm. The 1linear, zero-threshold hypothesis
has led the public to believe that "there is no safe dose of
radiation" and "every radiation dose 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 radiobiological 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 conclusion; but in fact it is only an
inconclusive theory, an extrapolated hypothesis, an
ultra-conservative and protective rule of prudence. Humans
could not exist if the linear hypothesis were applied to and
enforced upon personal lifestyle exposures to natural
terrestrial and cosmic radiation.

The absence of evidence of harm from low level exposure is
not due to incompetence or lack of attempts to find effects.
L. Taylor is unambiguous: "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 theories 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 profound misunderstanding of the inconclusive scientific
status of the 1linear hypothesis renders moral arguments
dependent on it inherently flawed.

2. Hormesis. It has been scientifically established
that there are net beneficial effects from exposure to low
levels of toxic substances, e.g. copper, selenium, fluoride.
Professional ethics should compel competent members of the
scientific community to examine radiobiological data through
the lens of an hypothesis counter to--yet equally worthy of
attention given--a 1linear, =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 1living
organisms which have evolved in relation to wide variations in
exposure to natural radiation.

According 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 both plant or animal organisms, (2) increased longevity, and
(3) a reduction in cancer frequency.

3. Etiology of Cancer. Thirty years ago, when John
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 1led
people to believe that some carcinogen 1lurks 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 carcinogens--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 shown 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 commercial use are capable of producing the same health
effects if 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 violation of
rights, fairness, equal ©protection and intergenerational
equity.

COMPARATIVE RISK ASSESSMENT: FALLACY vs. REALITY

To counteract moral objections that radiation risks pose
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) comparisons among risks of alternative ways of achieving
the same objective; (3) comparing technology-induced radiation
exposures with natural background; (4) comparison of risks with
benefits to be achieved; (5) comparative measures of the
cost-effectiveness of various risk-reduction options,

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, so 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 to 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 to compare risk-reduction
options and associated costs, can be expected to achieve the
most equitable health protection for an entire population.



The incommensurability objection claims that "“efficient
use” of risk-reduction dollars cannot achieve "equity" because
risk is not distributed in a population equally, nor is
"efficient life saving" the only goal of safety policy. The
objection fails on two accounts: 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
conscientious 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
biosphere, and compare net benefits, we are not wielding
utilitarian tools for placing a callous dollar-value on human
life or impairment as a moral Jjudgment of individual worth.
Much less are we estimating economic losses to society as a
measure of personal expendability sacrificed +to achieve
technological 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 1life and premature 1loss of
life expectancy. These decisions are covenantal expressions of
our common humanity.

In conclusion, a fundamental ethical imperative of
fairness should prevent moral concerns for health protection
from being trivialized by an obsession with hypothetical health
effects from but one technology, thus siphoning public concern
away from preventable causes of widespread disease,
malnutrition, morbidity and death claiming thousands of 1lives
daily, and endangering a basic set of conditions for the
well-being of our posterity.
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THREE~-DIMENSIONAL DOSE-RESPONSE MODELS OF RISK
FOR RADIATION INJURY AND CARCINOGENESIS#*

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

The use of computer graphics in conjunction with three-dimensional
models of dose-response relationships for chroniec exposure to ionizing
radiation dramaticly 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 carcinogenic
responses after systemic uptake of Ra-226 by beagles, mice and people with
consequent alpha particle irradiation of the bone are represented by
three-dimensional dose-rate/time/response surfaces that demonstrate the
contributions with the passage of time of the competing deleterious
responses. These relationships are further evaluated by mathematical
stripping with three-dimensional illustrations that graphically show the
resultant separate contribution of each effect. Radiation bone injury
predominates at high dose rates and bone cancer at intermediate dose rates.
Low dose rates result in spontaneous deaths from natural aging, yielding a
type of practical threshold for bone cancer induction. Risk assessment is
benefited by the insights that become apparent with these three-dimensional
models. The improved conceptualization afforded by them contributes to
planning and evaluating epidemiological analyses and experimental studies.

METHODS

Mathematical relationships for risk distributions.

The bodily intake of radioactive materials, such as Ra-226, can lead to
protracted, chronic irradiation of tissues, such as the bone, with subsequent
cancer induction or systemic injury. Similar responses may be observed for
repeated external exposure to penetrating radiation. The independent risk
probability of fatal induced cancer is obscured by the separate independent
competing risks of death, especially those that occur near the end of the
normal 1life span. The observed occurrence of fatal cancer induced by
exposure to ionizing radiation is the resultant of the convolution of all
causes of death, and is a type of dependent risk since it depends upon both
the dose~-response relationships for the irradiation and as well wupon other
effects including especially deaths associated with natural aging.

Probability distribution functions are utilized to describe the various
risk distributions as functions of time from beginning of exposure until
death and as a function of dose rate at any specific time. These
relationsnips 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 elapsed time, t, but
depend on average dose rate, D, forming three-dimensional mathematical
response surfaces. The cumulative risk for a single effect is 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 probability density,

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



f, is the fraction of all individuals originally at risk who succumb per unit
of time (e.g., per day) after exposure begins. Thus, if T is the time from
initial exposure to deatn from a specified cause and there are no other
causes of death, then the probability of dying at a given average dose rate
before or at a specified time, t>T, is 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.

When several separate risk distributions, F,, are superimposed in the
time and dose-rate space, the occurrence of one eaﬁse of death, i, is a
fraction, {,, of individuals who succumb to that cause at a specific average
dose rate. ﬁor example, effect i=1 could be spontaneous deaths associated
with natural lifespan, effect i=z2 could be deaths associated with a specific
form of radiation~induced cancer, and effect i=3 could be deaths from
systemic injury induced by radiation exposure (Raabe, 1987).

Independent distributions, F., are mathematically unchanged by the
presence 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
occurrence of cancer deaths caused by radiation exposure will be less than if
there were no other possible causes of death, and QZSF . The occurrence
fraction is the dependent risk from exposure to ionizing ragiation since it
is the resultant of the various causes of death including those associated
with natural lifespan. The number of individuals among those exposed who
succumb to an effect, i, is predicted by Qi’ not Fi'

Lognormal independent risk model

The independent risks of cancer induction and other effects have been
usefully modeled as a lognormal functions of time to effect (Raabe et al.
1980; Raabe et al., 1981a; Raabe, 1984; Raabe, 1987). The lognormal model
involves a basic dose-rate/time/response relationship given by:

t=KD~S (1)

where D is the average dose rate to the tissue at risk, t is the elapsed time
to death (or other endpoint) after initial exposure, X is a parameter
associated with level of risk and exposure conditions, and S is the negative
slope of the logarithmic form of the function. At any given D, both X and t
are lognormally distributed with geometric standard deviation, 0 . This
relationship defines a three-dimensional lognormal dose-rate/time/%esponse
surface for a specific effect such that:

Z=(lnt - 1n K, +S1n D)/1n o8 (2)

vhere Km is the fitted median risk value of K, O_ is the observed geometric
standard™deviation of K values for the individufl cases, and Z is the
standardized normal deviate which is equal to zero at the median risk
(F=0.5). Hence, the cumulative risk for a lognormal dose-rate/time/response
distribution for a specific effect can be calculated for each D and t by
numerical integration of the standardized normal distribution.

Data for 226Ra—injgcted beagles.

An example of the use of the three~dimensional models is given in an
analysis of bone cancer induction and skeletal injury in lifetime studies of
Davis beagles injected with Ra-226 (Raabe et al., 1981b). Briefly, 234
purebred beagles were administered 8 fortnightly intravenous injections of
Ra-226 in 0.1 N nitric acid saline solution in five dosage groups beginning
at U435 days of age and ending at 5U0 days of age (midpoint of intake at U485




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 bone cells was primarily by alpha rays. To compare
the Ra-226 dose-response results in beagles to other species including
people, available human data (Evans, 1966, Evans, 1974, Argonne National
Laboratory, 1985) and female CF, mouse data (Finkel et al., 1969) involving
bone burdens were alsoc evaluated with the three-dimensional models.

Life span distributioms.
The distribution of deaths associated with natural lifespan involves

many causes including various forms of both communicable and non-communicable
diseases, and is commonly represented utilizing the Gompertz function. The
Gompertzian cumulative risk from an age E until a time t=A-E is described by
h_? the hazard rate at birth, and 611), the exponential cogfficient (Raabe,
1887). For beagles, h =2.037 X 10™°/day and ¥ =1.104 X 107>/day.

RESULTS

In the Davis beagle study, a total of 115 cases of fatal bone cancer
(primarily osteogenic sarcoma) were fit to the lognormal model by least
squares for dose rates spanning 0.3 to 20 cGy/day. The resulting function
had K =2500, S=-0.29 and ¢o_ of 1.17 based upon survival time in days and
dose Pate in cGy/day (Table®1). The time post intake was calculated from the
midpoint of the injection period (A=485 days). An approximate (S=3)
lognormal bone injury risk function was fit to the observed cases of deaths
from systemic injury at high dose rates.

When the combined cumulative risk, F (D,t), for all causes of death is
divided into its component constituents 1tUsing mathematical stripping as
described by Raabe (1987), the separate fatal occurrences show that radiation
bone injury predominates at high dose rates and bone cancer at intermediate
dose rates. Also, low dose rates result in spontaneous deaths from natural
aging, yielding a type of practical threshold for bone cancer induction.

To compare the Ra-226 dose-response results in beagles to other species
including people, lognormal dose response relationships with identical S=0.29
were fit to available human data and female CF, mouse data involving skeletal
burdens of Ra-226 (Raabe et al., 1980; Raabe et al., 1981a; Raabe et al.,
1983). These results for the independent risk functions are summarized in
Table 1. The three-dimensional occurrence distribution for people of fatal
bone cancer induced 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 fatal cancer in laboratory animals and man where S is the
negative slope and O _is the geometric standard deviation of K values
about the median K_for B animals with correlation coefficient, r, based
upon radiation dos® rate in cGy/day and survival time in days.

Response Radionuciide Species Em S _gg n
Bone Cancer gggRa Beagle 2,464 0.29 1.17 115
Bone Cancer 226Ra CF, Mouse 850 0.29 1.30 249
Bone Cancer  ogRa Mad 9,000 ,  0.29 1.39 32
Bone Injury Ra Beagle 10 3.0 Estimate



The same basic three-dimensional lognormal dose-rate/time/response
function with S=0.29 was found to describe the results for the three species
but displaced in time by a species dependent response ratio (RR). This
response ratio can be interpreted as the ratio of the respective median
values, K , for the three species which were well correlated to (but not
proportionﬂl 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 provide for
an improved understanding of the interaction of competing risks and natural
life span in combination with chronic exposure to ionizing radiation. In
particular, the usual methods which utilize cumulative dose tend to obscure
or ignore the effects of time and dose rate upon the risk.

It 1is clear the the convolution of induced cancer risk distributions
from chronic exposures and natural life span leads to a steep, nonlinear
occurrence function. A type of quasi-threshold describes the occurrence of
radiation-induced cancer at low dose rates. Hence, the common use of linear
risk functions to describe 1life span dependent risk will be expected to
overestimate the actual occurrence of cancer at low dose rates.
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LIMITATION OF EXPOSURE TO UV IN COMPARISON WITH IONISING RADIATION:
POLICES AND REGULATIONS

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

INTRODUCTION

Physical characteristics and biological effects of ultraviolet (UV) and
ionising radiation display similarities. The present paper endeavours to
give an overview of facts and approaches relevant for protection against UV
as compared with ionising radiation (1).

EXPOSURES AND RISKS

Exposure to UV radiation may cause erythema of the skin and inflammation of
the eye (photokeratitis and photoconjunctivitis). These effects proceed
within a few days after the exposure has exceeded a certain threshold
value. There 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 occurrence of skin carcinoma. There is no indication
for a threshold below which the skin cancer risk is not affected.

There is little principle difference with respect to ionising radiation,
the exposure to which can cause both acute (non-stochastic) and delayed
(mainly stochastic) effects. It should be remarked, however, that the
dose-effect relationship for photocarcinogenesis in human populations is
basically a quadratic function (1A). Therefore no elegant concept like that
of the collective dose for ionising radiation exists.

Also, whereas the evidence for beneficial 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%
due to the natural source, the sun. In reference (1B), the corresponding
individual risk has been calculated for the Netherlands, on the basis of
statistical data on skin cancer and melanoma mortality, to be in the range
(0,5 - 2,5) 1075 per year. The range reflects the uncertainty about which
fraction of melanoma mortality is due to UV exposure (1C). This situation
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 linear risk factor recommended by ICRP.

BASIC EXPOSURE SITUATIONS

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

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

Table I
Basic situations of exposure to radiation Ionising uv
Patients exposure preventive +
(intentional) diagnostic + +
curative + +
Occupational enchanced natural + +
exposure planned/within limits + +
(unintentional) unplanned/accidental + +
Public exposure: cosmetic +
(intentional) enhanced natural +
enhanced natural + +
(unintentional) planned/within limits + +
unplanned/accidental + +
large-scale emergencies +

Whereas there exists an overall analogy, some differences between UV and
ionising radiation are striking. No preventive medical uses of ionising
radiation are common 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 ionising radiation,
where risk management, planning and preparedness for nuclear accidents form
major ingredients of the policy and regulatory processes. On the other
hand, slow changes of natural UV 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 tanning purposes has become a
characteristic application of UV radiation in many industrialised
countries. This type of exposure is without analogon in the field of
ionising radiation.

LIMITATION OF INTENTIONAL EXPOSURE

In North West European countries, a substantial fraction of the population
have become regular users of tanning equipment (Sweden 4% (1D), the
Netherlands 7% (1E)).

The effects of UV radiation are wavelength dependent. Using a spectral
effectiveness function or action spectrum the radiant exposure (in J/mz),
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 as a function of the skin type. They are similar but not

identical. Representatives from two international organisations, IEC
(International Electrotechnical Commission) and CIE (Commission
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 are strong indications that the
latter is well represented by the erythema action spectrum.

Since 1980 several countries (USA, Canada, Sweden, UK, FRG, Australia, the
Netherlands) have promulgated regulations or recommendations concerning the
exposure to tanning equipment, as summarised in (4). The general aim is to
prevent acute, undesirable effects (and in some cases to 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/m2) during an irradiation course; the existence of devices such as a
timer and an emergency switch; the use of eye protection; the information
to be provided to the public, especially concerning the hypersensitive
individual, the effects of drugs, cosmetics etc.

From the foregoing, it is clear that the total annual radiant exposure is
not limited. It may be interesting to mention that the skin cancer
incidence in the Dutch population has been calculated to increase by a few
percent due to the estimated exposure from tanning equipment.

LIMITATION OF UNINTENTIONAL EXPOSURE

Unintentional exposure from artificial UV sources can occur both in the
work-place (research laboratories, curing of ink and lacquers) and for the
members 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 values have been further developed by the IRPA
International Non-Ionising Radiation Committee (INIRC) (3) and by the
Health Council of the Netherlands (4). Both latter documents require the
ALARA principle to be applied. The purpose of the IRPA/INIRC guidelines is
to provide limits of exposure to UV and represent conditions under which it
is expected that nearly all individuals may be repeatedly exposed without
adverse effects. The Dutch Health Council states more explicitely that the
exposure limits recommendations are based on two principles:
- harmful effects for which there is a threshold must be avoided
- the risk of chronic effects for which there is no threshold dose, is to
be restricted to a reasonable value.

The exposure limits apply to exposure during a normal working day, and are
adequate to protect lightly pigmented individuals, both in the working and
general population. They do not apply to lasers; exposure duration less
than 0,1 microseconds; some rare, highly photosensitive individuals;
individuals concomitantly exposed to photosensitising agents; and to
aphakic individuals (persons with a lens removed).

The exposure limit has a minimum value of 30 J/m2 at 270 nm. In the
wavelength region up to 310 nm, it is based upon combined effects on the
skin and the eye, and is equal in all three documents. At higher
wavelengths the exposure limit of the Health Council of the Netherlands has
been derived from the erythema action spectrum. In the 310-400 nm region
ACGIH and INIRC/IRPA propose to limit the irradiance to 10 W/m2 for
exposure durations longer than 1000 s. For shorter exposures the radiant
exposure is limited to 10 kJ/mZ. These recommendations are related to the
possible induction of the cataract. The Dutch Health Council concluded,
however, that an exposure limit related to the cataract is only necessary
in case of chronic exposures and recommends a value of 1 W/m2.
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It has been estimated (4) that a radiant exposure equal to the proposed
exposure limit corresponds, for average exposure conditions, to skin cancer
risk increase of 25% for an average indoor worker. The skin cancer risk of
an outdoor worker is a factor 5 larger than that of an indoor worker. The
risk of skin cancer induction in case of chronic exposure to UV radiation
approximating the exposure limit appears to be much less than the extra
risk caused by working outdoors.

CONCLUSIONS

Both UV and ionising radiation may cause acute and late effects. 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) intentional use for cosmetic purposes, and (b)lack of
sudden large-scale emergencies. The limitation of unintentional exposure to
UV and ionising radiation follows similar principles of protection. 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 POPULATION DOSE FROM ALL SOURCES IN JAPAN

Tomoko Kusama, Takeo Nakagawa, Michiaki Kai and Yasuo Yoshizawa
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 individual 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 practices and to optimize
radiation protection. The source-related population dose,
therefore, should be estimated as realistically as possible. We
investigated all sources that caused exposure to the population in
Japan from the above points of view.

2. MATERIALS AND METHODS
(1) Investigated sources

We investigated all sources contributing to exposure to the
population 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 and thoron and their decay products
man-made sources

nuclear power production

nuclear explosions

consumer products

technologically modified natural radiation

medical radiation

(2) Population dose

We estimated two population doses. One was the per-caput dose
from each source of both natural and man-made radiations. The
other was the maximum individual dose from all artificial 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 some publications by
the authors or other researchers.

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

An average annual 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 radiation and from natural
radiation each contribute almost the same to the population doses
in Japan. It was also found that the doses from medical radiation
constitute 98% of the doses from man-made radiation.

The annual per-caput effective dose equivalents from natural
background radiation in Japan were 270 u Sv from cosmic radiation,
300 u Sv from terrestrial radiation, 240 u Sv from internal
radiation and 840 u Sv from the inhalation of radon, thoron and
their products.

The per-caput effective dose equivalents from radiological
diagnosis and therapies are shown in Fig. 2. The doses from X-ray
radiographies performed in the hospital occupy the larger part of
the doses from medical radiation. 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 radiographies are performed frequently in Japan, but
their effective dose equivalent is very small. Consequently,
dental X-ray examinations do not contribute at all to population
dose in view of the effective dose equivalent. On the other hand,
since the effective dose equivalent of upper abdomen X-ray
examination is higher, its contribution to the population dose is
large.

The average annual effective dose equivalent from man-made
sources other than medical uses, that is fall-out radiation,
technologically modified natural 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 stations 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 members of the public. The actually
received doses are controlled at below 10 u Sv/y.

(2) Maximum effective dose equivalent from artificial radiation
sources

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

Table 2 Maximum effective dose equivalent from man-made sources

source dose (u Sv)
nuclear power plants 50
fuel reprocessing facilities 100
consumer products 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 same latitude and height. The proportion of natural
background radiation to all population dose, about 50%, was
different from other highly developed countries, in which the dose
from man-made radiation sources were lower than in Japan. The
doses from medical uses in Japan are higher than those in other
highly developed countries. For example, the doses from medical
radiation in Japan are six times higher than those in England.
Radiological examination such as X-ray diagnosis, mass health
examination, dental X-ray and nuclear medicine is carried out
frequently in Japan. In Japan, legal periodical chest examination
is enforced for all of the population and periodical upper abdomen
X-ray examination is carried out frequently in persons more than 40
years of age. The diagnosis X-ray and nuclear medicine are daily
used for many patients in hospitals. The practitioners and
radiologists should judge the application of radiography,
fluoroscopy or radiation therapy for patients from the viewpoints
of justification of the practices. Our survey in Japan showed that
despite frequent uses of medical radiation, most practitioners and
radiologists had little or insufficient knowledge of radiation
protection and radiation risk and detriment. Our urgent problem is
to promote the spread among practitioners of knowledge of radiation
protection for patients. Another problem is to obtain further
information on indoor radon concentration. There is little such
information .in Japan. Further investigation is needed to estimate
exposure to indoor radon. In Japan, some systematic survey of
indoor radon concentration is being done by the National Institute
of Radiological Science (NIRS) and other societies. More
information will be expected in a few years.
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FOOD IRRADIATION ISSUES, TECHNICAL AND 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 to 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 techniques
to ensure a safe and varied food supply. One techniqgue being
studied is Food Irradiation.

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

Current proposals and uses for food irradiation limit the
sources to certain radioactive 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. Radioactive isotopes need to be shielded when not in
use; machines produce the radiation only upon electrical
stimulation but are more complex technically. Isotope sources
have limited useful lives because of radioactive decay.

In a typical food irradiation facility, containers 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 around the radiation
area to protect the public and workers. If the source is a
radioactive isotope, a shielded safe would be necessary for
storage of the source while it was not being used for
irradiation.

There are quite a few reasons for which food irradiation
would be useful in processing. In order of increasing radiation
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 200-800 Gy;

18



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 occur in that spoilage organisms 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 to
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 empirically. Some species of
cherries, for example, can be shelf-life extended, whereas others
would be degraded by the irradiation. Irradiation conditions
must 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
quality may be affected at higher doses, the hygienic quality of
the food must be controlled prior to irradiation, and reirradia-
tion may lead to organoleptic deterioration of the food product.
As with any other type of irradiation, the effects of food
irradiation are cumulative with dose; therefore, food would need
to be labeled that it had been irradiated so that a future
processor does not reirradiate the food causing deterioration.

Historically, the idea of food irradiation arose in the
1940's when the U.S. Army experimented with the irradiation of
food for field use. At that time, many of the techniques
currently in use had not been developed resulting in the food's
having the famous "wet dog" taste. By selective irradiation
technigues of particular foods many of those early 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
food irradiation to control insect infestation in wheat.

In 1964 the Food and Agricultural Organization of the United
Nations issued recommendations 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 be accomplished using chemical testing,
licensing, biological 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 radiolytic products
produced versus the amounts that would be necessary for practical
animal experimentation.

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 also are a relatively
small portion of the diet.

In 1985 the FDA approved the use of up to 1000 Gy to control
trichinosis in pork. I 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 maturation of fresh food and to
disinfect foods adulterated with insects. Aall foods that are
irradiated must be labeled to show this fact, both at the
wholesale and at the retail levels. Thankfully, a previous
recommendation to use the term "picowaved" has fallen by the
wayside. Labeling needs to contain a statement concerning the
radiation treatment and bear a symbol which, as the public
becomes accustomed to it, may be all that would be required for
labeling in the future.

There have been quite 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 food radioactive.

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 of the vitamins can be affected. However, those nutritional
deficiencies are very small compared with nutritional deficien-
cies induced by other methods 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 minor 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 quantities in foods with no apparent
harmful effects to the consumer. Unique radiolytic products,
that is, those produced only by irradiation and not by any other
food processing techniques, are chemically similar to 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.

Another criticism focuses on 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 also 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 radiolytic 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 food
irradiation is being promulgated simply as a way to use the
radioactive wastes that have been produced as byproducts of
nuclear power and weapons production. In accordance with this
myth, we would become so dependent upon the radicactive isotopes
for food irradiation that we would continue nuclear power and
defense weapons production 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 do so under
Congressional edict is not considered. The argument, 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 population;
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 RADIOLOGICAL SAFETY THROUGH ORGANIZATIONAL DESIGN

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
hospital personnel indicates that members of various occupational categories
exhibit diverse behaviors toward X-rays, radiopharmaceuticals, and radioactive
waste, These results are summarized in relation to other studies of
radiation-hazard perception in Britain and the U.S. 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 concern for potential radiation exposure to
personnel and to patients.

The key variables determining cavalier, complacent, paranoid 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 suggested for each of a range of occupation
types that use or encounter ionizing radiation in the workplace.
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RISK OF OCCUPATIONAL INJURIES IN THE INDUSTRY OF JAPAN

Tamiko Iwasaki*, Atsuhiko Takeda**, and Sadayoshi Kobayashi*
* Natl. 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)rz)r3) that
it is important to compare the total harm that may be 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 frequency of death attributable
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 frequency of injuries of defined severity in occupational haz-
ards, fatality rates of accidents and diseases due to occupational
work, and also commuting accidents to and from work were examined.

Methods

The data from Statistics ©) and Undertaking7) Annual Reports
of Workmen's Accident Compensation Insurance Council published by
Ministry of Labor, and Population Census8) by Statistics Bureau,
Prime Minister's Office, were used in this study. Industry is
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
occupations. 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 years worked, unless otherwise
stated. In order to estimate the risk rate for each 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. 1). In Japan, Mining belongs to the highest risk indus-
try, fatal occupational risk being 4,196 per million workers per
year, while the lowest one is 88 per million workers per year of
Electricity etc.
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Trend of fatality rates per million workers per
year in seven industries (1975-1984)

Figure 1.
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Table 1.

Industry

Forestry
(%)
Fisheries
(%)
Minig
(%6
Construction
(%)
Manufacturing
(%)
Transportation
(%)
Electricity etc.
(%)
Mean of seven
industries
(%)

Total
injuries

80,209
100
80,846
100
166,789
100
45,000
100
44,776
100
41,247
100
5,591
100

45,289
100

Fatal

injuries

716
0.9
803
1.0
4,136
2.5
351
0.8
111
0.2
250
0.6
88
1.6

222
0.5

24

permanent  Permanent
total partial
disability disability
379 4,202
0.5 5.2
126 3,189
0.2 3.9
7,777 10,226
4.6 6.1
254 3,241
0.5 7.2
82 2,601
0.1 5.8
97 2,150
0.2 5.2
22 221
0.4 4.0
179 2,766
0.4 6.1

_Me@n rates of fatal and non-fatal injuries per
million workers per year in seven industries (1975-1984)

Non-fatal injuries

ohe or more
days leave
from work
74,812
93.4
76,728
94.9
144,590
86.8
41,154
91.5
41,982
93.8
38,750
94.0
5,260
94.0

42,122
93.0



As pointed out in ICRP Publications, it is also important to
study the frequency with which harmful effects of different kind
and severity occur in different occupational contexts. Risks
expressed as the word "occupational injury" can be classified into
two groups, one representing fatal risks and the other non-fatal
risks, including permanent as well as temporary disability. Com-
pensation or pension will be paid on the basis of the Workmen’s
Accident Compensation Insurance Law to people according to the
categories of severity. Table 1 shows the risks of injured person
per million workers per year in each industry. It is shown in
the Table that the fatal injuries were less than one per cent com-
paring with various types of non-fatal injuries in all industries
except Mining, and that more than 90 per cent of injuries was one
or more days  leave from work. The total risks with fatal and
non-fatal injuries are distributed from 1.7x10-! in Mining to 5.6
x1073 in Electricity etc., the average risk of seven industries
being 4.5x1072. It was also shown in the Table that percentage of
permanent total disability in each category of industry is close
to that of fatal injury, respectively.

(2) The ratio of accident and disease in occupational 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 diseases separate-
ly in the total occupational deaths. The numbers of accidental
deaths in occupational in all seven industries were greater than
those of occupational diseases. That is, these ratios were below
one tenth except for Mining and Electricity etc. where it is about
one fifth. The main causations of death in occupational diseases
are the injuries and the pneumoconiosis due to inhalation of
metallic or mineral particles.

Table 2. Occupational deaths (1974-1984)
Deaths(%) 1 O%workers/Y
Accident Disease Total Accident Disease
Forestory 95.7 4.3 522 500 22
Fisheries 90.1 9.9 614 553 61
Mining 79.5 20.5 1345 1069 276
Construction 94.1 5.9 215 202 13
Manufacturing 88.7 11.3 49 43 6
Transportation 94.2 5.8 132 124 3
Electricity etc. 81.5 18.5 29 24 5
Average 91.8 8.2 118 108 10
(3) Risk at work and risk in transit to and from work

Usually, the statistical data on Workmen's Accident Compensa-
tion Insurance Council in Japan do not include the commuting acci-
dents. In ICRP Publication 45, the ratio of death in transit to
and from work in various countries was compared. As shown in Table
3, the ratio of death in transit was only around ten per cent of
occupational death. Comparing with other industrial countries,
this ratio is very low. It might be due to the utilization of
low-risk public transportations such as train or bus instead of
motor car.
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Table 3. Ratio of traveling and occupational deaths
(1975-1984)

1 O%workers/Y

Industry T/W
York Transit
Forestory 594 20 0.03
Fisheries 709 23 0.03
Mining 1842 28 0.02
Construction 290 13 0.04
Manufacturing a7 14 0.21
Transportation 185 15 0.08
Etectricity 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 ICRP Publications 27 and 45 in terms of
number of occupational deaths per million workers per year, speci-
fically, with the values in U.S.A. for the years of 1969 and 1972
as given in ICRP Publication 27 and with those in Canada for the
years from 1975 to 1981 as given in ICRP Publication 45, respective-
ly. Fatality rates from occupational injuries in various indust-
ries in Japan are within the same order of levels which were obser-
ved in other countries as cited in ICRP reports.
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FOOD IRRADIATION - A FRESH CASE OF RADIATION PHOBIA 2
F.P.J. Ropbotham

University of Melbourne, Parkville, Victoria, Australia.

INTRODUCTION

From 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 radiocactive 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,
Chernobyl, 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 various 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 harms
the eventual consumers of the food from either induced radiolytic 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.

FOOD IRRADIATION PROCEDURES

Preserving food by ionising radiation - either gamma rays from
radionuclides, usually cobalt-60 or caesium~137) or machine generated 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 on some type of conveyor system., The
lot being contained within a suitably thick concrete cell. One such plant
using cobalt-60 operates in the State of Victoria and is used for the
irradiation of a variety of non-food items such as syringes, gloves, bee
hives etc.
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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 out of the water into the
irradiation position. The controls for raising and lowering the sources and
operating the product conveyor are all located outside 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/&Gyh'l

(b) at the product exit point of the conveyor range - 9—10/a3yh'1
This area is fenced off, the dose rate at the fence gate was about
background.

The total amount of radioactive material present in the Dandenong plant at
full loading is approximately 37 petabedquerel (i.e. 10° ci)).

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

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

RADIATION SAFETY

Radiation 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 emergencies were
assessed.

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

EXTERNAL IRRADIATION

As noted above there are no radiation leaks around the concrete cell and
the maximum dose rate during routine work is 9—10}LGyh'1 at the exit 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 dgenerally zero with occasional exposures of between 10 and 70/uSv.
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During loading and unloading, plant personnel assist AECL staff, and
the maximum dose received during such operations has been 180 /A Sv. The
highest yearly dose recorded has been about 400/# Sv.

Emergency situations considered were;

(a)

(b)

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
room, check that no-one is there, activate the safety key switch,
leave the irradiation room at walking pace, lock the access door,
and within 45 seconds activate the control 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 safeguards, 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 occured overseas.

Inadvertent Exposure Outside 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 from the shielded
area., There are three defence mechanisms. Firstly, the source
pencils are slotted into channels at the top and bottom of one of
the six modules. When full, the hinged end of the module is closed
holding the pencils firmly in place. These modules in turn are
held in the rack by sliding them into vertical channels at each end
of the module, A cover is fitted to the conveyor 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 and shuts the plant down should the
dose rate rise above a preset level,
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INTERNAL TRRADIATION

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 PUBLIC

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

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

external exposure during transportation 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
from background and do not change whether the source is in the exposed
position or not. Thus members of the public do not receive a radiation
exposure during normal operation 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 outside of the flask range from
50 to 400 MGyh™, 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
members of the public could and would be kept away from 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 failure to
follow set procedures coupled with a component failure.

Typical was the fatality at the Norwegian Institute of Engergy
Technology. A microswitch failed giving a source shielded signal releasing
the barring of the door lock even though the positional display showed the
source in an elevated portion. Comparison 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 room.
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The prevention of any of these three mistakes would have avoided the
fatality.

CONCLUSION

Radiation phobia, although not necessarily an identifiable disease, does
exists in many countries. Professional 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
not be a significant factor.

12 January, 1988
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DIFFICULTIES IN USING THE OBJECTIVE HEALTH DETRIMENT AS AN
INDICATOR OF THE RADIATION HARM IN A POPULATION
L. Frittelli
ENEA - 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 also discussed.

1. The detriment is a source-related concept, useful to
describe by a single quantity 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. It is
proportional to the number of exposed individuals, to the
probability of each individual suffering the effects and to the
severity of the effects.

2. In evaluating the detriment, which in principle accounts
for all deleterius effects due to exposure to ionizing radiation,
the stochastic effects can be sorted out and grouped togheter in
a quantity GH’ the Objective Health Detriment. For planning the
protection, it 4is usually assumed, more on practical and
administrative grounds that on radiobiological evidence, that
when individual doses are well below dose limits the incremental
probability of suffering stochastic effects is directely
proportional to the dose increment, with a proportionality factor
R® = 0.0165/Sv for the effective dose equivalent. The sum of the
increments of individual doses in the exposed group is thus
proportional to the increment in the Objective Health Detriment

therein, i.e. G_ = R.N.H, where H is the per-caput incremental
dose. Introducing the incremental collective dose 8§ in the
exposed group, we can write GH = R.S.

3. The increment in the collective dose could 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_. Also the
uncertaintes in evaluating S are linearly reflected in GH: the

quality of the models used for estimating exposures 1is crucial.
That shall be taken into account in all decisional procedures for
optimizing the protection by ranking the different protective
options on the basis of the associated collective dose or
objective health detriment. In Cost-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 radiological
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 by the binomial distribution (Fig. 1)

N n N-n
P(n) = (, ) r (1-r)

with an expected value E(n) = N.r and a variance V(n) = N.r{(1-r).
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5. With reference to the collective dose §, we have E(n) =
R.S = GH and V{(n) = R.S (1 - R.S/N)a R.S§ = GH for N large. The
objective 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 dquestionable 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(O0) = 1 - (1 -~ R.H) ~ R.H.N. = GH
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a good approximation for R.S «<1. The additivity property holds
also for this indicator, when the impacts of several radiation
sources on a group of individuals can be considered, now or in
the future, mnutually independent: P(n3» 0) for each source shall
be evaluated and the results summed. As an example, in balancing
occupational and public exposures, the values of P{(n»0) for the
workers and for the population shall be evaluated and summed to
obtain P(n >0) 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 values of 8§ up to 1 man-Sv, irrespective of the value
actually assumed by the risk factor R. Using this indicator in a
decisional process for selecting protective options could be very
useful, because options leading to P(n » 0) lesser than an assumed

"indifference value" (1% - 5%) could be considered equivalent:
values around 1 man-Sv could be considered as a "threshold" for
introducing collective doses into decisional processes. A

similar conceptual approach should be adopted for defining
exemption 1levels of sources or practices from the regulatory
control.

8. In the range 1 - 100 man-Sv P(n % 0) depends on S and R,
but more slowly as G_ does. Above 100 man-Sv P(n» 0) becomes
unitary for each reasonable value of R. It should however be

clear in mind that such large values of collective dose can be
considered only where a large number of individuals is exposed,
because the risk factors adopted by the ICRP - and also the same
concept of Effective Dose Equivalent - hold only below individual
dose limits, i.e. at individual doses below 50 mSv. For high
values of collective doses E(n) becomes an useful decisional
factor, because its variation coefficient is very small, at least
for planned (unitary probability) exposures.
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9. P(np 0) seems to be a very useful statistical indicator
of the harm in an exposed group in the field of probabilistic
(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 Y0) of having effects in a group of N individuals egqually
exposed is given by the product of the probability -p- of the
event and of the probability P(n %0)

N
P'(n»0) = p(1-(1-R.H) )

[t o

e
oy
[

. _
Foimean

DU I o S U 7

« o+ % v 0w

D I R ) B L B

L B S S B o I Y}

.,_
[

.
.,
)

.,_
i

.

L ]
-

2y}

TR . Bl
rrobalility
Ho= 18@086 indiv, B

fix]

.

]
%3
Xy
Tt
Al
ot

indiv.

Planned and probabilistic exposures could thus be treated in a
unified decisional process (Fig. 3) by ranking the protective
options on the values of P'(n » 0), to be evaluated and summed
for the various conditions of exposure before the options are
compared.

10. In conclusion, some practical and conceptual
difficulties could arise in using the concept of objective health
detriment and, as a consequence, in optimizing radiation
protection by means of the cost-benefit analysis. Its use shall
be restricted to very simple situations, 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 is worthwhile to
note that the ©proposed approach does not require a formal
definition of the quantity collective dose: only the number N of
exposed individuals and per-caput dose H are conceptually
required for its applications.
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THE WEIGHTING FACTOR FOR THE FEMALE BREASTS; IMPLICATIOMS FOR THE
EFFECTIVE DOSE EQUIVALENT

by Lucas B. Beentjes and John H. Duijsings
University of Nijmegen
The Netherlands

The results of several surveys indicate that the incidence of
radiation-induced breast cancer for the worker would be 200 * 10'4Gy"1
in the absolute risk model (UN77, BE80, LA84, UN86). The mortality
to incidence ratio for breast cancer for The Netherlands is 0.4
(cf. GSF85, BE80). Therefore, the absolute risk model would yield
a factor of 0.8 * 10~2Gy-1 for fatal breast cancer although a value
of 0.2 * 10'2Gy‘1 has also been reported (Si84). The relative risk
model of BEIR (BE80) would suggest a risk factor for the female
breast of over 1.2 * 10'2Gy‘1. The natural incidence of female
breast cancer in The Netherlands is, with that in the U.K., the
U.S.A. and Switzerland among the hichest in the world. In this
connection the Dutch National Health Council (GR85) considers a
risk factor of 1.2 * 10-2sv-1 with a range of 0.8 * 1072sv-! to
1.6 * 10-2g8v~1 for irradiation-induced fatal breast cancer a more
representative value than the 0.5 * 10~ 2gv-1 given in ICRP
publication 26 (ICRP77). In the case of uniform irradiation the
total female risk = including the genetic contribution - would
become 2.6 * 10-25v-1 as compared with 1.4 * 10725v-1 for the male,
as illustrated in figure 1. Hence the female risk, in case of
uniform exposure, would approach twice the male risk. If the
somatic effective dose equivalent (SED) is considered, the ratio
becomes even 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
(Be84) that the same SED 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 (i.e. 0.5 * 10~-2Sv~1 for the female breast). In the
remainder of this paper we will adhere to the factor 0.8 * 10~ 2g5v=1
for the mortality risk of breast cancer for the (female) worker,
as the available evidence supports this value if the absolute excess
cancer rate, from which the relative increase of natural incidence
is obtained, decreases with age (GSF85, Pr87). However a risk factor
of 1.2 * 1072 or more per sievert should not be excluded in case
of a single relative risk value for adults (BE80, Pr87).

The introduction of the effective dose equivalent brought
equalisation between men and women. The somatic risk for the worker
according to ICRP 26 is 1.25 * 10-2sv~1. This figure is an average
over the sexes, as the somatic risk as used in ICRP 26 is in fact
1 * 10-28v-1 for the male worker and 1.5 * 10-2sv~1 for the female
worker. For the amount of harm or hurt originating from genetical
changes in the first two generations, an average of 0.4 * 10-2sy-1
is used for the 18-65 worker age group. Therefore the risk factor
for the "mono-mamma" worker becomes 1.65 * 10-2sv-—1,
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To demonstrate the effect of an increase of the risk factor for the
female breast from 0.5 * 10728v~1 to0.8 * 10‘2Sv“ulet us consider
the effective dose equivalent Hy in the (extreme) situation in
which solely 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 an increase of
the risk factor for the female breast from 0.5 * 107 2sv-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 model with_fatal
breast cancer risks of 0.5 * 10 2sy~land 0.8 * 10™2sv™1,
respectively.

Mortality (genetical) risk per unit dose, R,
(1074 Gy=T) and weighting factors (wq)

Tissue nale female
R W R Wi R W

Gonads 40 0.29 40 0.21 40 0.18
Red Bone Marrow 20 0.14 20 0.11 20 0.09
Thyroid 5 0.04 5 0.03 5 0.02
Bone surface 5 0.04 5 0.03 5 0.02
Lung 20 0.14 20 0.11 20 0.09
Breast (?) 50 0.26 80 0.36
Remainder 50 0.36 50 0.26 50 0.23
Total 140 1.0 190 1.0 220 1.0
From Table 1 the increase factor is obvious from the last two

wp columns : 0.36/0.26 = 1.4.

R = total risk (1072sv™");

B . e - wlbreas(s i
uniform irradiation. = Wpreasts
30F 30F
25 25|
o’
vZ22 ?,ICRP
2
2.0 20
Yg,xcap
15 F 15 | Yo sED.
Ry =14
1.0 . ] 1.0 1 )
05 10 15 05 1.0 15
x= risk female breasts x= risk temale breasts
(1072sv7h (1072sv™")
Fig. 1 Fig. 2
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In the same way the increase of Hg can be estimated for a variety
of risk factors for the female breasts. The changing weighting
factor for the female breast, w'preasts. relative to the standard
weighting factor inherent in the chosen model, Whreast, can be
calculated as a function of the risk per unit dose.

. . . W'breast .
Figure 2 presents this relative change Y = ———-— as a function
of the mortality risk per unit dose eguivalent for the female
breasts, x(10-2sv~1). This relative change is given for three
models:

-~ The ICRP model for the mono-mamma worker corresponding to the
equation: Y (ICRP) = ix * 1.65/{0.25 * (1.4 + ix)} with

wphreast = 0.15.

- The "split" ICRP model: Y¢ (ICRP) = 1.9x%/{0.5 * (1.4 + x)}

with Whreast = 0.26.

- The SED model: Yg¢ (SED) = 1.5x%x/{0.5 * (1 + x)} with wpreast = 0.33.

The above mentioned ratio of 1.4 can be readily found from figure 2
at x = 0.8 using the curve for the "split" ICRP model. If for the
mortality risk of the female breast 0.8 * 10"2sv-1 is taken, the
excess fatal cancer rate of females in case of uniform irradiation
becomes 1.8 times that of males.

In the ICRP model of the mono-mamma worker an increase of
fatal female breast cancer enhances the risk of the worker,
irrespective of the worker's sex. Especially if the radiation-
induced excess breast cancer risk becomes very large, a
reconsideration of the equalisation of man and woman may become
desirable. Even more so as the application of wp is not limited to
the radiation worker.
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BASIS FOR THE DESIGN OF RADIOLOGICAL PROTECTION INSTRUMENTATION
FOR NUCLEAR FACILITIES

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

INTRODUCTION

Radiological protection (RP) is vital to the design of all nuclear plant
and the RP instruments to be installed or used in the plant must be of a high
standard of reliability to ensure safe working and minimum risk. Plant size,
type and inventory of radicactive materials will influence the complexity of
the instruments ranging from simple monitoring for tritium in air in a lumi-
nizing facility to the full range of monitoring around nuclear reactors and in
fuel reprocessing plants with: external gamma-ray and neutron detectors;
radioactive gas monitors; and beta/gamma-ray and alpha particle detectors for
radioactive aerosols. Installed instruments should have a standard of relia-
bility comparable to reactor instrumentation and portable and personal dose-
meters for delineating fields and measuring personnel dose for record purposes
must be robust and designed for the purpose for which they are used.

RADIOLOGICAL BASIS FOR PLANT DESIGN

In the UK nuclear industry there are many codes of practice for the safe
design of plant and its operation. There is a recent code of practice
(with a guidance note) specifically to give radiological guidelines.
Radiological principles in the UK are based upon ICRP recommendations 2) which
are converted to regulations ) and a code of practice(a) by the UK Health &
Safety Executive (HSE), with advice from the UK National Radiological
Protection Board (NRPB).

The design dose targets(l), prior to optimisation of the design using
cost benefit analysis, are, for radiation workers: 10 mSv/yr averaged over
radiation workers on a particular plant; 15 mSv for any individual radiation
worker; 150 mSv/yr extremity dose equivalent to an individual. The design
target for non-radiation workers is 5 mSv/yr and 0.5 mSv for a typical member
of the most exposed group of the public. These targets are in line with the
latest guidance from NRPB(3) which anticipates ICRP recommendations but which
has not yet_ been accepted by the HSE. It should be noted that the HSE
regulations require a management investigation if an individual’s dose
equivalent exceeds 15 mSv in a year, or if a woman of reproductive capacity
exceeds 13 mSv to the abdomen in any consecutive 3 months period (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 INSTRUMENTS

The RP instrument engineer has to translate the operational requirements
into instruments to demonstrate compliance and indicate levels above 10% of
established limits. There 1is a code of practice for  installed RP
instruments which is designed to 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; radioactive gas monitors
in working areas & stacks, sampling and monitoring equipment for airborne
alpha & beta-particle aerosols in working areas & stacks; hand & clothing
monitors; liquid waste monitors. RP instruments will normally have alarms
which should not be falsely triggered and need a high standard of reliability
and availability (low maintenance down time) which should be comparable with
that demanded of nuclear reactor instrumentation‘’:*

Specification by the Health Physicist. The specification starts with a
definition of the operational characteristics, viz: sources & radiations,
hazards, permitted doses, alarm levels, type of measurement, accuracy and
degree of sophistication required. The radiation environment must be
specified; for example radon and its daughters can interfere with measurements
of alpha radiocactivity in air and ventilation, weather and building design can
all influence the radon activity level. Background radiation from gamma-rays
or neutrons can be variable and interfere with measurements as can shielding
and backscattering from structures. All of these effects need to be con-
sidered in the specification. The non-radiation environment is equally
important, viz: temperature, pressure, humidity, vibration, electrical
interference, corrosion, contamination & cleaning and accessibility; all need
to be considered and ranges of operation specified. This specification
exercise needs to be interactive to avoid over-stringent requirements which
could be expensive and to ensure that the sensitivity of any equipment is
identified before it is provided.

Specification by 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 (if applicable), the alarm levels
and failure indicators. Availability, ie ‘the sum of the times for which the
system is in the inoperative failed state divided by the total time during
which it should be operative’, and reliability ie ‘'‘the characteristic of an
item expressed by the probability that it will perform a required function
under stated conditions for a stated period of time’, need to be agreed with
instrument user. Information display has become a 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 increasing amounts of computer software which is
itself subject to the same availability and reliability 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 is completed by
specification of power supplies (with battery back-up?), cables (reduce
interference) and the physical supports for the instruments. Detailed
manufacturing & test procedures, and quality assurance are needed before
supply costs can be estimated.

Supply, Maintenance and Documentation. Finally comes installation,
maintenance and documentation: it is usual for RP installed instruments to
have a life of many years and so complete documentation at the start of
installation is vital to reliability, maintainability and availability.

PORTABLE AND TRANSPORTABLE RADIOLOGICAL PROTECTION INSTRUMENTS

The specification procedures for portable and transportable equipment(g)
is very similar to that for installed equipment except that it is much more
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difficult to define the environment 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 purpose, 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 aerosols of alpha and beta particles. Separate specifi-
cations for instruments using passive detectors, eg film dosemeters and
personal air samplers, need a combination of the requirements for portable and
installed equipment for reading or counting the passive element,

COMPUTER SOFTWARE

As indicated above, the need to provide remote control and reading of
installed and even portable RP instruments 1is producing an increasing
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 choosing 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 software control within the
instrument by preprogramming but once the output reaches the central control
this flexibility of approach is lost.

Firstly it is necessary for the user to define an overall requirement in
terms of immediate information, manipulation of data, recording of historical
data, printouts, displays, failure indicators (including pump failures on
samplers) & alarms and interaction with other programs. There may be a
variety of installed instruments, eg measuring external gamma radiation,
neutrons, gases, tritium, particulates, etc; and uses, eg workplace, stack,
natural enviromment. Each type of instrument will require its own software
although there may be much that is in 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
dosemeters (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 assessments and evaluations is an area of increasing importance in order
to provide information quickly and prompt for further measurements

TYPICAL ASSESSMENT PROCEDURE FOR RP INSTRUMENTATION

Ideally RP instrumentation should form part of the overall plant design
from its inception so that sampling points can be fixed, instrument locations
decided and cable runs organised. Fitting RP instruments into existing plant
is more common but the principles are the same. 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, facilities
for emergencies, services which can be bought in, eg bioassay.

D List all the possible RP instruments that might be required with moni-

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

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

Consider available instruments and decide where R& 1is required to
satisfy the specification.

Define the computer software requirements for installed monitors
(on-1line) and off-line personnel dosimetry.

Propose locations for RP instruments, cables, connectors (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 involved in the last two stages
and before procurement in providing complete specifications, 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 results from the
RP instruments and software.
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STANDARDISATION AND CALIBRATION FOR RADIATION PROTECTION 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 realisation of the quantity exposure were
established at the NPL several decades ago. Free air chambers are used for
X-rays generated at 300 kV and below and graphite cavity chambers for X-rays
generated at 1 MV and 2 MV as bremsstrahlung spectra from a Van de Graaff
accelerator. About 10 years ago a set of X-ray qualities was developed providing
a series of X-ray spectra specifically to be used for the calibration of
protection-level secondary standard ionisation chambers. These spectra generated
between 10 kV and 280 kV have approximately the same spectral resolution and for
a given tube current provide approximately the same exposure rate at the same
distance from the X-ray tube foci. With the exception that the 1 MV and 2 MV
qualities have been replaced by collimated caesium-137 and cobalt-60 beams, this
range of radiation qualities has continued in use up to the present time. In the
near future the ISO narrow spectrum series of X-ray radiations [1] will replace
the NPL qualities over much of the energy range.

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

DISSEMINATION OF CALIBRATIONS

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

Secondary standards for beta-radiations have been supplied in the form of
radionuclide sources calibrated in terms of absorbed dose rate to air or to
tissue at fixed distances using the primary standard described earlier. These
sources correspond to the Series 1 sources listed in ISO 6980 [3]. Table I
indicates the approximate dose rates available for the sources of highest
activity supplied for each nuclide.
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TABLE 1. NPL SECONDARY STANDARD BETA-RAY SOURCES

Calibration Absorbed dose rate to
Nuclide distance tissue at 0.07 mm depth
mm mGy h_l
Sr-90+Y-90 300 14
T1-204 300 2
Pm-147 200 1

PERSONAL DOSIMETRY

All the UK personal dosimetry services are subject to approval by the
Health and Safety Executive (HSE), and for the purpose of ensuring that 'doses
are assessed on the basis of accepted national standards', periodic
intercomparisons are organised. In the case of services for the monitoring of
external radiations, dosemeters are irradiated at a major secondary laboratory
equipped with NPL standards and sent out to the services for measurement. The
service run from the centre housing this secondary laboratory is directly
audited by NPL, and other services may also be directly audited by NPL at the
request of HSE. The calibration of dosemeters in some services may be based on
the use of NPL calibrated secondary standards but the majority make use of
radionuclide sources of certified activity. In either case the procedures ensure
that all personal 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 dosimetry services.

QUANTITIES AND UNITS

Following the change to SI units in ionising radiation metrology, the
British Committee on Radiation Units and Measurements (BCRU) recommended the use
of the quantity air kerma K_ for photon dosimetry in air [U4]. According to the
quantity in which the seconé%ry standard is scaled, NPL provides calibrations in
terms of expogure in réntgens or coulombs per; kilogram, absorbed dose rate to

air in rad h ~, and air kerma (rate) in mGy(h 1).

The BCRU gave interim recommendations [4] for the approximate conversion to
'dose-equivalent' of readings on protection instruments scaled in rdntgens,
viz. 1 mR = 10 pSv, pending expected guidance from ICRU on new dose equivalent
quantities. Following the publication of ICRU 39 [5] and the recommendation that
the new quantities ambient dose equivalent, H*(d), and directional dose
equivalent, H'(d), be adopted for area monitoring within the UK, recommended
conversion factors have been published by BCRU [6] as given by Wagner et al [7].
For X-ray calibration qualities in general use in secondary standardising
laboratories, factors are becoming available for converting the air kerma
calibrations supplied by NPL to the new dose equivalent quantities. Table II
lists factors for the ISO narrow spectrum series of X-ray qualities based on the
use of measured spectra folded in with the conversion relationships given for
monoenergetic photons. Similar factors are available for use with the NPL
protection-level X-ray qualities as long as they continue to be employed.
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TABLE II. FACTORS FOR CONVERTING AIR KERMA TO AMBIENT AND DIRECTIONAL
DOSE EQUIVALENT - ISO NARROW SPECTRUM FILTERED X-RADIATION

SERIES
Generating Mean Conversion factors
voltage energy
kV keV H*(lO)/Ka (Sv/Gy) H'(O.O7)/Ka (Sv/Gy)
4o 33 1.18 1.27
60 48 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 NPL beta-ray secondary standards calibrated in gfrms of absorbed dose
to tissue at a depth of 0.07 mm in units of mGy h =, the corresponding
direcg}onal dose equivalent rate has the same numerical value with units
mSv h .

STANDARDS FOR SURFACE CONTAMINATION AND ENVIRONMENTAL RADIOACTIVITY
MEASUREMENTS, AND FOR NEUTRON DOSIMETRY

To allow radionuclide surface contamination monitors to be calibrated
regularly with reference to national standards, as required by regulations, NPL
has developed a programme for the calibration of large area sources of a- and B-
emitting radionuclides. The B-emitting nuclides include C-il, Pm-147, T1-204,
C1-36 and Sr-90+Y-90 covering an energy range above 0.15 MeV, and the a-emitting
nuclide is Am-241. These correspond to the Class 1 reference sources of ISO
draft standard 8769 [8]: the calibration certificate gives the measured emission
rate. The general requirements for Class 2 reference sources of the same
radionuclides are the same as for Class 1 but these sources are calibrated
against Class 1 sources using a reference transfer instrument. The requirement
for such calibrated sources and for general agreement on methods for improving
surface contamination monitoring capabilities has received support from a recent
intercomparison of such measurements in UK hospitals [9].

Another requirement which has become evident recently is that for
radionuclide solution standards in the 10-100 Bq/g range, in connection with
studies of environmental activity. Such standards are now issued for an
expanding range of pure and mixed radionuclides. A programme has started for the
development of reference materials with agreed low levels of radionuclide
content.

Traceability in the UK for radiation protection purposes for neutron
radiations is achieved by providing access to standardised neutron fields at
NPL, 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 Graaff accelerator with a variety of targets.
Neutron-sensitive devices of all types may be irradiated and precision long
counters compared 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 has its headquarters at NPL, is a Government Service under
which about 600 laboratories to date are accredited for certain measurement
activities, either of testing or calibration. Calibration laboratories fall
within the British Calibration Service (BCS) section of NAMAS and a current aim
is to have secondary level radiation protection laboratories accredited within
this system and added to the list of about 200 laboratories accredited for
calibration work in a variety of fields. The assessment of laboratories is
performed against published criteria and a list of the technical criteria for
the ionising radiation field is given in Table III (* undergoing revision,
+ 1in preparation). The revised documents draw heavily on the IS0 standards
referred to in earlier sections.

TABLE III. BCS RADIOLOGICAL CRITERIA - INSTRUMENT AND SOURCE CALIBRATION

Doc. No. Supplementary Criteria for Laboratory Accreditation -

BO811* Calibration of Radiological Protection Level Instruments:
X-, Gamma and Beta- Rays

B0O813* Calibration of Radiological Protection Level Instruments:
Neutrons
B0O814 Calibration of Radionuclide Sources: Activity, Particle

or Photon Emission Rate, Exposure Rate or Air Kerma Rate

B0O815+ Calibration of Surface Contamination Monitors

In addition to the supplementary criteria, general criteria are set for
laboratory organisation and staffing; importance is laid on written measurement
procedures and substantiation of claimed uncertainties of measurement. The use
of NPL calibrated secondary standards is a central requirement and we believe
that accreditation in this field will be an important contribution towards
improved quality assurance in radiation measurements of all types.
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INSTRUMENTATION RESEARCH AND DEVELOPMENT IN
U.S. DEPARTMENT OF ENERGY HEALTH PHYSICS PROGRAMS
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Richland, Washington U.S,A. Washington, DC U,.S.A.
INTRODUCTION

The goal of applied research in instrumentation sponsored by
U.S. Department 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
research developments in the Division will be described in this
paper.

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

The DOE Radiological Controls Division conducts several pro-
grams under the technical direction of the Pacific Northwest
Laboratory (PNL), DOE's lead laboratory in health physics. These
programs make use of DOE contractors, universities, and private
companies to evaluate and upgrade measurement systems. Applied
research is conducted in the areas of beta measurements, neutron
measurements, internal dosimetry, air monitoring, and instrument
evaluations.

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 [1] 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 met 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 expected accuracy would be £26%. These are
the quadrature 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 sources of error are
angular dependence, energy dependence, and temperature dependence.
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In order to meet recommended accuracies 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 DOE is planning a testing
program for instruments used in their facilities,

NEUTRON INSTRUMENTATION

In the neutron program, a new type of radiation-detection
instrument has been developed that uses the tissue equivalent
proportional counter (TEPC) as the detector [4]. Based on devel-
opments in algorithms, counter stability, and electronics, a pro-
totype instrument [5] was developed at PNL to measure the total
dose equivalent 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 preamplifier,
which has a root mean square (RMS) noise of only 130 electrons.

To cover the wide range of pulse sizes, it was necessary to use
two separate linear amplifiers, one for neutron events and one for
gamma events. An analog to digital converter (ADC) was designed
using a pulse-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 severe
angular and energy dependence. Some instruments do have adequate
characteristics; these instruments generally have a thin window (5
to 10 mg/cm“) and a thin sengitive volume, both in terms of den-
sity thickness (1 to 5 mg/cm“) and physical thickness (<2 cm).

One instrument with suitable energy and,_angular response is based
on a thin plastic scintillator (5 mg/cm“) and uses pulse-shape
discrimination to eliminate noise [7]. Because of this discrimi-
nation, complex power-consuming circuitry is necessary. This cir-
cuitry makes the instrument cumbersome and affects its 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 gagma 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 ratio 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 system to obtain reproducible heating of the TLDs.
The beam profile from a laser system is gaussian (nonuniform) and
research resulted in methods to produce uniform heating over a
selected area (2 to 3 mm“). The system can now reproducibly pre-
anneal, read out, and post-anneal TLDs in 1 second.

INTERNAL DOSIMETRY

Accurate measurement of internal depositions of radionuclides
is essential to determine radiation risk to workers who acquire an
internal deposition of radiocactive materials through inhalation,
ingestion, or penetration of the skin. Bioassay techniques
involve measuring trace amounts of nuclides in excreta, primarily
urine. In 1982, PNL developed a new technique for precisely meas-
uring uranium in aqueous solutions (urine). The technique, kine-
tic phosphorimetry [9], automatically compensates for quenching
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 technique, which has been
commercialized.

The PNL is currently developing a new technique 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 production. 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 unique technique 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
technological 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 PROTECTION ET DE SURETE NUCLEAIRE

L. FITOUSSI
Institut de Protection et de Sfireté Nucléaire

I. INTRODUCTION

Les missions principales de 1l'Institut de Protection et
de Slireté Nucléaire (IPSN), créé en 1976 sous la tutelle du
Ministére de 1'Industrie, comprennent en Radioprotection :

- Les études et les recherches qui couvrent les domaines des
effets des rayonnements sur 1'homme et 1l'environnement, de
l'intervention sanitaire et médicale, des activités techniques
telles que 1l'instrumentation de mesure des rayonnements, la

robotique, la filtration et la ventilation dans les installations
nucléaires, etc.,

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

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

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

- du C.I.R.P., Comité de 1l'Instrumentation de Radio-Protection,

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

- du C.T.H.I.R., Centre Technique pour 1l'Homologation de 1'Instru-
mentation de Radioprotection,

lesquels ont pour mission :

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

- de définir 1les caractéristiques techniques des appareils
et d'initier les études en laboratoire,

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

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

- d'effectuer 1l'homologation des appareils dont l'utilisation
est recommandée dans les installations du CEA, et de coopérer
sur le plan national et international a la normalisation de
l'instrumentation de radioprotection.

52



II. DOMAINES D'INTERET

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

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

Dans chacun de ces domaines des études sont menées pour
résoudre les problémes techniques, améliorer la qualité des
appareillages et des mesures, et définir 1les tests des perfo-
rmances en vue de 1'homologation. Toutefois la 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 1la sphere de
respiration des travailleurs

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

ITII. TRAVAUX EN COURS
3.1. DOSIMETRIE DES NEUTRONS

Les travaux menés dans ce domaine recouvrent quatre secteurs
qui 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 a 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-
trédes 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 comparée
& celle de 1'émulsion Kodak NTA.

Deux compteurs proportionnel équivalents tissus de tailles
différentes sont en cours de développement. Le grand compteur
(d 5cm, h5 cm), dont la réponse en énergie est donnée 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 1076
a 107t Sv.h7l. Le petit compteur (@ 1,5 cm, h 5 cm), encore a
1'étude, doit équiper un dosimétre électronique de poche qui
fournira simultanément les équivalents de dose gamma et neutron.
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Les études portant sur les compteurs ‘4 hélium 3 ont conduit
a la réalisation et & 1'industrialisation d'un appareil portable
(2,5 kg) pour la surveillance des 2zones de travail (DINEUTRON).
Cet appareil, dont le 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 les procédures
d'étalonnage en neutrons, basée sur les spectres réels rencontrés
dans les installations nucléaires (réacteurs nucléaires, labora-
toires plutonium, usines ...). A cette fin un catalogue des
spectres réels les plus fréquents a été établi et des techniques
sont mises au point pour reproduire en laboratoire certains de
ces spectres qui serviront de référence pour les étalonnages.
L'avantage de cette méthode est 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 annédes a été ressentie 1la nécessité de
lancer des études sur le comportement et la mesure des aérosols
atmosphériques, notamment des actinides. Les objectifs qui 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 concevoir des systemes 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 qui
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 1l'environnement (Balise Pu,
PAUM et Balise Environnement) (voir tableau).

Le banc ICARE permet, grdce a une génération d'aérosols
de granulométrie et d'activité connues, en présence ou non de
radon, d'étalonner les moniteurs d'aérosols radioactifs et de
vérifier, le cas échéant, l1'efficacité des systémes de compensa-
tion de la radioactivité naturelle.

3.3. TABLEAUX DE CONTROLE DES RAYONNEMENTS

Grice 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 2zones 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 les années 80, 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) associées aux divers
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moniteurs placés dans les zones de travail et les calculateurs
de gestion (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 été congu et adopté pour les TCR des installations du
CEA.

IV. CONCLUSIONS

Pour la plupart, ces travaux prioritaires doivent compléte-
ment aboutir en 1988 et d'autres activités actuellement menées
a 1'IPSN prendront une plus grande importance dans un proche
futur. 1I1 s'agit, pour 1'instrumentation de radioprotection,
de la mise en application des nouvelles grandeurs opérationnelles
ICRU et des nouvelles valeurs du facteur de qualité des neutrons.
I1 en est de méme pour certains programmes lancés & la suite
de 1l'accident de Tchernobyl qui concernent notamment un réseau
de surveillance de 1'environnement pour le territoire national
et la mise au point d'un systéme de dosimétrie individuelle
a 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 SETTING

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 required,
by its Radioactive Materials License, to conduct all activities
involving licensed radiocactive 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 quarterly 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 did 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
monitoring devices. In order to be useful, a computer based data
management system needs to meet several criteria:

(1) Allow for identification of workers by job classification,
and work location.

(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 storage.)

(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 unique research group in the medical
school 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-DOS series computers.

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

(2) R.S. Landauer, Jr. & Co., 2 Science Road, Glenwood, IL 60425
USA
r
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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) RS-232C
communications port. 1Initial 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:

(1) 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 regular 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
1987. 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 100usSv (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.S. Landauer, Jr. & Co.., 2 Science
Road, Glenwood, IL 60425, USA

(5) Model G1 dosimeter, R.S. Landauer, Jr. & Co.., 2 Science
Road, Glenwood, IL 60425, USA
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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 MBg 6.7 * 26 * 33.3 + 62 * 160.0 + 155 *
2. 0 to 37 MBq 221.4 + 185 300.0 + 180 285.7 + 280
3. 0 to 37 MBg 14.3 + 36 35.7 + 50 321.4 + 272
4, 37 to 148 MBq 33.3 + 51 33.3 + 51 460.0 + 318
5. 37 to 148 MBq 0.0 + 0 66.7 + 72 500.0 + 290
6. 37 to 148 MBq 0.0 ¥ 0 6.7 ¥ 26 613.3 ¥ 245
7. 37 to 148 MBqgq 13.3 + 35 140.0 + 99 673.3 + 284
8. 148 to 370 MBgq 21.4 + 43 85.7 + 66 792.9 + 144
9. 148 to 370 MBq 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 MBgq 20.0 + 41 93.3 + 88 1113.3 + 479
12. 148 to 370 MBgq 14.3 + 38 42.9 + 54 1171.4 + 1382
13. 148 to 370 MBq 0.0 ¥ 0 20.0 + 41  1186.7 * 536
14. 370 to 925 MBq 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 sg.) in soft tissue. The effects of buildup and
attenuation of radiation in the body are considered in accord
with the International 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. S., 1987 "Extremity Dose: Its Definition, Standards

and Regulatory Limits, Radiobiological Significance, Measurement
and Practical cConsiderations" Health Phys. 52, 695-705.

60



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 by 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 annually 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 !3'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-walled air-equivalent plastic ionization
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 equivalent (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 is 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 2-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?2. 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 1078 to 10-1* 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 VAC or
internally contained battery supplies.

The secondary standard beta source set contains three beta-
emitting sources, including 74-mg %%Sr, 18.5-MBq 2%4T1, and
518-MBgq 7Pm. 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 method in the IS0 Beta Standard.
The average slope of current versus plate separation is multi-
plied by the air-to-tissue stopping power ratio, the W value 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 interior and the electrom-
eter calibration factor are applied to individual collected
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 equivalent "air kerma rate" using the TE ion
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 ion chamber, which
measures total kerma rate, and the GM counter, which is used to
determine photon kerma rate. The neutron air kerma rate is
converted to neutron dose rate in tissue following the method of
AAPM Report 7 and ICRU 30. The conversion factor contains the
ratios 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
147py 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
226Ra). Seven of those measurements utilized the photon
transfer chamber. The average of ratios between field measure-
ments and PNL reference values was 1.23 £ 0.26 for the seven
measurements. During fiscal year 1987, twenty measurements were
performed on 137Cs 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
239pyBe neutron source. The ratio 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. Problems 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.

During fiscal year 1986, resuits were reported from two
irradiations by participants using the intercomparison secondary
standard beta set. The average of ratios for the 9%Sr source
was 1.02 =+ 0.05. Only one set of measurements yielded useful
ratios for the 20471 and !*7Pm 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 %Sy, 1.00 for 28471,
and 1.09 for 7pm,

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 radiological calibration information through the
operation of the intercomparison program and the biannual
radiological calibration workshop.
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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. 1In 1980, the National Council on Radiation Pro-
tection and Measurements (NCRP) announced that it is 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 interpreta-
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. Neutron
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 locations are
somewhat similar, differences related to shielding design rather
than reactor and pressure-vessel design are apparent. The BNW
staff have primarily used the following neutron measurement sys-
tems: 1) the multisphere spectrometer system, 2) the 3He spect-
Eometir system and 3) the Tissue Equivalent Proportional Counter

TEPC).

* Pacific Northwest Laboratory (PNL), also 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 eV) to 20 MeV. The spectrometer consists of
a 8LiI scintillator detector and a set of polyethylene spheres
of different diameters. The fLi 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
equivalent.

The 3He spectrometer consists of a 3He proportional counter
and associated electronics. Neutrons 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 neutron
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 limitations 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-equivalent 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
electric field strength along the entire length of the anode.
This produces the needed uniformity in gas amplification at all
points 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/cmd)
with a diameter of about 1 um and is said to have an "equivalent
diameter" of 1 um. 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 anticipated 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.
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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 limit 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 observing 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)
jdentification 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.
A1l 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
location 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 to 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 locations (generally 8 to 12
locations are measured). To date, no 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 1imit 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.S.A

E. J. Vallario
U.S. Department of Energy
Washington, DC U.S.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 monitoring, 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 volume used
as a reference point. However, under field survey conditions,
frequently encountered sources have irregular shapes and large or
small dimensions compared to detector volume. 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 window, which is an
appropriate reference point when working close 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 variation 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 905r-90y peta source
conforming to International Organization for Standardization
(ISO) 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
orientation (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.

90°

180°

FIGURE 1. Angular Response of Four Instruments to a 90sr-°0y
Beta Source. 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 beta 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% around 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]. Source
geometries of interest are created from the matrix by selecting
and normalizing the response for an appropriate collection of
points. The measured data is used to calculate correction
factors (ratio 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 correction 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, variations are also evident among
the correction factors for the 995r-20y and 20%T1 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 Styrofoam to lead
changed the correction factor from 4.7 to 6.3 for 20471 with
instrument B. Scans were also performed with 57Co and !37Cs
sources and resulted in similar correction factors.

. 90 .
TABLE 1. Measured Correction Factors for Sr Disk Sources

Source 0.5 cm 1.0 cm 2.0 cm 5.0 cm
Diameter, Tnstrument Instrument Tnstrument Tnstrument

cm N T O R T R D

0.3 38.3 21.0 9.3 13.9 7.2 3.5 5.7 2.9 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 1.4 2.3 1.6 0.9 1.9 1.1 0.77

21.0 2.2 2.1 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 1.9 1.2 1.5 1.2 0.89

. 204 .

TABLE 2., Measured Correction Factors for Tl Disk Sources
Source 0.5 cm 1.0 cm 2.0 cm 5.0 cm
Diameter, Instrument Instrument Instrument Tnstrument

cm A D D A D A D

0.3 79 39 17 30 15 6.7 1" 5.5 2.8 5.6 2.5 1.6

5.0 12,5 5.4 2.5 1.9 5.1 2.5 8.4 3.6 2.0 5.2 2.3 1.6

10.0 8.6 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 2.4 6.9 4.3 2.3 5.5 3.4 2.0 3.8 2.0 1.6

21.0 -- 4.8 2.7 -- 5.0 2.6 4.6 41 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 cm) of uniformly distributed activity to compare with study
results. These sources were composed of insoluble 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
1 cm for %%sr-°0y getermined 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 source-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].
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HIGH SENSITIVE BETA- AND GAMMA-RAY SPECTROSCOPY
AND ITS IMPLICATION ON RADIATION PROTECTION

Gerd Heusser,
Max-Planck-Institut fiir Kernphysik
POB 103 980 D-6900 Heidelberg, FRG

ABSTRACT

The application of extreme low level detection methods in radiation protection
helps not only to reduce counting times but offers also a large variety of
investigations 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:

A - incompletely shielded external gamma rays

- 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 (also activation) in detector and shield.

mooOow

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 Grau Sasso Underground Laboratory are
able to detect gaseous activities of less than | decay per day.

The advantages of extreme low level counting in health physics are demonstrated
by some examples of environmental-, incorporation- and accidental neutron dose
monitoring.
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A CLASSTIFICATION 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 radioactive contamination when they leave
restricted access areas.

Starting from a surface contamination limit of 0.037 Bq/cm2 for
persons 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 years
-- adults

PATHWAYS LEADING TO EXPOSURE

The starting point for the radiocactive 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 into 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
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- other persons: internal exposure through inhalation
- other persons: internal exposure via water-soil-plant

The ISH reports Nr. 63, 78, 80 (Ll, 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
pathways were compared with the dose limitations given in the
German Radiological Protection Ordinance (L4), where the
following limits apply:

50/150/300/600 mSv for category A occupationally exposed
persons 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 majority of cases (497 nuclides), exposition
through "ingestion by the age group of l-year-olds" proves to
be the leading pathway.

27 nuclides furnish the highest dose 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 occupationally exposed person
is predominant.

When calculating the ingestion 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 thyroid 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 (another 22 isotopes 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 doing so, we always refer to the most disadvantageous
pathway of exposure for each nuclide in relation to its dose
limit. Category 1 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 % of
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 radiological relevancy in 5 categories as
above.

Category I

Po

Am 241, Am 243,

165 4

Category IT

Cl
Sm
Th
Pu
Cm
Fm

Category III

C

Mn
Sr
Sr
Rh
Sb
Sb
I

Ba
Pm
Pb
Cm
Fm
Sc
Te
Es

Category

Be
Ca
Mn
Cu
As
Y

Mo
Ru
Ag
Sb
Cs
Sm
Eu
Eu

10 ¥ - 100 %

210, Pb 210, Ra 226, Ac 227,

254, Am

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

14, Na
56, Fe
82, Rb
91, Y
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, Cn

$ - 10 %

90,
148,
230,
236,
244,

Nb
Hg
Th
U

Cm

113m, Ir 192m,

22, Na
59, Co
83, Rb
92, Sr
102, Ru
124, I

128, Sb
134, Cs
141, La

0.1 % -

24,
60,
84,
92,
105,
125,
129,
134,
141,

149, Pm 151,

211, Pb
241, Anm

44m, Rh 1l06n,
131m, Cs 134m,

254m,

10, Mg
45, Sc
54, Co
67, Ge
74, As
86, Y

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

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

212,
242,

1

Al
Ni
Rb
Y

Rh
Sn
Te
I

La
Gd
Ac
Cm

In 114m,
Pa 148m,

32,
47,
56,
71,
76,
87,
96,
105,
115,
125,
138,
146,
149,
153,

IV 0.01 % - 0.1 %

P

Ca
Ni
Zn
As
ir
Tc
P4
cd
Ba
La
Eu
Eu
Ga

Ccm 245, Cm 246,

95,
194,
232,
238,
247,

26,
65,
86,
93,
105,
125,
129,
135,
142,
152,
226,
242,

cd 115m,
Eu 152m,

33,
47,
57,
72,
77,
88,
96,

107,

117,

126,

138,

146,

155s,

153,

75

Ra
Bk

Tc
Ra
U

Pu
Ccf

Bi 210m

P

Zn
Zr
Zr
Ru
Sn
I

Cs
Ce
Eu
Th
ct

Ca
Sc
Co
Ga
Br
Y

Tc
Pd
Sb
Ba
Ce
Pm
Eu
Tb

228,
247,

98,
223,
232,
238,
248,

32,
65,
89,
95,
106,
126,
130,
136,
143,
154,
227,
246,

Th
Cm

cd
Ra

Pu
ct

K

Ni
Sr
Zr
cd
Sb
I

Cs
Ce
Eu
Th
Pu

229,
248,

113,
224,
233,
239,
250,

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

Te 125m, Te
ILu 177m, Hf

41,
48,
57,
72,
82,
88,

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

Co
As
Sr
Nb

Sn
Cs
Pr
Ga

Eu

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

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

mentioned

Pa

In
Ac

Pu
cf

Ti
Se
Y

Mo
Ag
I

Te
Ba
Pr
W

Np
Fm

127m,
178m,

Fe
Zn
Ga
Sr
Mo
Pd
In
Te
La
Pr

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
Y

Tc
Sn
Te
I

La
Nd
Os
Np
Es

Sc
Mn
Ga
Se
Zr
Nb
Rh
In
Sn
Ba

Eu
Tb
Sm

237,
251,

129,
225,
235,
242,
254,

239,
253,

Te 129m,
Ir 194m,

44,
52,
66,
73,
86,

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



157, Tb 158, G4 159, Tb 160, Tb 161, Dy 166, Yb 166, Ho 166,
166, T™m 167, Er 169, Lu 169, Yb 169, Tm 170, Lu 170, Hf 170,
171, Lu 171, Lu 172, Hf 172, Er 172, Tm 172, Lu 173, Tm 173,
174, Hf 175, ¥Yb 175, Lu 176, Ta 176, Lu 177, W 178, Lu 179,
180, Hf 181, Re 181, Hf 182, Os 182, Re 182, Ta 182, Ta 183,
184, Re 184, Ta 184, Ir 185, Os 185, W 185, Ir 186s, Ir 186,
186, W 187, Ir 188, Pt 188, Re 188, Ir 189, Pt 189, Re 189,
190, Os 191, Pt 191, Ir 192, Os 193, Pt 193, Au 194, Ir 194,
195, Hg 197, Pt 197, Au 198, Au 199, Pb 200, Pt 200, T1 200,
202, Bi 203, Hg 203, Pb 203, T1 204, Bi 205, Pb 205, Bi 206,
207, Bi 207, Bi 210, Bi 212, Ac 224, Ac 228, Pa 228, Pa 230,
231, U 231, Pa 232, Pa 233, Np 234, Pa 234, Np 236, U 237,
239, U 240, Am 240, Cm 241, Am 244, Pu 245, Bk 245, Bk 246,
249, Fm 253, Cf 253, Fm 254,

69m, Tc 95m, Nb 95m, Tc 97m, Tc 99m, Rh 102m, Ag 106m,
108m, Ag 110m, In 115m, Cd 117m, Sn 117m, Sb 118m, Sn 119m,
121m, Te 121m, Te 123m, Ba 133m, Ba 135m, Ce 137m, Nd 139m,
166m, Lu 174m, Hf 179m, Re 184m, Re 186m, Pt 193m, Hg 193m,
195m, Hg 197m, Au 198m, Au 200m

Category V < 0,01 % :

Ll

L2
L3
L4

3, Be 7, F 18, si 31, s 35, Sc¢c 43, Ti 45, Cr 48,
49, Cr 51, Mn 53, Fe 55, Ni 59, Co 61, Cu 61, Ni 63,
64, Ge 66, Ga 67, Ga 68, Ge 69, Ge 71, As 73, Br 75,
75, Ge 77, Br 77, As 78, Ge 78, Sr 80, Rb 81, Br 83,
89, Te¢ 93, 2r 93, Tc 94, Tc 95, Ru 97, Nb 97, Pd 101,

103, Ag 104, Cd 107, In 109, In 110, Te 116, Sb 117, I 120,
121, T 123, Sn 127, Cs 127, Sb 128, Cs 129, Cs 131, La 135,
137, Pr 137, La 137, Pr 139, Nd 141, Sm 142, Pm 143, Pm 145,
147, NdA 149, Eu 149, Sm 151, Gd 151, Tb 155, Dy 155, Tb 157,
157, Dy 159, Er 161, Ho 161, Dy 165, Er 165, Ho 167, Tm 171,
173, Hf 173, Ta 174, Ta 175, W 176, ¥Yb 177, Ta 177, W 177,
178, Ta 178, Ta 179, W 181, Os 181, Re 182, Hf 183, Ir 184,
186, Ir 187, Re 187, Au 193, Hg 193, Ir 195, Hg 195, Tl 195,
197, Pb 198, T1 198, Pb 199, Tl 199, Tl 201, Bi 201, Pb 201,
202, Po 205, Po 207, Pb 209, Pu 234, Np 235, Pu 237, Am 237,
238, Am 238, Np 240, Pu 243, Am 245, Cm 249, Bk 250, Es 250,
251, Md 257

58m, Zn 71m, Br 80m, Rb 82m, Sr 85m, Sr 87m, Y o90m,
93m, Mo 93m, Rh 99m, Rh 101lm, In 113m, Sb 116m, In 117m,
132m, Pr 138m, Tb 156ms,Tb 156m, Ho 162m, Lu 176m, Ta 180m,
180m, Hf 182m, Os 189m, Ir 190ms,Ir 190m, Os 191m, Ir 195m,
195m, Pt 197m, T1 198m, Pb 202m
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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, also 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 radioactive 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 stiringent (but not less stringent) controls
enforceable within the territory of the province concerned.

For many years after the Atomic Energy Control 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
regulations 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
provincial Radiation Health and Safety Act was passed in 1962, and set
an important precedent for public controls on the medical uses of
ionizing radiations in Canada. 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
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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 regularly 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 regulations covered 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-ionizing 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 by 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 involved such considerations as the elimination
of unnecessary retake examinations. This has resulted in radiation
safety inspections being extended to include checks on many other
factors such as the resolution 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 provincial
radiation health officers is to help diagnostic radiology depariments 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
radioactive 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
industries 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 techniques. Some of them
involve the use of radioisotopes and therefore require Atomic Energy
Control Board licences and conformity with A.E.C.B. regulations, others
are entirely a provincial responsibility. Staff attached to the
radiation safety unit have the responsibility of providing an emergency
response service following transport or other radiation emergencies and
also participate in education and worker training programs, particularly
those directed towards members 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 person
may be exposed to a radon dose exceeding one tenth of the provincial
limit for occupationally exposed workers (4 WLM per annum}.

Non-ionizing Radiations.

During the last few years the most important change in the work of
the unit has been an increasing involvement 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. Ultrasound and NMR imaging procedures now take
place in many hospitals and hearing losses arising from airborne
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ultrasound are becoming more frequent. Video terminal operators and
persons living near electrical transmission lines are concerned about
low frequency 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 new
quality assurance procedures for diagnostic radiology necessitated the
acquisition of a diagnostic X-ray unit six years ago. However the 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 radon 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 occasional 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
outlines the way in which the activities and responsibilities of the
unit have evolved during this quarter century. Stepping back to review
the past in this way is valuable when planning to meet likely future
committments during a decade in which it seems likely that public
concerns about radiation risks will continue to increase.
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EXPERIENCE IN ESTABLISHING AND OPERATING A RADIATION DOSIMETRY AND
RADIOACTIVITY CALIBRATION LABORATORY IN THE REPUBLIC OF CHINA

Wei~Li Chen
Atomic Energy Council, Institute of Nuclear energy Research
P.O0.Box 3-10, Lung-Tan 32500, Taiwan, Republic of China

INTRODUCTION

Increasing public concern and more demanding legislation
about radiation safety have made reliable measurement of ionizing
radiation a necessity. Standardized calibration and procedures
for the measurement of radiation doseage become one of the most
important parts to assure measurement accuracy and hence radi-
ation safety. The wareness of this need has led to the estab-
lishment of the Radiation Dosimetry and Radiocactivity Calibration
Laboratory (RDRCL) at the Institute of Nuclear Energy Research
(INER). Since July 1976 the RDRCL has been operated by the
Health Physics (HP) Division of INER. 1In setting up and opera-
ting the laboratory, several guides(1,2,3) have been followed.
The experience we have gained may be of general interest to those
whose concern is with the use or calibration of dosimeter.

ORGANIZATION AND RESPONSIBILITY OF THE RDRCL

The RDRCL includs two main parts namely Photon Dosimetry
Calibration Laboratory (PDCL) and Radioactivity Calibration
System (RCS). The operation of the RDRCL is under overall
supervision of the HP Division Director of INER. For rountine
calibrating services, the PDCL has two full-time senior
physicists well experienced in radiation dosimetry and four full-
time technicians with adequate qualification and experience to
provide calibrating services. More over, for special consulation
or discussion, other senior physicists or engineerers in the HP
Division can readily provide help. Since most Radiotherapy
centers in Taiwan are located in the northern part and are close
to INER. The calibration services for them are convenient. 1In
the past years, the PDCL in addition to discharge served the
instrument calibration work for INER, has offered technical
service to other public or private companies in Taiwan, e.g.
Taiwan Power Company, University of Tsing-Hua, and a good many
hospitals. (4)

The main responsibilities to be implemented by PRDL in the
laboratory itself could include:

(1). The maintenance of a set of secondary standard
(intercomparison) ion chamber and radiation sources.

(2). Calibrating radiation measuring instruments used for

clinical dosimetry and radiation protection purposes,
and issuing certificates.
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(3). The minor repair of instruments when needed.

(4). Coordinating efforts with other HP staffs on personnel
and environmental dosimetry services.

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

(6). Providing help to radiation protection services with
regard to dosimetric problems.

(7). Joining in dosimetric intercomparisons with other
laboratories.

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

EQUIPMENT AND FACILITIES OF THE PDCL
(A) X-ray Beams

The PDCL is equipped with two X-ray generating systems. A
Baltgraph CE 50/30 type X-ray machine with 50 kVcp X-ray tube
incorporating a Beryllium window was installed for low energy
work, and a high quality Pantak HF420c calibration type X-ray
machine was used for both medium and low energy work. The later
can be operated with voltage from 420 to 10 kVcp at tube current
down to 50 A. The ancillary facilities include a set of high
quality filters, an adjustable diaphragm, a transmission type
monitor chamber, etc. The X-ray generating system is capable of
generating those filtered X-ray beams as recommended by the
National Bureau of Standard (NBS) or as shown in the IS0-4037
report, regarding to the effective energy and dose rate ranges.

(B) y-ray Sources

To obtain a wide range of y-energies and outputs, a large
number of sealed radioisoiope sources, such as Ra-226, Cs-137
and Co-60, etc. were used to provide precise exposure rate.

The above-mentioned X and y-photon sources are or can be
equipped with calibration benches or stands. Devices for easy and
reproducible position, such as trackes, laser beam sources, etc.
are available. The remote control systems can be installed
whenever necessary.

(C) Ionization Chambers

Ionization chambers calibrated against the primary standards
at the NBS or the National Physical Laboratory (NPL) of the U.K.
are refered to as the secondary standard chambers at the PDCL.
Some secondary standard ion chambers, together with two free-air
ion chambers are properly used and maintained. Redundant
principle is practised whenever possible.
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Ion chamber calibrated against the secondary standard ion
chambers are referred to as the laboratory standard instruments
which are used to calibrate the field-use dosimeters or survey
meters.

(D) Electrometers

There are many feedback type high precision electrometers
in the PDCL. Some of them have been calibrated traceable to
NBS. Like ion chamber, the electrometers in the PDCL are
classfied as secondary standard, laboratory standard and field-
use.

(E) Other Equipment

Additional equipment required for ionization chamber
calibration include standard charge/voltage sources, three
terminal calibration capacitors, high quality barometers,
thermometers, timers, humidity measurement instruments, atmos-
pheric communication testing chamber, etc. Many self made
devices are installed to position various types of chambers in
optimum location with a view to meeting regquirements of all
radiation charactistics so that most accurate results are
obtained based on which to determine the realistic condition.

OPERATION OF THE PDCL

In order to fulfill PDCL's responsibities and to provide
for the soonest possible instrument calibration, a disciplined
procedure is established to follow. The protocol of the PDCL
has described in detail the procedures for calibrating, reporting
and record keeping for each class of device. Also classes are
defined into which each device will fall. These procedures have
also delineated explicit steps to assure utmost accuracy in
calibration. All calibrating activities have to be in conformity
with laboratory protocol.

RADIOACTIVITY CALIBRATION SYSTEM

According to the characteristics of the radioactivity, e.g.
radiation types, physical and chemical forms, and intensity,
there are many different qualitification and quantification
methods in determining the activity of a radioisotope.

The RCS has had many activity measuring systems which mainly
include alpha spectrometric system, 2m-o counter, 2m-8 counter
liquid scintillation spectrometric system, gamma spectrometric
system, 4m-y ionization chamber, and 4m-B8, Yy coincidence counting
system. (5)

EXPERIENCE WITH THE RDRCL

Experiences gained from establishing and operating the RDRCL
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in these years show that the calibration of radiation measuring
instruments is a high-~tech endeavor and rather costly work. It
is important that the personnel selected for establishing and
operating the RDRCL are adequately qualified and are given
adequate status and remuneration. It also needs to invest

large fund for equipment and site preparation. A rigid protocol
and a list of operational procedures must be clearly defined and
strictly followed. The supports from other relevant high
technical industries and the close contact with other national
laboratories are essential parts to elevate the level of the
laboratory.
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3. ISO "X and y-reference Radiations for Calibrating Dosimeters
and Dose Ratemeters and for Determining Their Response as a
Function of Photon Energy" Report 4037 (1979)
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PERFORMANCE CHARACTERISTICS OF 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 gquench 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 acgquire
agqueous 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, gquench resistance, and sample stability
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 (1). The aqueous sample
capacities and the effects of sample volume 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 material (2).

The tested cocktails consisted of Ready Safe (Beckman Instruments
Inc.), Ecolume (ICN Biomedical, Inc.), Solvent Free (Isolab, Inc.), Ecoscint
(National Diagnostics), Optifluor, Optifluor-0, and Polyfluor (Packard
Instrument Company), Biosafe and Biosafe II (Research Products
International), and Ecolite (WestChem, Inc.). These cocktails were compared
to spectrophotometric grade toluene (Mallinckrodt Chemical Works;
SpectrAR) with 3.92 ¢g/L. PPO and 0.08 g/L. bis-MSB (Omnifluor; NEN-Dupont),
since this is comparable to the ANSI standard referenced above.

A Packard Model 300 C/D LS counter was used for data acquisition.
The external standard ratio was used for quench determination. Both
large diameter (20 ml) and mini (7 ml) vials composed of either Ilow
potassium glass or polyethylene (PE) were used. In order to minimize
external effects from adapters, a grommet type adapter system was
utilized with the mini vials. This system consists of a plastic ring
attached to each extremity of the mini vial, and has no effect on the
shape of mini wvial quench curves, which are diameter dependent, but
unaffected by wvial or adapter materials. It does, however, slightly
improve the wunguenched 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 vial/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 Optifluor-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 vials prepared from three different
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sample bottles, which were not seen in the solvent-based Biosafe II. The
most probable explanation for these excessive backgrounds is the
presence of a very long lived chemiluminescent material (4). Lowest
backgrounds were noted in PE mini vials employing grommet type adapters.

TABLE I =~ COCKTAIL BACKGROUNDS
Glass Plastic Glass Plastic
COCKTAIL mini vials mini vials large vials large vials

{For cocktails available as of February, 1986)

Toluene 18.3*1.1 12.3%1.2 22.0%1.6 11.9+%0.9
Optifluor 17.0%1.0 13.4%1.2 23.6%1.3 13.1%1.7
Ecolite 17.2+1.3 13.7+1.7 25.3*1.5 13.8+0.9
Ecoscint 19.4+1.9 14.9+1.3 35.4%1.8 21.5%1.8
Ecolume 22.9+1.5 18.5+1.0 40.9+1.8 30.6%1.9
Solvent Free 19.2+1.6 14.4+0.7 30.2%2.1 18.9+0.9
Biosafe 715.5%3.4 71.6%x2.1 595 + 12 668 * 34

(For cocktails available as of June, 1987)
Toluene 16.6+1.2 12.7120.9 20.0x1.6 12.7+1.1
Ready Safe 18.5%1.6 12.8%1.4 25.7+2.1 16.2%+2.0
Biosafe I1I 17.5%1.1 12.7+0.9 22.8%1.1 14.9%1.3
Polyfluor 17.9%+1.8 12.5%0.8 22.4+1.7 13.6+1.4
Optifluor-0 16.8x1.2 11.7%1.4 16.8%1.2 11.7+1.4

TABLE II COCKTAIL TRITIUM EFFICIENCIES

Glass Plastic Glass Plastic
COCKTAIL mini vials mini vials large vials large vials
(For cocktails available as of February, 1986)

Toluene 58.3+0.9 59.0+0.2 57.8*0.5 59.610.2
Optifluor 45,1%0.3 45.7+0.2 44.5+0.4 46.1%0.1
Ecolite 42.6x0.4 43.3%1.4 40.3%0.3 46.610.4
Ecoscint 46.4+0.2 47.8*0.9 44 .3+0.7 50.0%1.6
Ecolume 45.0+0.5 46.3+0.2 41.5%1.1 46.7+1.3
Solvent Free 29.1+0.1 26.7%0.3 27.1%x1.7 21.4+0.7
Biosafe 26.6:0.2 22.1%0.7 21.410.1 23.610.6

{For cocktails available as of June, 1987)
Toluene 60.7+0.4 60.6%+1.1 59.7+0.2 60.0+1.1
Ready Safe 49.5+0.3 52.9+0.3 49.0+0.8 52.3+0.3
Biosafe II 40.8+0.2 43.0%0.5 41.8+0.2 43.2+0.1
Polyfluor 43.2%+1.,2 43.6+1.6 42.0+0.8 44.7+0.7
Optifluor-0 57.910.3 57.9%0.2 58.3+0.7 57.4+0.5

After the background was determined, 30 gL [methyl Z23H]thymidine
(15.8 Bgq/uL) or 150 uL 3H,0 (22.5 Bqg/uL) was added to all of the cocktails
except the toluene samples, which received 30 to 100 microliters of
tritiated toluene (32.7 Bg/ulL). 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 II). 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
cocktails were obtained in mini glass vials equipped with grommet
adapters, or in large PE vials.

Quench curves were prepared by counting the sample vials for 10
minutes and noting the quench number and counts per minute (CPM). A
quantity of nitromethane was added to the vial, which was then
recounted for an additional 10 minutes. This procedure was performed 10
times until the vial was heavily quenched. 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 (5).

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

TABLE III SAMPLE STABILITY AND QUENCH RESISTANCE

Glass Plastic Glass Plastic Q curve

COCKTAIL mini vial mini vial large vial large vial slopes
{For cocktails available as of February, 1986)1
optifluor - — 1.4% 31.3%2  -1.7x10 2
Ecolite ——— ——— 0.0% 2.0% -1.5}{10_2
Ecoscint -——- ———- +0.9% 5.8% -1.4x10_,
Ecolume ———— ———= +2.0% 1.7% -1.4x10_,
Solvent Free ---—- -———- +5.0% 4.5% -9.5x10_,
Biosafe ——— —-——— 8.8% 2.8% -8.8x10
{For cocktails available as of June, 1987)3

Toluene 2.7% 49.2% 1.0% 14.8%4  -3.7x105
Ready Safe 0.6% 2.0% 0.1% 1.1% -1.4x10_,
Biosafe I1 1.0% 1.5% 0.6% 0.8% —1.5x10_2
Polyfluor 1.3% 1.6% 0.7% 1.4% -l.9x10_,
Optifluor-0 1.4% 7.9% 0.8% 0.8% -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 walls.
Optifluor lost activity at the rate of approximately 10% of the initial
cpm every 8 days, and retained only 70% of the original counts at 30
days. No volume 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”
cocktails will result in a degradation of performance for unquenched to
moderately quenched tritium samples, relative to a toluene reference
standard. However, since many other commercial cocktails trade maximum
theoretical performance characteristics for aqueous sample holding
capabilities, this may not be a serious disadvantage. Of greater
significance, however, the guench curves for these cocktails vary
sufficiently from the toluene quench curve that 4-8% errors will be
introduced through use of toluene tritium standards for DPM operation.
Also, the detergent based cocktails show  significant handling
shortcomings relative to the other preparations. These cocktails are
quite viscous, and require repeated vortex mixings and long dark
adaptation periods. The possible presence of long lived chemiluminescent
components may affect suitability of these cocktails 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 disposed of via 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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INTRODUCTION

In order to calibrate radiation protection instruments with
large area detector such as floor contamination monitor, hand-foot-
cloth monitor, large area calibration source with good uniformity
is necessary. And accompanying with the dismantlement of reactor,
various kinds of calibration sources shall be also needed for
radiation detectors which are used for measuring the radioactivity
of various shapes of solid wastes or contaminated matters.

Thin ion exchange membrane source is useful as such calibra-
tion sources by the following reasons : 1) it can be produced
easily, 2) large area source with good uniformity can be obtained
and 3) its shape can be changed easily and freely.

A thin ion exchange resin membrane source was introduced by
Ballard!’ to calibrate contamination instruments. In JAERI, a thin
large area plane source with good uniformity was independently
developed using a different type of ion exchange membrane. This
paper describes the production method and the characteristics of
the ion exchange membrane source.

PRODUCTION OF MEMBRANE SOURCES
1) Ion exchange membrane?’-3’-4)

The ion exchange membrane used for producing calibration
sources was developed in JAERI and is called R-27. The membrane has
carboxyl as radical in the base material polyethylene so that it is
adaptable for any radioactive cation. The distribution of radicals
in the membrane is quite uniform and the dispersion of membrane
thickness is small. The membrane is chemically stable and it is also
proved that the membrane has still sufficient strength when it is
irradiated with 7 -rays of approximately 10° Gy. Therefore, the mem-
brane is quite suitable for producing practical calibration sources.

2) Production method
The 1on exchange membrane sources are produced as follows:
The ion exchange membrane is first soaked in a radioactive solution

which is prepared by dissolving standard radioactive solution
(obtained from LMRI or Amersham Co.) in pure water. And some non-
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radioactive carrier was added to improve the uniformity. A buffer
solution is also added into the solution so that PH value of the
solution may not vary so remarkably. After being left in the
radioactive solution, the membrane is then rinsed with pure water
and dried naturally.

Several types of sources were trially produced by this method.
The nuclides of the produced sources are as follows: %0Sr-9%0Y,
204T], '47Pp (pure B emitters) , 106Ru-!06Rh, 60Co, !37Cs ( B and
v emitters) , 24'Am (@ and 7 emitters). The shape of the produced
sources arc circle 50 mm or 100 mm in diameter and rectangle 100 mm
X 150 mm.

3) Determination of radioactivity

The radioactivity of the pure S membrane source was deter-
mined using a proportional counter calibrated by a thin paper damped
with radioactive standard solution. The radioactivity of membrane
sources emitting ¢ -rays was measured with Ge(Li) detector or
NalI(T1l) detector. Counting efficiency of the detector was deter-
mined by the measurement in the source geometry of plane and
point®’. This is because any point source can be calibrated using
a standard point source.

After determination of the radioactivity, the membrane source
is mounted on a suitable supporting tool.

CHARACTERISTICS OF THE MEMBRANE SOURCE

Characteristics of the membrane source was investigated for
trially produced sources.

1) Uniformity of the radioactivity on the membrane source

The uniformity of the radioactivity on the membrane sources was
checked for all produced membrane sources by the autoradiography
method using large area industrial X-ray film. The optical density
of the X-ray film irradiated by the membrane source contacting di-
rectly with the film was measured with densitometer Macbeth TD-5014.
It was found that the variation of optical density was less than 5 %
from the average. Therefore, the uniformity of radiocactivity on
the produced membrane source was proved to be practically suffi-
cient. The uniformity of the membrane source produced using radio-
active solution without carrier was poor and so it was found that
non-radioactive carrier is quite important factor to produce uniform
membrane sources.

2) Self-absorption effect of the « membrane source
241Am ¢ source was first produced using 25 u m ion exchange
membrane. The a energy spectrum of the source was measured with Si-

SBD and it was found that no a peak of 241Am (5.486 MeV) is
observed because of self-absorption effect. Then an extremely thin
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(1l m) membrane was used for producing 24!'Am aa source. The
spectrum of the source was also investigated. As shown in Fig. 1,
the spectrum of 1 um a source is similar to that of a standard
241Am @ source (manufactured by LMRI). 1 g m a source, however,
is rather difficult to handle because of its fragility and so more
strong membrane is desirable for practical purposes.

Another type of ion exchange membrane, which has 100 4 m total
thickness with several u m radical grafted surface, was also tried
to be used for producing ?4!Am « source. The spectrum of this
source was compared with the standard 24!Am a source and was found
to be in good agreement with that of standard source (See Fig.2).
Therefore, up to now, this 100 4 m ion exchange membrane grafted
superficially can be regarded as the most suitable ion exchange
membrane to produce practical a sources.

3) 7 Wipe-off 7 factor of the membrane source
The " wipe-off " factor, which is quite important for practi-
cal calibration source, was also checked by the following experi-
ment. After rubbing the surface of the ®°Co membrane source

(50 z# m thick) several ten times with smearing filter paper, the
source and the filter paper were both measured with GM counter. No
difference was observed in the counting rates of them before and
after rubbing. This experiment result shows that the ” wipe-off ”
factor of the membrane source is negligibly low.

CONCLUSION

It was found that a new calibration source using a thin ion ex-
change membrane R-27 developed in JAERI satisfies the uniformity of
radioactivity on the membrane with the variation of less than 5 %.
Superficially grafted 100 u m ion exchange membrane was found to be
the most suitable to produce practical «@ source because it has no
fragility and causes self-absorption effect very little. And the ”
wipe-off ” factor of the ion 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.H. Frazier and B.R. Thomas
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P.0O. Box 549, Oak Ridge, Tennessee 37831, USA

ABSTRACT

The ability of a radioassay system to quantify the activity in a
given sample is determined by the counting time, background conditions,
and detection efficiency. The detection 1imit of a radioassay 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 comparison 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 a 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
technique for determining the detection 1imit and, therefore, has a signi-
ficant impact on regulations and instrumentation for both radiobioassay and
assay of environmental samples for gamma-ray emitters.
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A DOSE-EQUIVALENT RATE METER FOR ENVIRONMENTAL RADIATION SURVEYS
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INTRODUCTION

In 1969 a scintillation dose rate meter was developed |11
which is well suited for measuring the exposure rate for photon
energies above 20 keV. The air equivalent response of the scin-
tillation detector is achieved by coating the plastic scintillator
(NE 1023) in the probe with a thin layer of zZnS |11, |41l.

In report 39 |2]| ICRU recommended new quantities for measure-
ments in radiation protection with external sources. For environ-
mental monitoring, these quantities are the ambient dose eguiva-
lent H*(10) and the directional dose equivalent H'(0.07). If these
new guantities are introduced for practical measurements in radi-
ation protection, instruments must be modified to directly indi-
cate the ambient dose egivalent or the directional dose equiva-
lent.

In 1986 the PTB began carrying out experimental investiga-
tions to ascertain whether the response of the scintillation
detectors could be modified to obtain an indication of the ambient
dose-equivalent rate independent of the photon energy. At the same
time the electronics of these instruments was improved to
overcome constructional shortcomings. The dependence of the
reading on the temperature was reduced electronically and the
influence of the dark current of the photomultiplier on the more
sensitive ranges was diminished.

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

An enerqgy independent reading of the ambient dose equivalent
rate with a scintillation dose rate meter is achieved if 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 function of photon energy can be influenced by coating the
plastic scintillator in the probe with a thin layer of zinc
sulfide or other inorganic scintillators of appropriate thickness.

This technique 1is also applied to obtain the scintillation
detector's response which is needed for an energy independent
reading of the ambient dose equivalent rate. Research work has
been carried out on the instrument which is suitable for measuring
radiation levels in the order of those in the natural environment.
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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
contribution of the dark current to the signal current can be
reduced by subtracting its value.

All information needed for controlling the high voltage and
the gain of the photomultiplier in all ranges as a function of
temperature is stored together with information on the corre-
sponding dark current in an EPROM. For each rangs and eachO
measured temperature of the detector between -20"C and +40°C,
this information 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 reasonably short time, P. Seyfried
has developed a special algorithm |6]| which allows the whole
family of characteristics to be computed from a few measured
values.

The first instrument equipped with this new system has shown
temperature—-dependent deviations in all ranges not exceeding a
maximum value of + 5%. This could be improved by using more
measured values to compute the family of characteristics.
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DESCRIPTION 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 8 ranges from 30 nSv/h up to 100 pSv/h
full scale which are selected either by the autoranging mode or by
the manual mode. To avoid overloading 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, is indicated on the meter in the control unit.
Selectable time constants are provided.

SCINTILL. DETECTOR | CONTROL UNIT
r A |
CATHODE | - 300 TO -1250 Vv |
- I
- |
----- | . A
. PHOTO- |  HIGH- S
! ! ) VOLTAGE v 1BATTERY
1 MULTIPL., : CASCADE : -1-_ 12 Vv
l ¥ !
| DAC
GAIN CONTROL | 10 g7 —E P R 0 M
2048 * 16
| FAMILY
TEMP. ~ F
SENEoR |DARK CURRENT | D A C | |CHARACT.
OFFSET 4 BIT
l EN | szenaL out A
1 | AUTORANGE
1 — METER| MULTIPLEXER I
t I ADC
- 12 BIT

Fig. 2 Schematic diagram of the dose-equivalent rate meter

There are two disadvantages in this operation mode of the
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 the photo-
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This instrument has a cylindrical plastic scintillator in the
probe which is 75 mm in diameter and 75 mm in height [3], [4]. In
the course of the work various mixtures of inorganic scintillators
containing 2ZnS, CaWO, and Gdzo S were used to coat the

cylindrical scintillator to ob%ain the desired response. The
response of the scintillation detector was measured with X-refer-
ence radiation of series A |5| and JY-radiation of caesium-137 and
cobalt-60. Dividing the readings of the dose-rate meter by the
ambient dose equivalent rates at the same place in the calibration
field yields the response of the instrument as a function of the
photon energy. The ambient dose equivalent rate in the calibration
field was calculated from the measured photon dose equivalent rate
using the conversion 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 the photon energy, normalized to the response at an energy
of 662 keV.
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Fig. 1 Relative reponse of the dose-equivalent rate meter
as function of the photon energy

As pointed out in |1l| 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 aftey irradiation, the yield of the phosphorescence is
about 5-10 of the intensity of the fluorescence. In this case
the influence of the phosphorescence on the reading can be
neglected shortly after irradiation.
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MEASUREMENTS OF PHOTOELECTRONS FROM A PHOTOMULTIPLIER
PHOTOCATHODE AND THEIR APPLICATIONS TO DOSIMETRY

Mitsuhiro Miyajima and Shinichi Sasaki
National Laboratory for High Energy Physics
Uehara 1-1, Oho, Tsukuba, Ibaraki, 305 JAPAN.
and
Eido Shibamura
Saitama College of Health
519, Aza-Kamiokubo, Urawa, Saitama, 338 JAPAN.

INTRODUCTION

In gaseous ionization detectors, W-value defined as an
average energy expended per ion-pair, plays an important role for
the measurement of absorbed dose. However, there does not exist
the same kind of quantity, Wp, which should be defined as an
average energy expended per emitted photon, in the case of
scintillators. It is very difficult to absolutely measure such a
quantity with present techniques wusing of scintillators and
available photomultipliers (PMT). In the PMT, it is quite
difficult to measure the collection efficiency of photoelectrons
at the first dynode and the multiplication gain of successive
dynodes chain, although the quantum efficiency of +the
photocathode is measurable. On the other hand, the number of
photoelectrons from the photocathode is easily measurable with a
well calibrated charge sensitive amplifier. We recently measured
numbers of photoelectrons with three combinations of PMT and
NaI(T1l) for the first time(1). The PMT was operated as a photo-
diode (PD-mode). The average energy expended per collected
photoelectron, Wpe, was almost 100 eV in all the three
combinations. Here, we describe the measurements of
photoelectrons with a NaI(T1l) coupled to a PMT. Also we show the
application of this technique to radiation dosimetry using a
plastic scintillator coupled with a PMT and a charge integrator.

NUMBER OF PHOTOELECTRONS

Measurements of the photoelectrons from the photocatode
were made using a 3"o X 3" NaI(Tl) scintillator coupled to a
PMT. In the PD-mode, the first dynode (Dy1), second one (Dy2) and
focusing grid (G) were connected together as a collector to
collect the photoelectrons, while the photocathode (K), the anode
(A) and all the other dynodes were connected as a cathode as
shown in Fig.1. A low noise charge sensitive preamplifier (CSPA)
was connected to the collector with a charge terminator which was
used to calibrate the amplifier system by a high precision
mercury pulser. The signal from the CSPA was fed to a main
amplifier for shaping and further amplification. The semi-
Gaussian shaping was made with differentiating and integrating
time constants of both 2 usec. The amplifier system with a charge
terminator was calibrated with the method used in the previous
experiments(1). The complete collection of photoelectrons was
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assured by measuring the pulse heights of the photo-peak due to
the gamma-rays from Cs-137 as a function of applied voltage to
the cathode. The pulse height of the photo-peak was completely
saturated above -20 volt as shown in Fig.2. The energy dependence
of pulse heights and resolutions was measured with the gamma-ray
sources of (Cs-137, Mn-54, Na-22, Co-22, K-40, T1-208, and Pu-C.
Also, these measurements were repeated with a same combination of
a PMT and a scintillator in the normal operation mode of a PMT
(PMT-mode). The two typical pulse height distributions are shown
in Fig.3. Figure (A) and (C) are gamma-ray spectra from Co-60 and
Pu-C with the PMT-mode, and (B) and (D) with the PD-mode,
respectively. The pulse hcights wcrec determined by least-square
fitting of measured pulse height distributions to a Gaussian plus
a quadratic function or two Gaussians. The converted pulse
heights to the number of photoelectrons were fitted against the
energy of gamma-rays by the least-squares fit. The number of
photoelectrons was obtained to be (9.94+0.005) electrons/keV in
this combination. The Wpe was 100.6 eV. This result
excellently agreed with the previous results(1).

ENERGY RESOLUTIONS IN PD-MODE AND PMT-MODE

In the case of the PD-mode, the PMT is operated without the
multiplication of electrons at the dynode chain and the
measurements are made with a high gain charge sensitive amplifier
system. Therefore, the signal to noise ratio 1s an important
factor to 1imit the experiments. Two typical examples measured
with the PD-mode and the PMT-mode are shown in Fig.3. The energy
resolutions of the PMT-mode are slightly better than those of the
PD-mode at the gamma-rays from Co-60, but are almost comparable
at about 6 MeV (Pu-C). The noise width obtained from the pulse
height distributions of the test pulse . well agreed to be 420
electrons in the full width at half maximum(fwhm) as & noise
equivalent charge(2). The noise width mainly depends on the
input capacitances of the PMT and the amplifier, and also on the
leakage current of the PMT.

APPLICATION TO DOSIMETRY

Plastic scintillators (PS) are similar to tissue in
composition and density, and are also itself radiation detectors.
The PS had been used to measured the tissue equivalent absorbed
dose. In that case, the measurements were made by the PMT-mode
with a combination of a PS and a PMT. The combination was
calibrated with the gamma-rays of the known energies. The
measurements of the absorbed dose were made firstly by taking a
pulse height distribution with a pulse height analyzer, secondly
by calculating the total pulse heights weighted with counts per
channel, and thirdly converted the total pulse heights to the
absorbed energy using the energy per channel. However, the
method described here may be much easier, since the absorbed
energy is simply calculated from N X Wpe, where N is the total
number of photoelectrons. The experimental apparatus used in the
present measurements is shown in Fig.4. A PS (NE102A), of which
the diameter is 3 cm and the thickness is 1 c¢cm, was used to
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measure both Wpe and energy depositions. A PMT (R1307, Hamamatsu
Photonics Co.) was coupled to the PS as a photo-diode. The PS was
wrapped with aluminized mylar sheet as the reflector of photons.
In order to measure the Wpe, the collector was connected toa low
noise charge sensitive amplifier system (A) at first. The Wpe of
the combination was measured to be 430120 eV with the gamma-rays
of the known energies. In order to measure the absorbed energy,
the collector was connected with a charge integrator (B), while
the cathode was held at -50 volt. A well calibrated capacitor (C)
was 9.52 pF. The charge of photoelectrons was integrated for a
period (Ti) and discharged periocdically by a relay. The output
waveform was recorded on a strip-chart recorder. The total charge
was calculated from the maximum voltage (Eo). The total
integrated charge due to background radiations and 1leakage
current between the cathode and the collector was measured to be
(0.67+0.1) pC for the integration time of 2 sec. A Co-60 gamma-
ray source of 7.9 mCi was used for irradiation of the PS. The
measured net charges at 29.7 cm and 139.7 cm were (10.9+0.1) and
(0.53+0.01) pC for 2 sec, respectively. These are easily
converted to absorbed dose rates with the Wp and are 115 and 5.4
mrad/h, respectively. Also the absorbed dose rates at several
points between above two points were measured. The dependence of
those on the distance between the source and the PS was assured
to be well fitted to the inverse square law.

DISCUSSION

The preliminary results seem to suggest that this method is
effective to the absolute measurement of tissue equivalent dose
with the PS. In this method, a high voltage power supply, which
is normally used to operate a PMT, is not necessary and the
collection efficiency of photoelectrons does not depend on the
fluctuation of biasing voltage. These also suggest a possibility
making of a small size dosimeter without a high voltage power
supply. In this experiment a charge integrator is used to measure
the total charges of collected photoelectrons, but it is also
possible to use pulse techniques to get the total charges. There
may exist two faults in this method. The Wpe of the PS was
determined with the Compton edges of the gamma-rays with the
known energies. The standard deviation of the Wpe for the PS was
large due to uncertainty in determining the Compton edges, even
though the low noise charge sensitive amplifier, of which the
noise width was 495 + 2 electrons in fwhm, was used for the
measurements. Furthermore, the number of photoelectrons in the PS
was about one fourth of that in NaI(Tl). However, the uncertainty
in the Wpe 1is possibly avoidable by using several monochromatic
electron sources for the energy calibration. In the latter case,
photo-detectors with much higher quantum efficiency is desirable.
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Fig. 1

Schematic diagram of the experimental equipment

Fig. 2

Saturation characteristics in PD mode
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HIGH RESOLUTION SCINTILLATOR/PHOTODIODE DETECTORS
FOR ROUTINE MONITORING

M.F.Cottrall#f and D.M.Raymond*
Royal Free Hospital School of Medicine, London, 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
scintillation detectors has been limited by the relatively high levels of
noise associated with their junction capacitance and the charge
amplification process. Recently devices have become available 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 output of a system consisting of a
photodiode, TFET 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 minimum indicating an optimum pulse 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 photodiode, which is roughly
proportional to the diode sensitive area. However the size of the signal is
determined by the 1light which can be coupled onto 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 to a
given photodiode. Areas of the scintillator which are not coupled are coated
with a diffuse reflector, such as magnesium oxide powder, so that some of
the 1light finally emerging suffers multiple internal reflections. For a
given face area of scintillator there is an optimum sensitive area for the
diode, and the signal/noise ratio can be predicted quantitatively using a
simple theoretical model.

It appears also that to obtain a good optical coupling from a
scintillator, it is important for the window to be in contact with the
silicon 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 has
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 series 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 greater reduction in junction capacitance and hence a
significant reduction in the other noise 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 various scintillators coupled in turn with silicon grease to a
photomultiplier and a resin window photodiode. The scintillators were cut
into cubes of side 1lcm and one face polished on moistened paper. The
photomultiplier had a bialkali photocathode with peak quantum efficiency at
420nm, while the photodiode has a broad absorption band peaking at some
900nm. 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 scintillators on
photomultiplier and photodiode.

Scintillator Reported light output Pulse Height Pulse Height
as a 7 of Measured on PM Measured on PD
NaI(TL) as 7 of NaI(T1) as % of NaI(Tl)

NaI(T1) 100 100 100

CsI(T1) 41% 31 148

CsI(Na) 65 ~ 83% 84 82

BGO 8+ - -

* Nuclear Enterprises Inc. Brochure No 126P (1980)
4+ Furukhi M.R, Mat. Res. Soc. Symp. Proec Vol 26 (1963)

DETECTOR PULSE HEIGHT SPECTRA

Only one commercially available photodiode (Hamamatsu Photonics 81723~
06) meets these requirements and it happens to have a sensitive area of lem®
. The performance of various scintillators has been studied wusing 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 Fig.l and Table 2. The width of the peaks
is due largely to the electronic noise and corresponds to a FWHM of 38keV.
The photopeak of 241Am can clearly be resolved.
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Fig.1 Pulse height spectrum 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 lem* photosensitive area 1is subtantially
reduced and this is shown in Table 2 by the reduced channel number of the
photopeak. However the noise width as indicated by the FWHM is relatively

independent of the crystal dimensions.

Table 2 Effect of increasing face area of CsI(T1)
Crystal Photopeak FWHM Resolution
Dimension Channel No channels Z

mm

7x7x12.7 378 21.5 5.7
10x10x10 365 21.0 5.8
20 dia x 10 288 23.5 8,2
25.4 dia x 12,7 231 20.5 9.0
50.8 dia x 25.4 114 19.5 17.1
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PROTOTYPE MONITOR

To demonstrate the promise of such detectors, we have constructed a
prototype we call the "mitie" monitor. The detectors are detachable and plug
into a box, measuring some 13 X 8 X 5cm.,which contains a 9V battery, charge
amplifier, 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 is provided for spectrometry. Fig. 2 shows some
results obtained using a 1" diameter X 1" thick CsI(T1l) detector compared to
those for a commercial instrument using a compensated GM counter. The
sensitivity of the 'mitie" 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 - 10000
"Mitie'Monitor i
count rate,cs
10 - 1000
. "
PDR2 hS S
1 | Exposure rate Q N 100
mRh™! N
J (Nuclear Enterprises) S .
\\
~
0.1 - . p
60Co 137Cs Background i
° . i
Calculated exposure rate mRh ™' §
0-01 T T ' 1 1 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 a
photomultiplier and a high voltage supply, it is relatively inexpensive to
produce. With further development we may expect the scintillator/photodiode
detector to replace present scintillation detectors in many current
applications.
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ADVANTAGES AND LIMITATIONS OF Si SURFACE BARRIER AND CdTe
DETECTORS FOR MEASURAMENT OF DIAGNOSTIC X-RAY SFECTRA.

“R.F.Laitano, ™" R.Fani, " "R.Fellegrini, “M.P.Toni
“ENEA Lab.Metrologia Radiaz. Ionizzanti-FAS-CRE Casaccia Italy
““Dpt.Medicina Sperimentale-Universita "La Sapienza"-Roma Italy
et CNR 5.8.F.8 Roma Italy

INTRODUCTION

The knowledge 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 it is also necessary to
know the spectra of the photons trasmitted from a phantom or from
the patient in the actual conditions of a radiological
examination. X-ray spectrometry by means of germanium detectors
can be performed ,at the present time, by well established
methods. One of the major problems , encountered in this type of
measuwraments is due to the high photon fluence typical of

diagnostic X-ray beams. Counting rates, pile-up and pulse
distortion are usually reduced by: a) very narrow collimations
and large focus detector distances, (b) decreasing of X-ray tube
current (10-30 uA ) ,whenever possible. It is then worthwhile to

investigate on detection systems whose efficiency is much lower
than that of the Ge detectors and which are capable to realise a
compromi se between accuracy of measurement and simplicity of use
as happens with Silicon surface barrier and CdTe detectors (Fani
et al. 1986, Di Castro et al. 1983). In this work diagnostic X-
ray spectra measured with both detectors are compared in the
energy range 10-100 keV. 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
photons /mmﬁs, 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 spectra
correction procedures that are more complex than in the case of
Ge detector.

EQUIFMENT AND METHODS

An n—-type silicon surface barrier detector ( Ortec ABR-16-25~
F00) 300 micron thick,totally depleted with an area of 25 mt 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 resolution that varies from
5.4 to &.3 keV in the range from 20 to 400 keV. The cadmium
telluride detector was grown in Italy in the I.N.F.N. Laboratory
of BRari. It was produced with travelling heater method (THM) and
it has a sufficient energy resolution (9% at 122 keV) and a size
of 3x5x1.7 mm . CdTe detectors are not at present available with
volumes larger than 0.5 et and with high purity. Cdte and Gi
detectors have a low detection efficiency that make them quite
suitable for 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 (FGT IGP 1035) with a size
of 100 maf % S mm. The X—-ray equipment consists of a metrological
tube Fhilips MG421 with a costant potential in the range 3I0-420
kV. 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 apertuwe diameter to limit the irradiation area to the
detector active area. Energy calibration and efficiency was
determined Ffor each detector using standard point sources in the
energy range from 5 to 200 keV. In figwes 1 and 2 are shown
pulse height distributions of two typical X-ray qualities,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 collection. The influence of these effects depends on
detector active volume , its atomic number and purity. To obtain
the true bremsstrahlung spectrum impinging on the detector a
carefull analysis is 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 techniques and the general methods employed in the
Monte Carlo program for the soclution 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 §8i detector is
summarized in the following formula:

e N&(E)_[ME »sn)ﬂNttatk\}[ézs@ﬁv)“t“-v’]’{g}m‘E'E" the.)] g:’éme.)B*

x £(e)"
The formula consists of the subtraction of fouwr terms from the
number of detected photon of energy E (NgG(E)). The first term
represents the number of K-photons that escape from the
detector.The presence of this effect has to be negleted for 8Si
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 only for incident photon energy greater than
150 keV. The last term represents the events introduced from
theincomplete charge collection. The charge trapping is the main
contributing factor to this effect for CdTe. Such correction can
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be neglected in Si for its high purity. Finally correction for
photopeak efficiency &£ (E) is applied. A more detailed desription
of h(E), rk(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 is 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 8i detector. There is a good agreement with the spectrum
measuwred with Ge. Only a difference can be noticed in the energy
range of W—-kK lines due to the lower resolution of 8i. The higher
accuracy of 8i detector response and stripping correction is also
shown in figuwre 3 where the tungsten K-lines affect the energy
distribution much less than CdTe detector.

In conclusion the §5i surface barrier detector offers very
interesting advantages optimizing the compromise between accuracy

and simplicity of use in the energy and fluence rate range of
radiodiagnostics.
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Fig.1l X-ray spectra obtained with the CdTe detector
at 100 kV filtered with 4 mm Al+ Smm Cu. Measured
spectrum (dot); corrected spectrum (full line); same
spectrum obtained with Ge detector (broken line).
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Fig.2 X-ray spectra obtained with Surface barrier
detector at 100 kV filtered with 2.5 mm Al. Measured
spectrum (dot):; corrected spectrum (full line); same
spectrum obtained with Ge detector (broken line).
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OBJECTS OF A STABLE BEAM CALIBRATION SYSTEM BASED ON
PHYSICAL CONSTANTS

D Gifford, H J A Avery, T J Godden, D Kear
Department of Medical Physics, Bristol and Weston
Health Authority

Calibration of protection-level dosemeters 1is a legal
requirement in many countries! and in the UK is required by
Regulation 24 of the Ionising Radiations Regulations 19852, Two
important features of the testing required under this regulation
are that 1) the calibraticn is traceable to a national standard
and 2) the accuracy of the calibration is known.

A major difference between the requirements for the
calibration of clinical dosemeters for use in radiotherapy and of
protection~-level dosemeters is that in the former case there are
a few dosemeters requiring calibration to a high standard of
accuracy while in the case of protection-level dosemeters, there
are a great number c¢f dosemeters requiring calibration to a
lower, but known standard of accuracy. The performance of
dosemeters used for protection 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 to use dosemeters the
characteristics of which have not been verified.

In the system described, dosemeters are placed in known
positions on measuring platferms (fig 1). On leaving the
calibration cell, the operator initiates the calibration
procedure, which can be wholly or partly robotic. Measuring
sequences can be chosen so that each of two detectors can be
placed at each position and exposed in turn, or alternatively a
single detector can be exposed at each chosen position along the
axis of the beam.

fig 1 GENERAL VIEW SHOWING fig 2 SOURCE HOUSING AND
MEASURING PLATFORMS CONTROL MECHANISM
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Conventional dosemeter calibration is based on the transfer
of calibration factors from a calibrated secondary standard
dosemeter which itself requires to be calibrated regularly
against a national standard, so that the calibration of the
instruments 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 or component failure. It is necessary to maintain a
reference source to check the calibration of the secondary
standard dosemeter.

The philosophy of a stable-beam calibration system is to use
for calibration purposes the output from a radioactive source the
air kerma rate from which at a given distance, once determined,
can be predicted by the use of physical constants, so 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 standard. While this eliminates the need for
the wuse for the secondary standard dosemeter for each
calibration, there may however remain the need to validate the
accuracy of the system at regular intervals of say 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 not arisen due to
mechanical inconsistencies arising from shocks to the system or
wear and tear, or to unpredicted changes 1in air kerma rate
arising from the decay of the radiocactive source not following
the predicted values due to the presence of source impurities,
and are required in the UK to satisfy the requirements of NATLAS
and NAMAS.

Inaccuracies occurring in calibration against secondary
standard dosemeters of known accuracy can arise due to
uncertainties regarding the source in the ~case o0of X-ray
generators, to errors in the secondary standard itself, and to
positional 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 under <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 this 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 cccasional reference to a
secondary standard is required. The calibration standard in a
stable~beam system consists of the photon beam itself, emitted by
a radioactive source or sources of photons of suitable energy or
energies, the characteristics 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 of the beam has been
established, the air-kerma rate at that point can be predicted at
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a future date by means of the decay constant of the given

radionuclide and the reading of the instrument under calibration
compared with this value.

The use of the air kerma rate at a point in the beam from a
radionuclide source as a reference standard presupposes the
availability of a stable scatter~free beam, the characteristics

of which have been verified by a national standardising
laboratory.

CALIBRATION USING A STABLE BEAM SYSTEM

The use of a stable beam system for calibration consists
therefore of the following initial steps:

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

The air-kerma rate on the axis of the beam is measured to
check for any deviation from the inverse sguare law prediction
and entered 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 volumes, in order to establish

accuracy limits for radiation transducers of different sizes
(fig 4).
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CALIBRATION 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 (Z-axis). The reading of the
instrument is then observed and entered into the computer, and
the detector moved to another 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 automatically to
the next position after a given time. When the series of
measurements is completed, the computer produces a calibration
certificate for the instrument which includes all relevant
information: the measurement data entered by the computer and
the details of the instrument entered by the operator. In the
case of ionisation chambers under calibration, details of
temperature and pressure are also entered automatically by the
computer, and the correction factor applied so that the
calibration5 produced " is correct at 20°C and 1013 mbar
(1.013 x 10~ Pa).

Source housings (fig 2) are available to permit the use
of two sources of high photon enerqgy; for sources of lower
photon energy, an alternative source housing is being
developed. The lower energy sources are intended to fit on to
the axis of the calibration system in front of the main source
housing. Examples of nuclides evaluation of which it 1is
proposed to carry out to assess their suitability for
calibration purposes include 2%1Am, 57Co and 1251,

A wide range of tests may be required for complete
calibration. Some, such as those relating to warm-up times
and the response time of the instrument are important for
measurement of rapidly changing radiation intensities. It is
also important to validate instrumental integrity over the
range of 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 exposed. The
calibration process consists of a range of pre-~-programmed
measurements, which are compared with the standard data stored
in the computer. A summary of the results from a 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 and
NATLAS requirements as set out in publications M1S1, M1S2 and
M1s3, B0021, B0102 and M1 to M53. The first system was
installed at Bristol General Hospital in what was previously
the Cobalt Teletherapy Suite in the o0l1ld Radiotherapy
Department in October 1987.

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

John W. McKlveen
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INTRODUCTION

The increase in nuclear energy applications and the use of
technically enhanced sources of radioactivity engenders a need for
rapid, low-level techniques to detect and quantify 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. Occasionally 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
applications or for field measurements.

Liquid scintillation alpha spectroscopy is a viable
alternative to the methods described above. Coupled with solvent
extraction techniques, alpha emitter recovery and counting
efficiency can approach 100%. The 4r 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 *°Po in a uranium mill circuit
[Ca81,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 circuit incorporates the ideas of
Alexander and Goulding [Al61] 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 to 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 (points 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 (point H) [Ca85].

Figure 2 is a diagram of the modular PERALS spectrometer.
The spectrometer is six NIM modules wide. It contains a high
voltage power supply, a photomultiplier tube, a sample holder, and
the PSD and pulse-height amplification electronics. The unit fits
into a standard 6 or 12 wide NIM bin. As shown in the figure,
outputs from the PSD portion of the system may be sent directly to
a multichannel analyzer (MCA) to provide gross alpha and beta/gamma
decay information. In 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 of the system. The Rejection 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 Thorngate’s (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 Radiology & Diagnostic Imaging,
Mackenzie Health Sciences Centre,
University of Alberta, Edmonton, Alberta T6G2B7, Canada

ABSTRACT

A large Radiology 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 response 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 range of alpha particles and a 59.5 keV gamma
ray, which falls nicely in the range of typical diagnostic
X-ray energies. 241-Am has a half life of 432 years which
provides a good degree of reproducibility without the need for
constant decay correction.

The use of the system is for monitoring changes in response
of calibrated devices, and should not be considered to have
eliminated the need for proper calibration from time to time
by a Standards Laboratory.
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SIX CHANMEL 1OW BACKGROUND ALPHA JOUNTER

Zheng Rengi, Ye Zude,and Dai Zhongde
Institute for Radiation Protection, MNI.
.0.8ox 120, 'laiyuan, shanxi, P.R.o.CIHINA

Ffequentlyy it is required to analyse a fairly large number of
samples for weak alpha radioactivity in the field of radiation pro-
tection, health physics, environnental monitoring, food inspection,
nuclear medicine, radiobiology and geological prospecting. The sam~
ple is always separated or enriched by some radiochemical processes
and deposited to form a thin planar source, finally put it in a low
background assembly for radicactivity measurement. In order to lower
the minimum detection 1limit, the counting time is extended greatly,
especially for weak alpha activity, always: up to 24hours. For this
reason, a sort of practical instrument must be stable, reliable,
low background, unsensitive to disturbance, easy to operate, able
simultanecusly to measure several samples, able to continuously
operate longer than 24 hours and low production cost, that will suit
the demand very well.

Silicon- gold surface barrier semiconductor detectors are
.chosen for alpha detectors, because which are more firm, less
auxiliary circuits and smaller in size than scintillation counters,
and less sensitive to disturbance, less auxiliary installation and
smaller in size than pgrid ionization chamber. The instrument con-
sisting of six detectors, might simultaneously and separately
count six samples. Each detector look on to a planar source which
is put into a shallow hole on a drawer.

The signal from the detector is fed to a charge sensitive
amplifier,then to alinear ecomplementary voltage amplifier and a
discriminator. All these linear circuits are designed in a low
power consumptive mode and allow to work at wide voltage range.
The lasting current of each channel linear circuit is less tham
one milliampere at 7-9 volts.
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In order to reduce the noise, ordinary ‘charge sensitive ampli-
fier utilizes high mutual conductance FET (field effect transistor)
and hence large drain current is needed. We use high g transistors
with small steady current and get less noise to meet this instrument
feature. The discriminator consist of a FET, a thyristor and a tran-
sistor. ''he input PN junction ol the thyristor biases: the FLET. Once
the FEI' is set into conducting sufficiently, it will trigger the
thyrister. The detector and linear circuit of each channel is put
into an electric macnetic shielding to reduce the interference from
each olher and the disturbance from outside.

The outpuls of six linear circuit channels are fed to six
storage counters, which are made of CMOS integrated circuit for
reasons of saving power and reliability. Each storage counter has
four decimal digits and a overflow signal. There are only one de-
coder and one display wilth liguid crystal for all six slorage

counters. They also share a selr-test device and an autb-timing
device, which bases on a quartz Utime circuit and the time interval

are ¥, 1, 5, 10, 20, 60, 100, 40v, 1000, 1400 minutes optionally.

Whole insrumenit is supplied by a set of six storage batteries
or six dry cells, with neither voltapge stabilizer nor step-up
device, so thal no extra power is expended. Non-linking with mains
pover abtain two advantage: to avoid disturbance from mains net-
work, from which majority interference come; to avoid losing the
data just in progress, this situation may happens in a mains
supplied instrunent, while the mians break off unexpectedly.

Fresh recharged hatteries will last 500 hours or longer. If the

voltage supply lower below some level, a special sign will appear.

The outward appcarance of the instrumnent is same as a NIM
standard bir, with size 480mm(W)»240mn(11) x340ma (D) . The effective
sensitive size of detectors may be 12 mm, 15 mm or 20 mm in dia-
meter optionally. The performance index of mean instrument back-
backpground is 6, 8 or 10 counts per 20 hours respectively, and
detection ef ficiency for planar 25t source is larger than 60%, 65%
or 704 respectively. The actual measured mean background is 2.4,

3.2, or h.7 counts per 1400 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 satiisfac-
torily.
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THE DEVELOPMENT OF ENERGY COMPENSATED GEIGER MULLER DETECTORS.
FOR THE QUANTITY AMBIENT DOSE EQUIVALENT

David Barclay,
Mullard Ltd
New Road, Mitcham, Surrey CR4 4XY, UK

and

P.H. Burgess
National Radiological Protection Board

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 Muller detectors have
been designed to measure the quantity 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 fir Materialforschung und -priifung (BAM), Berlin
Unter den Eichen 87, D-10000 Berlin 45, Federal Republic of Germany

INTRODUCTION

The radiological impact in the environment of high energy
accelerators is given by the following main contributions:

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

2. activated 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 activated ground
water was found to be of no concern. Simple relationships have
been derived which allow the calculation of the three dominant
contributions to the radiation impact of heavy ion accelerators
operating 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 source, the effective fluence to
dose conversion factor and the effective dose transmission factor
of the shield. For thick shields
(> 500 g/cm?) the contribution
of source neutrons below 100 MeV
to the dose rate at the outer
surface of the shield is only
a few percent. Therefore to a
good approximation the lower
limit of the source neutron
energy to be taken into account
is chosen to be E5 = 100 MeV.

The effective quantities /on beam e, .
were calculated by folding T 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 factor for ¢+ d > 500 g/cm? can be described in terms of an
exponential function and a dose buildup factor we obtain:

H=K-+1-3-expl[ - (pd) / A1 (1)

2
r
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The parameters K and A depend on the specific ion energy and

on the neutron emission angle.
estimation of the shield thickness 0 -

Equ.

(1) allows the straightforward
d from the given dose rate

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

TABLE 1 Lateral shielding of multi-GeV proton and heavy ion ac-
celerators by ordinary concrete or soil. Ej specific ion
energy in GeV per nucleon; [ p - d ] =g cm~

H(O = 90°)-r?/J
Reactian @wsveh-T-cm?-s) Comments

p thick iron

0.16-E;5-exp

[-(p-d)/108]

this work

target
0.39-Ej+exp [-(p+d)/103] 0'Brien-method
0.16Ej+exp [-(p-d)/117] | Moyer-method
Ne  thick iron|5.7¢ Ej-exp [-(p-d)/106] | this work
target
2.6 Ejrexp [-(p-d)/114] | this work

The various shielding formulas for protons are in satisfactory

agreement.

For thick concrete shields (p-d
culated dose rates differ by no more than a factor of two.

= 1000 g/cm?) the cal-
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 collisions. With respect to
radiation protection this means that for the same specific ion
energy and the same beam intensity a multi-GeV heavy ion accelera-
tor requires considerably more shielding than a proton machine.

ACTIVATION OF AIR

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

TABLE 2
Targetnuclide .
Effective cross sections

Radio- T1/2 N 14 0 16 Ar 40 Oeff (> 15 MeV) in mbarn
nuclide of nuclear reactions
Be 7 53.3 d 2.9 2.5 - induced in air by sec-
cC 1 20.4 min 16 8.2 - ondary particles pro-
N 13 9.96 min| 17 3.4 - duced by interactions
0 15 2.03 min - 34 - of 2 GeV/u heavy ions.
Ar 41 1.83 h - - 660
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The production of gaseous radionuclides can be estimated
using an average spectrum (integrated over the emission angle) of
secondary particles-predominantly neutrons - emitted from the beam
interaction zone:

N'=n + Q (>15 MeV) - Ogpr (> 15 MeV) « Toff (2)
N+ production rate.
Q (>15 MeV) source.strength of neutrons with energies
above 15 MeV.
Ugffe (> 15 MeV) effective cross section of the activation
reaction for neutrons above 15 MeV.
Taff 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 cross sections of the nuclear reactions with the
average spectrum of neutrons with energies above the lowest thresh-
old ( >15 MeV). The influence of neutrons below 100 MeV is signif-
icant because of their very large contribution to the total source
strength and of the strong variation of the cross 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 of radio-
nuclides the annual activity release from the different parts of
the accelerator was estimated and used as the source term for the
atmospheric dispersion. The main radiological impact is due to
gamma sybmersion in the plume. The dominant contributions to the
annual dose equivalent are caused by the positron annihilation ra-
diation of the short lived radionuclides C 11, N 13, 0 15, For a
heavy ion beam of J = 1-109s-1, 2 GeV/u Ne-ions absorbed in a thick
iron target, the total annual activity release from a 1000 m> tar-
get room (ventilation rate: 10 h-1, beam time: 6000 h/a) is of the
order of magnitude of 1012 Bq. 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 for the pub-
lic. Areas however where high intensity ion beams are absorbed
should be supplied with an air circulation system in order to mini-
mize the activity release and to keep the collective 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 which pass into the atmosphere and
are scattered back to the earth thus contributing to the radio-
logical impact. The skyshine dose rate can be described using the
importance function of neutrons with given energy and emission
angle for a certain distance from the source. Physically the im-
portance function 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 functions by averaging over the
neutron emission angle and by folding the data for monoenergetic
neutrons with the average spectrum of neutrons emitted from the
interaction zone of a 2 GeV/u Ne-beam (Table 3). It is essential
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to take into account low energy neutrons (< 10 MeV) because they
largely contribute to the skyshine. The importance functions in
ref. [2] contain the contribution of photons produced in neutron
interactions with air. The skyshine dose rate at distance r from a
beam interaction zone without roof shielding is expressed as:

H=Q (4R) - Igef (r)/r? (3)
q @) total source strength of neutrons emitted
into the solid angle A4S,
Iefe(r) effective skyshine function at distance r

from the source.

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

r (m) 50 100 300 500 1000
= - - - LS S TS fE S-S IZCzcZDIIj==c=z=zD==zz==x=-= :::::::::::i::::::::::F:::::::::
Ieer (1)
cSvem 2.3-10-13 {2.3-10-13 }2.0-10-13 |1.4-10-13 |5.0-10-14
neutron

Using the data in Table 3 the skyshine dose rate caused by a
target area without roof shielding was calculated from equ. (3)
assumming that a beam of 109 s-1 2 GeV/u Ne-ions is absorbed in a
thick iron target (Table 4). The effective source strength Q(4)
of neutrons above 0.1 MeV emitted from the beam interaction zone
into the atmosphere is about 6:1010 s-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 accelerator site.

TABLE 4 Skyshine dose rate (uSv/h) caused by an experimental 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 0.29 0.026
shielding 200 10 2.5 {0.24 0.060 |5.5-10-2
(g/cm?) 300 2.0 0.50(0.048 {0.012 |1.1-10-3
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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 in operation: a 600 MeV
synchro-cyclotron (SC), a 28 GeV Proton Synchrotron (PS) and the
450 GeV sSuper Proton Synchrotron (5PS).

At present the Large Electron Positron (LEP) accelerator is
under construction and will start in 1989 initially operating at
51 GeV. In the meantime the 31 GeV Intersecting Storage Rings (ISR)
for protons have been decommissioned (1984). In conjunction with
the accelerators mentioned above occupational exposures to various
types of radiation are of concern. As around nuclear reactors, the
main source of radiation causing personal exposures is gamma radia-
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 muons downstream of primary proton
beam targets have to be considered. Outside 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 1is still based on films. For
gamma, beta, thermal neutron and muon monitoring the double-coated
Kodak RM +type 2 film is used. For evaluating the different radia-
tion components, the CERN film badge_contains the following filter
combiyation: (1) plastic 80 mg/cm™, (2) Elastic and aluminium 89
mg/cm”, {(3) open window, (4) tin 1070 mg/cm™, (5)_lead 1260 mg/cm” ,
(6) cadmium 1150 mg/cm 1§pd (7) plastic 355 mg/cm . While the expo-
sure free-in -air of a Cs source serves as a reference for the
calibration, the interpretation of the optical density pattern
behind the various filters, as a result of a irradiation in the
photon field of induced radiocactivity, takes the backscatter from
the wearer's body into consideration. Hence, a good match of dose
results between the film badge and the pocket dosemeter is assured

[17.

The presence of beta radiation or thermal neutrons is 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 occur during the assembly of large
high-energy physics experiments containing depleted uranium.
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Muons cause a 1 }ackening of the gamma film about 20% lower

than expected from a Cs exposure for the same dose equivalent
[2]. Personal exposures to muons are only occurring in limited
quantities.

Personal 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 is
composed of a broad spectrum of hadrons (up to the energy of the
protons accelerated). Calibrations in such fields are carried out
as a routine. Fading of latent tracks in the NTA film sealed by the
NRPB under nitrogen 1is sufficiently low to enable the use of the
nuclear emulsion during two-month periods. A two-monthly distribu-
tion period is further justified by the low personal neutron doses
normally encountered at CERN [3]. The_ (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 CR39, to overcome e.g. the fading problen,
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 distribution outside controlled radiation areas is
determined with a TLD system having ashigh neu;ron-to~gamma sensi-
tivity. The system used consists of LiF and LiF (Harshaw TLD-600
and TLD-700 chips) inside a cylindrical polyethylene moderator of
12.%5 cm @ x 12.5 cm, so that the neutrons after slowing down_are
detected by the Li(n,a) He reaction. The read-out of the LiF
detector 1s corrected fo; gamma and charged particle background
using the read out of the LiF detector, almost insensitive to
thermal neutrons.

A network of 178 TL monitors of this type is in use at present
on both CERN sites on an annual read-out basis. The dJdetectors are
calibrated 1in +the stray field 1itself 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 mSv than for gamma ra?iation. 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 1is not ideal with respect to dose equivalent
measurements, but the system can still be used since the stray
neutron spectrum below 10 MeV does not show too strong variations
at sufficiently large distances (>100 m) from the shielding of
primary proton beams [7].

129



EVALUATED OCCUPATIONAL EXPOSURES

Occupational exposures, as determined by both systems for the
CERN population of 7363 persons (4791 under film-badge control) at
the end of 1986, are summarized in Table 1. The collective dose for
both CERN personnel and outside contractor staff under film badge
control is given, together with the collective dose derived from
isodose 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 no corrections applied for working indoors, so

that a considerable overestimation may be present.

The collective dose as given in Table 1 for the film badge
results containsg a contribution 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 neutron contri-
bution is about 83%. Table 1 shows that although the main 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, is not negligible. The total detriment
due to CERN operation, expressed in terms of total collective dose
(film badge + area monitoring results), could be compared to the
total number of protons accelerated annually at CERN by the PS.
This accelerator has been the principal source 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
Average Average3

Collective individual Collec§1ve individual
Year dose dose dose dose
(man.Sv)1 (msv) (man.5v) (rmSv)
1976 4.16 0.81 0.16
1977 4.62 1.06 0.83 0.17
1978 3.65 0.77 0.80 0.16
1979 4.06 0.84 0.70 0.14
1980 3.08 0.52 0.46 0.09
1981 2.08 0.41 1.30 0.24
1982 1.83 0.34 1.47 0.22
1983 1.68 0.29 0.63 0.09
1984 1.59 0.27 0.79 0.10
1985 1.67 0.30 0.61 0.08
1.52 0.27 0.38 0.05

1986

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

Table 2
Collective dose versus number
of accelerated protons

Total collective1 PS accelerated Dose in Sv per

Year dose protons prot
{man.Sv) (x 10?? (x 107 ?9
1976 4,97 2.76 1.80
1977 5.45 3.66 1.49
1978 4.45 6.18 0.72
1979 4.76 6.99 0.68
1980 3.64 5.86 0.60
1981 3.38 5.08 0.66
1982 3.30 8.27 0.40
1983 2.31 9.68 0.24
1984 2.38 10.93 0.22
1985 2.28 9.78 0.23
1986 1.90 7.15 0.27

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

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

The response of most survey meters to steady radiation fields
is fairly well known and documented. However hardly any data is
available in the literature regarding the 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 of a few hundred Hz. 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 are 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 = Iazy/D.F., or more than 1000 times the
average intensity (Igvy).

An instrument that ordinarily responds well to the average
dose rate spread out evenly in 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 rate. Ionization
chambers are less influenced however, they must be operated with
adequate voltage to overcome recombination losses. Scintillation
survey meters may become non-linear at higher dose rates for pulsed
radiation because the photomultiplier cannot handle the. instanta-
neous currents that are required. Because of the need to test the
response of different radiation detection instruments to pulsed
fields, 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 stream 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 vacuum
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 0 to 100 kV. The major
part of the x-ray tube is enclosed in a large walk-in cabinet made
of plywood lined with 0.32 cm thick lead, thus adequate shielding
is provided.

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

* .
Model 30-351, Victorean Inc., Cleveland, OH 44104
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inside the cabinet. Experimental data indicated that this chamber
and the Radcal ion chamber* (used with a 2025AC radiation monitor)
were in good agreement therefore, the readinas taken with the Radcal
are considered to be the "true dose rate"”. The Radcal has a fairly
uniform response between 30 keV and 1.33 MeV.

A brief study was made of the response of a cylindrical GM
counter to pulsed radiation. Because of a non-pulsed dark current
from the x-ray tube, 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 uS) 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 (Neher White) which has a uniform response for
photon energies between 80 keV and 1.2 MeV. 1Its response tc pulsed
x-rays (pulse width = 1 u8) at 100 kV (with aluminum filtration
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
is probably inherent in Neher-White chambers due to the low col-
lecting voltage. Part of the spectrum of the pulsed x-rays was
below the flat response range 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 equivalent plastic scintillator doped with
arscenic to increase the effective atomic number to that of air.
Its decay constant is in the nanosecond range. Figure 3 shows its
corrected response to pulsed x-rays (pulse width = 2 uS) at 70 kV
and 120 Hz. The response begins to deviate from linearity above
1.0 mGy/h. There are several causes of non-linearity in photo-
multipliers. It is not certain but we believe the cause in this
case is due to the photocathode resistance. The data has been
corrected for the small difference in spectral response of the
instrument from the ionization 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 energy between 60 keV and 2 MeV. It's response to
pulsed x-rays (pulse width = 2 uS) 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 20X5-180 Radcal Corporation, Monrovia, CA. 91016.
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RADIATION ENVIRONMENT IN THE TUNNEL
OF A HIGH-ENERGY PROTON ACCELERATOR
AT ENERGIES NEAR 1 TeV

Joseph B. McCaslin,* Rai-Ko S. Sun, ¥ William P. Swanson, *
Alezander J. Elwyn, ** William S. Freeman, **
Hans Jostlein, ** Craig D. Moore, ** Peder M. Yurista, ¥*
and Donald E. Groom***

*Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA
**Fermi National Accelerator Laboratory, Batavia, IL. 60510, USA
*¥**¥55C-CDG, Lawrence Berkeley Laboratory, Berkeley, CA 94720, USA

Neutron energy spectra, fluence distributions and rates in the FNAL Tevatron
tunnel are summarized. This work has application to radiation damage to electronics and
research equipment at high energy accelerators, as well as to radiological protection.
Preliminary studies and related work are described elsewhere [1, 2, 3].

EXPERIMENTAL ARRANGEMENT

Figures 1 and 2 show the experimental arrangement in the A-17 region of the
Tevatron tunnel. A room-temperature straight section (11.95 m) is shown which had a
controlled N, leak in order to study neutron production as a function of beam-gas
interaction rate during coasting beam conditions. Pressure was measured by a calibrated
gauge near the leak and was controlled over the range 10 to 10 torr. The pressure in
the adjoining cryogenic magnet chains, about 1X10™ torr or less, was negligible by com-
parison. A ‘“‘triangular” N, pressure distribution was assumed, 7.e., a linear decline in
both directions from the leak, going to zero at the cryogenic interfaces. The interaction
rate within the warm section was calculated to be 1.02X10? interactions per g cm™ of
N, and per passing proton, based on a total cross section for N of 238 mb.
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Fig. 1. Plan view of experimental setup
in the tunnel near A-17. (a) overall view; Fig. 2. Tunnel cross section near A-17.

(b) spectrometer geometry.



A Bonner multisphere neutron spectrometer [4] was used, consisting of eight
LiI(Eu) scintillation crystals (12.7 mm diam X 12.7 mm high), enriched to 99% °Li, and
surrounded by spherical polyethylene neutron moderators ranging in diameter from 0 to
45.72 c¢cm. These detectors were coupled through photomultiplier tubes to an 8-input
4096-channel analyzer. For spectral unfolding, the response functions of Sanna were
used [5] in the program LOUHI [6]. For some runs the eight detectors were fitted with
identical 12.7-em spheres to study the longitudinal distribution of neutron fluence.

The Tevatron and Main Ring (MR) share a common tunnel (Fig. 2) [7]. Because
the MR produced elevated radiation backgrounds, detectors were gated off during MR
operation which accelerated protons from 8 to 150 GeV. A standard current toroid
served as beam monitor.

Preliminary measurements were made in 1985 at a different location (A-48; not
shown here), a low-loss region (small g) representing ‘“quiet” coasting-beam conditions of
accelerator operation. Here, the spectrometer was deployed 14.2 - 17.6 m downstream of
a 4-m long warm section containing a nominal pressure of 2X107® torr. Measurements
were made during Tevatron operation at 150 and 800 GeV, and during MR operation
(only) at 150 GeV.

NEUTRON FIELD IN THE TUNNEL

Fluence rates as functions of gas pressure were measured along the tunnel over
the range -19 <z < 35 m using identical 12.7-cm moderators surrounding each Lil scintil-
lator. Figure 3 shows an example of a linear fit relating the counting rate to the gas pres-
sure in the warm straight section for a 900-GeV proton beam. The slopes and intercepts
from such fits for each location were converted to fluence rates per proton passing the
measurement point and are plotted separately to show the distribution along z in Fig. 4.
It is evident that the slope data (Figs. 3, 4a) are related to primary interactions within
the warm section. There are variations (S. D. = 20%) which are not understood between
the measurement sets shown (Fig. 4a). The longitudinal distribution of intercepts (Fig.
4b) was found to be very similar in shape to that of the slopes, but the variance is much
larger.

Representative neutron spectra made using the Bonner spectrometer under five
different conditions are shown in Fig. 5. The remarkable features of these spectra are: (a)
the prominent peak in all distributions that lies in the few-hundred keV region; (b) the
relatively few high-energy neutrons (about 10% and 1% of fluence above 2 and 50 MeV,
respectively); and (c¢) the average quality factor in the range § = 6.9 - 7.6.

With the spectrometer deployed as in I'ig. 1 during 900-GeV operation, the slopes
from fluence-vs pressure plots (['ig. 3) were used as input data to LOUHIL This pro-
cedure gives the spectrum of neutrons unambiguously produced in cascades initiated by
primary interactions of protons on N, of the warm section. The prominent peak is cen-
tered at about 360 keV. The spectrum derived from intercepts of the same plots is
related to primary interactions on materials in the vieinity other than introduced N,.
The peak is centered at about 75 keV and can be compared with spectra obtained down-
stream of A-48 (1985) at a gas pressure such that interactions in the warm section should
not dominate. The spectra shown are for 150 and 800 GeV Tevatron operation and for
MR-only operation at 150 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 out that the
primary interactions that do not ocecur on N, most likely occur either on H, or He in
cryogenic sections or with machine materials.

Monte-Carlo simulations performed by Gabriel et al. (not shown here) are in good
agreement with the spectrum of Fig. 5 derived from slopes [3]. They furthermore indi-
cate that about 80% of the neutrons at 200 cm from the beam line are albedo neutrons,
i.e. , scattered from tunnel walls. This was tested experimentally by repeating certain
runs at 39 cm from the beam line (Position 2, Fig. 2). The result was consistent with the
expecled radial distribution for the direct fluence, assuming that the albedo fluence is
uniform across the tunnel section.

Integration over the “slope” z-distribution of Fig. 4a and correcting for the
albedo fluence gives a value 10 neutrons produced per 900-GeV proton passing A-17 and
per g em~? of N, target. A similar calculation based on an integration over the intercept
z -distribution (Fig. 4b) gives 7.4x10° neutrons produced per passing 900-GeV proton.
We caution the reader that this latter value is not well understood, is subject to the
vagueries of machine operation and will likely vary widely from place to place around a
given accelerator ring.

The above observations suggest a common ‘filter” for the neutrons, regardless of
the nature of the original interactions which produce the parent cascade. Prominent
parts of the filter must be the iron magnet yokes as well as the concrete tunnel lining.
The neutron field dominates the tunnel radiation field in terms of absorbed dose to tis-
sue. Because of their capability of producing lattice defects and transmutations, neu-
trons of energy E_ > 150 keV are the most important potential cause of radiation dam-

age to solid state electronic devices in accelerator tunnel environments similar to those
studied [1].

This work was partially supported by the U. S. Department of Energy under Con-
tract No. DE-ACQ03-76STIF00098 with the University of California.
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25 YEARS RADIATION PROTECTION PRACTICE
AT LOW ENERGY PARTICLE ACCELERATORS

P.F. Sauermann, J. Knieper and H. Printz

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

ABSTRACT

e

Small high vield particle accelerators, such as neutyon generators
and minicyclotrons, are used in various areas of phvsical, chemi-
¢al and medical resecarch. Since they are strong sources of neu-
trons and y-radiation a number of radiation protection problems
must be solved to achieve a proper protection of workers and envi-~
ronment. In our paper we give recommendations to solve these pro-
blems according to our long practice.

The main problems at neutron generators concern the behaviour of
tritium. Our papcr informs about our experiences with the leakage
of tritium into the environment with respect to transport, storage
installation and change of high activity tritium targets.
Furthermore, we inform about the release of tritium to the environ-
ment during normal operation of neutron generators and our measureg
to reduce the releases. Finally, the procedures suitable for the
conditioning of tritium in pump oils, cooling water and absorption
cartridges are described. These procedures were also applied to
the safe decommnissioning of a heutron generator at the end of 13
vears of operation.

At minicyclotrons three radiation protection problems are domina-
ting: proper desion of shields, induced activity and exposure to
workers. In our paper we give recommendations for shield design on
the basis of our extensive attenuation measurements performed in
the last twenty years. Furthermore we give recommendations for the
planning of Ventilation Systems which are in harmony with the
ALARA-principle. Since minicylotrons are mainly used to provide
short-lived radionuclides the handling of the radionuclides possib-
ly results in high whole bedy and hand doses to workers. Our paper
gives a dosc¢ record for the years 1971 to 1988.

141



NEUTRON YIELD OF MEDICAL ELECTRON ACCELERATORS

Richard C. McCall
Stanford Linear Accelerator Center
P. O. Box 4349, Stanford, CA 94305

Shielding 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 yield can be calculated if details of the acceler-
ator design are known (1). These details 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 present such information.

Patterson (2) reported that a fast neutron source placed in
a cavity with thick concrete 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

s = k@
o = 3 (1)
where ¢ = +thermal neutron fluence rate (n c:m—2 sec-l)
Q = fast neutron emission rate (n s—1) _2
S = 1inside surface area of the cavity (cm 7)
and k is a constant equal to 1.26 + 0.10.

A similar relationship has been found for scattered fast neutrons
(3,4) and for scattered photons (5) when the source is a gamma ray
source. While Eq. 1 would be expected to be strictly valid only
for spherical rooms, Patterson found that it worked well for a
cubical cavity. McCall (4) used the Mobte Carlo Code MORSE and
measurements 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 obvious
modification is to rewrite Eq. 1 so that Q is the number of neu-
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 neutron 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 the calculations.

During the course of the last 10 years, the author has made
measurements of the neutron yield, Q, for many accelerators of
different types. Some measurements were made while doing neutron
surveys of the accelerators as a consultant. The rest, and larger
fraction, have been made by mailing gold foils to medical physi-
cists and asking them to make an exposure. The gold foils, along
with the appropriate information concerning the exposure and rooms,
was then mailed back for counting. The author is very grateful to
the large number of people who have assisted in this project.
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The gold foils used, 2.54 cm diameter by 0.00254 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% S.D. The overall precision of the
measurements is difficult to estimate. From MORSE calculations,
it is believed that variation in room size and shape did not con-
tribute more than #10% S.D. Variations in the calibration of the
accelerator output should conservatively be less than +5% S.D.
Normally, the Cd difference method was not used. Measurements in
10 therapy rooms gave a Cd ratio of 2.1 % 0.2 which was indistin-
guishably different from that in our calibration facility. An
overall precision of #15% S.D. is a reasounable estimate.

Systematic errors are also involved. The foils were cali-
brated in a concrete cavity with a calibrated 238pyBe source. Any
error in this value is reflected throughout the measurements. It
is possible that variations in concrete 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 yields,
with a few exceptions. Popular machines tended to have more nearly
the same neutron yield than those where only a few were made. This
was presumably because the less popular machines were still under-
going engineering changes from one serial number to the next. It
should be noted that the numbers in the column labelled "Energy"
are those provided by the user. Often the manufacturer guarantees
a certain depth dose characteristic e.g., percentage of maximum
dose rate at 10 cm depth in water and the listed energy is only
nominal.

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

1. Varying beam loss before the electrons strike the target.

2. Choice of material for the target and flattner.

3. Deviation from the nominal energy in order to attain

the desired depth dose 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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Table I. Neutron Yield of Linear Accelerators

Neutron Yield
Energy Per Photon Rad

Type (MeV) At Isocenter Comments
Varian Clinac 18 10 6.5 x 108
10 5.7 x 108
10 5.6 x 108
Toshiba LMR-15 10 4.6 x 10°
Siemens Mevatron XX 14 7.7 x 109
14 9.8 x 109
14 8.2 x 109
14 8.0 x 109
14 8.0 x 102
Varian Clinac 20 15 1.7 x 1010 Water Phantom
in Beam
15 9.7 x 109
15 8.9 x 109
. . 10 Neutron
Varian Clinac 20 %g 5.2 z iglo } Shielding in
) Therapy Head
18 3.5 x 1018 } No Neutron
18 3.5 x 10 Shielding
Mitsubishi 18 2.3 x 1010
Varian Clinac 1800 18 2.9 x 1030
10
18 2.8 x 1010
18 3.0 x 1010
18 2.9 x 10
AECL Saturne (Therac 20) 18 4.1 x 1010 Heavy Con-
10 crete Unknown
18 5.8 x 1010
18 5.0 x 1010
18 4.8 x 1010
18 5.5 x 10
Philips SL-75-20 15 1.5 x 1010
16 7.9 x 1011
1; é‘é z iglo Borated Poly-
° ethylene Door
10 in Room
18 7.1 x 10
. 10
Siemens KD %g §'§ X %810 Foil was Close
e X to Large Poly-
10 ethylene Door
20 2.4 x 10
20 2.7 x 1040
Varian Clinac 2500 24 2.8 x 1010
24 3.1 x 1010
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Table I (Cont.)

Type
Varian Clinac 35

CGR Sagittaire

CGR Saturne

AECL Therac 25

Philips SL-25

Table II.

Type
Siemens

Allis~Chalmers

Shimadzu
Brown Boveri

Siemens

Brown Boveri

Scanditronix®*

Energy
(MeV)

25

25

Energy
(MeV)

18

18
18

Neutron Yield
Per Photon Rad

At Isocenter Comments

1.2 x 1011 Older Design

6.6 x 100 .

6.6 x 1010 Ilmenlte.Con—
crete Ceiling
and Wall

4.8 x 10}8

5.2 x 1010

4.5 x 1010

6.5 x 10

5.5 x 1010 .

378 x 1011 M§de in USA of

: 11 Diff. Manufact.

1.0 x 10

6.0 x 1018

4.1 x 10

10
.6 x 1
2.4 % 1010

Neutron Yields of Betatrons

Neutron Yield
Per Photon Rad
@ lm From Target Comments

1.8 x 1010 Barite Con-

crete Inserts
10
1010
10

.

Barite Con-
crete

.

Heavy Concrete
Unknown

VoY WNW 1 W &+ ORI W
dU WO W N s O WO b
MM MM NK KoK X X O XAUXM XX

o

o

\

*Note: These two machines are microtrons rather than betatrons.
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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 Tohoku University

and

Yoshitomo Uwamino
I.N.S of University of Tokyo

ABSTRACT

Concrete is widely used as a shielding material of a
radiation operating facility, But induced radioactivuty in
concrete irradiated by neutrons becomes a new radiation
source, which increase the radiation exposure of maintenance
workers and the radioactive waste. These are the problems at
facility operation and dismantling. The development and
popularization of large scale accelerators makes these
problems more serious while they produce many high energy
neutrons.

We measured the induced radioactivuty of concrete
irradiated by neutrons, which were produced by 20, 30 and
40-MeV proton bombardment of a beryllium target, The neutron
spectra were also measured, and the experiment was performed
at the SF cyclotron of the Institute for Nuclear Study,
University of tokyo.
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ACTIVATION PRODUCTS OF A HEAVY ION ACCELERATOR

Johannes Georg Festag
Gesellschaft fiir Schwerionenforschung mbH, Darmstadt

Abstract: Heavy ions - carbons to uranium - are accelerated up to
20 MeV/p by the UNILAC (universal linear accelerator).

Parts of the accelerater - the beam ducts, slits, apertures,
Faraday-cups or the experimental devices are sometimes hit by the
accelerated ions. The induced radioactivity is analyzed by y-
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 elements has been
accelerated during the past years. A large part of the beam time
very heavy ions - heavier than gold - are sent to the experimental
devices.

v-Spectra of parts dismantled from the accelerator or the
beam pipes were measured. 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 near 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 cooling 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 unknown
portion of the beam hitting slits etc.

1.) F. F. Szlavik, Activation of a 42 MeV Cyclotron; Health Physics
of Radiation Generating Machines; CONF 86 02 106
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EFFECT OF HYDROGENOUS SHIELDS 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
Carlo transport program, MORSEZ and supporting experimental mea-
surements. From this work, an empirical method 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 equiv-~
alent or to absorbed dose. For subsequent shielding, TVL's for
polyethylene or concrete were given for two different geometries,
one from the accelerator moderated by a heavy metal (sphere geom-
etry) and the other 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 in 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 = photoneutrons 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 enough, they do not give any insight
into 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 iron, 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 [inealstic, (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 macroscopic behavior may be guite different.

Using the MORSE code, we have studied photoneutrons penetrat-
ing heavy metals such as might be found in a wmedical accelerator,
and then subsequently 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 be 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
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incident on the absorber is that from the accelerator (through the
heavy metal shield) plus the_room scattered neutrons. For this
case, a range of values for E are of interest representing the 4if-
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 neutrons 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, we present some
graphical data which should be of some help in analyzing measure-
ments. The spherical geometry results are shown in Fig. 2 for
concrete and Fig. 3 for polyethylene.

The graphs cover the range of thicknesses which might be re-
quired for medical accelerator shielding. From 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 energy outside a polyethylene
lshield in a geometry such as a door into a maze. Again, we see the
rapid decrease in the E followed 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 detector to determine neutron leakage through the door, it
may be easier to measure with the door open and calculate the re-
sult with the door closed rather than try to correct for the ef-
fects of the changing spectrum through the door.
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Figure 1. Transmission of 25W and 15W spectra through spherical shields.
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BROAD BEAM ATTENUATION AND HALF VALUE LAYER
DETERMINATION IN BARYT CONCRETE FOR 150-400 KV X-RAYS

Dj. Ristidé*, P. Markovié*¥*, 6 S, Vukovié*
¥Radiation Protection Department
"Boris Kidridé" Institute of Nuclear Sciences, Vinéa
P.0.Box 522, 11001 Belgrade, Yugoslavia
**Physics Department, University "Svetozar Markovigé",
Kragujevac, Yugoslavia

1. INTRODUCTION

Using broad beam geometry, the attenuatio properties for baryt
concrete, made out of domastic baryt and on our own prescription (1)},
have been studied for constant Y-rays potentials from 150-400 KV.

The density of the used baryt concrete was 3,6x103 kg/m3. From the
experimentally obtained attenuation curves, the half value were de-
termined, and presented in the paper.

2. GEOMETRY, EQUIPMENT AND INSTRUMENTATION

The measuring geometry is shown in Figure 1. This geometry is
to some extend result of our own experience in this field (1) but
also it meets all requirements of the IEC recommendations for de-
termination of the protective tproperties of materials used for the
protective shielding against X-radiation of radiation quality up
to 400 KV (3).

As a source of X-radiatio two types od X-ray equipments, with
constant tube voltage, were used. Physical characteristics of the
useful beam are shown in table 1.

The 