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EXPLANATORY NOTE

The Papers of the IRPA 5th International Congress include the texts
of the material to be presented at the meeting. Papers are re-
produced in their original language and without any editorial
correction,

The papers are organized in three volumes:

VOLUME I contains, chronologically, the papers presented at the
Congress on Monday, March 10, and Tuesday morning, March 11, 1980.

VOLUME II contains, chraonologically, the papers presented at the
Congress on Tuesday afternocon, March 11, and Wednesday all day,
March 12, 1980.

VOLUME III contains, chronologically, the papers presented at the
Congress Thursday all day, March 13, and Friday morning,
March 14, 1980.

The papers which did not reach the Secretariat by the deadline have
been omitted from the sessions in which they were presented. If
they arrived after the deadline but before printing began, they
have been included in an Addendum in each Volume.

The papers presented in Oral Sessions appear in their order of
presentation; the papers presented in Poster and Poster Discussion
Sessions appear in alphabetical order (by first authors' names).

For a listing of Plenary (PL), Oral (0), Poster (P) and Poster
Discussion (PD) Sessions, please see "Contents".

Each volume is headed by an Information Section, which is identical
in each volume and includes the following:

Contents
-~ International Meeting Committee (IMC) and
International Meeting Program Committee (IMPC)

An alphabetical 1ist of all authors appears at the back of each
volume, and also includes the authors of papers which appear in all
three Addenda.

Pergamon Press Ltd., Headington Hill Hall, Oxford, 0X3 OBW, U.K.,
will be printing the papers after the Congress. For copies please
apply directly to them.
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DICN PROTECTICH ASFE=CTS IN IECCLIISSICHING OF A FUZL

I. Kotrappa, F.T. Joshi, fealth Physics Division;

T.¥K. Theyyunni, B.M. Sighwa and }M.N. Nadkarni, Fuel Reprocessing
DPivision, Bhabha Atomic Research Centre, Trombay, Bombay - 400 085,
INDIA.

INTRCDUCTION

The Fuel Reprocessing Plant at Trombay (1) was designed as a
pilot plant to develop the technology of chemical processing of
irradiated nuclear fuel. The chemical process employed was a Purex
type, solvent extraction process. The aluminium clad natural uranium
fuel from the CIRNUS reactor was successfully processed in this
Plant (2).

After a long peried of operation, it was decided to carry out
a partial decommissioning of this plant with a view to modifying the
vlant to increase its capacity, tc improve the safety features and to
extend its useful life. Any major modifications of a nuclear chemical
plant require massive decontamination and decommissioning efforts to
vermit easy and unrestricted entry of personnel for the new
ingtallation work.

In the case of the Trombay Fuel Renrocessing Plant, these jobs
have been successfully carried out. Salient features of these efforts
have 2lready been described (3}. The purpose of the present paper is
to provide information on the radiation protection aspects of such
an operation.

ARTLING AND REICVAL COF PRCCESS ELUIRNERT

The recoverable nuclear materials from the vessels and columns
were removed by repeated rinsings. The internal decontamination
campaign for these was then started.

Initial radiation surveys were carried out by lowering wide
ranse (5 rems) self reading dosireters attached to long thin rods or
strings. After several washings, the radiation levels on the egquipments
were reduced i levels below 250 mr/hr. Thewe were spots of much
nigher levels which could be located only after entering the cells.
These latter surveys were carried out by using wide range dose
measureing instruments with extendable arms (upto 4 meters). The
dismantling of the equipments and piping was done by electric are
cutting. The heavy eguilpments were lifted by a crane through the cell
top plug openings and stered in a previously unused cell.

‘nen the dissolver off-gas filter was discornected from the
suction side, e samma radiation levels in front of the flanged
openings were unexrpectedly higher (nearly 10 times) than the Janma
deose rates on the body of the 2.3. container of the filter. This was
due to bremstrehlung leow energy X-rays, which could be easily shielded
by 2 metal cap. If not anticipated or measured such high radiation



through the flanged opening can cause excessive exposures.

Beta radiation dose rates were also contributing to the workers
exposures. Due to spills of hold up liquids from cut pipes or
contaminated stagings and walls, high beta dose rates 30 fo 50 times
the gamma dose rates were observed. The beta dose rate levels were
measured with a small ionization chamber type instrument. Its
respcnse wag calibrated using an exirapelation chamter. Fer the
immediate estimation cf the beta dcses received by the workers, use
was rade of a pair of dosimeters, cre of which was shielded fiom beta
rays by means of a 5.5, tube. The difference in the readings of the
iwc dosimeters was used to estimate the beta ray doses. This proeczdure
was 2lso calibrated for dogimetry cf beta rays from aged fission
products, using an extrapolation chamber.

Each worker was provided with 2 full set of protective
equiprents consisting of undergarments, coverall, ventilated cne piece
plastic sult covering the body from the toes tc the neck, skull cap,
transparent plastic hood covering the entire head and face, iwo pairs
of rubber hand gloves and ankle high rubber gum bcots. Each worker
used a supplied air positive pressure respirator conrected to a
compressed air supply station by a 10 to 20U meters long rubber
pressure hose. With this protective gear, a worker could carry out his
assigned jobs only upto 30 minutes. The heat stress and excessive
sweating caused fatigue and exhaustion. In the initial stages the high
radiation levels set limits on working time to less than © minutes.

DECOXTANINATION CF CELLS AND OTHER AEREAS

A large effort was spent on the decontamination of cell
interiors and adjacent areas such as dilution cells, rod storage day,
tunrels in the sampling gallery, the cuticles housing the service
punmps and the plutonium processing areas.

By mopping and hosing withhigh pressure water much of the
removable contamination was removed. Fixed contamination on the walls
and floors had to be removed by pneumatic drilling. To prevent spread
of contamination due to airborne dust or by liquids, only small areas
were fully decontaminated and reclamied at a time. During drilling of
cencrete surfaces water spraying of the spot being removed, helped
in limiting the amownt of airborne dust. A11 the drilled surfaces were
refilled with fresh ccncrete and all surfaces were given 2 fresh coat
of paint.

VMANAGEMENT OF RADIOACTIVE WASTES

The 1lilquid wastes generated during the internal decontamination
cf the process equipments were concentrated by evaporaticn and
transferred to the underground storage tenks.

During the dismantling operations, the unusable items and a
large quantity of metal scrap preduced were put irn drums and sent as
active waste for burial. large unwieldy items were decontaminated to
an extent permitting their cutting and kandling. The drums were moved
ty crane and put in the shielded transport containers.

During the 3decontamination work of the cells and other areas,
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large amcunts of solid and liquid wastes were generated. The solid
waste consisted of cotton meps and rags, concrete rubble, small size
me%allin zerap wnd polythene and rubber items. These were packed in
plastic bags. For safe transport the bags were put in drums which were
transported to the disposal site and brought back for reuse. The ligquid
wagtes were put in plastic carboys which were again put in secondary
metal containers before shipment for immobilization and burial. The
organic liquid waste from cne cell was sent for disposal in a S.S.
tank in a single lot.

lTany of the operations gave rise to airborne radioactivity. The
normal plant ventilation and filtration system could adequately handle
these situations. A meticulous record was maintained on the release of
activity through the stack.

Table 1 gives the volumes of s0lid and liquid wastes and
activities released through the stack.

TABILE 1. Discharges during Decommissioning

[ i
Solid Wastes H Liquid Wastes '
= r —t 50T —!  Stack Releas

Bags(®’) ! Drums(’) ! Inorganic(v’)! 5 !

] ! 4 Organic{}”’) ! Alpha | Beta

I ¥ HIJL ¥ HJL M H | 1 mCi | mCi

1 ] ] L 1
800 5 86 278 64 170 2.2 0.3 0,03 2.7 25.4 614

L = Low active (less than 200 mr/hr); M = Middle active (200
to 1000 mr/hr); H = High active (greater than 1000 mr/hr).

COKTRCL AND MEASUREMENT CF RADIATICN IOSE IO WORKERS

Each day's work was planned through a system of special work
permits requiring details of (i) work to be done; (ii) radiation

surveys of the area; (iii) the authorised dose to the workers; and
(iv) the protective wears and dosimetry systems to be worn and such
other relevant information.

Normally a standard film badge, 3 seolf reading dosimeter, a gelf
reading dosimeter with a beta sghisld (1.5 mm 3.8. sleeve) were worn on
the chest. In special cases additional film badges were used on wrigsts
and feet. In most of the cases workers were exposed to significant
beta doses. These were taken into accoumt by adding 1/6th of the beta
dose to the gamma dose and calling the sum as the whole body dose.
Zven though such addition was not required by the I.C.R.P. recommenda-
ticn (I.C.R.P. 26) gives a factor of 1/16 as the weighting factor for
skin exposure.

The total dese commitment for this work was around 3000 man-rems.
Cut of this nearly 1000 man~rems were due to dowse from beta radiation
exposure. (This means that the total beta dose wag 6000 beta man-rems).

A shadow shield whole body counter was available full time for
this jobs Workers were scarmed for intemally deposited radiocactivity
within 2 week after their job. A plutonium lung counter was also
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available for estimation of chest burdens of plutonium. All the
workers were subjected to bioassay procedures for body burden
egtimat ion of fission products, plutonium and uranium.

CONCLUDING RENARKS

The work was completed safely by using relatively simple but
fully reliable protective wears. The entire job was done by the staff
normally associated with the operation of the plant, This aspect
contributed significantly in the management and control of personnel
exposures. Good planning and supervision of the radiation work during
all the phases resulted in keeping the extermal doses to individuals
below the annual limit of 5000 millirems. There was nc case of any
internal contamination resulting in a dose commitment in excess of 10%
of the annual limit. General industrial safety precautions must also
be followed in such jobs in which compressed air, scaffoldings and
ladders, slippery surfaces, harmful chemicals, sharp objects and a
host of other lurking causes may lead to serious injury.

A job of this type looks staggering in the initial stagze. A
large responsibility rests on the health physicists in building up the
confidence of the radiation workers in the efficacy of safety measures
and dose control methods. We were fortunate in kaving 2 band cof
dedicated workers who tock <o the task in 2 sincere and very cocper-
ative manner. Cur experience shows that decommissioning of nuclear
chemical plants can safely be carried out using the presently available
technical facilities and scrupulously following the principles and
procedures of Health Physicse.
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THE PRACTICAL APPLICATION OF ICRP RECOMMENDATIONS REGARDING DOSE-
EQUIVALENT LIMITS FOR WORKERS TC STAFF IN DIAGNOSTIC X-RAY DEPARTMENTS

J.R. Gill, P.F, Beaver, J.A. Dennis

Health and Safety Executive, London and National Radiological
Protection Board, Harwell, UK

In many diagnostic examinations using X-rays in hospitals, staff
work in the X-ray room with the patient, and wear lead aprons to
protect their bodies from the radiation. The effect of the
protective apron is to reduce the dose-equivalent received by those
parts of the body that the apron covers, leading to grossly non-
uniform irradiation of the body as a whole. Under these circum-—
stances we have to consider how best to monitor the exposure of the
individual.

APPLICATION OF ICRP RECOMMENDATIONS

Where there is non-uniform irradiation, ICRP (1) recommends
that the annual dose-equivalent limit of 50 millisieverts should be
applied to the expressionELTwTHT where wp is a weighting factor
representing the proportion of the stochastic risk resulting from
tissue T to the total risk and Hyp is the anmmal dose-equivalent in
tissue T. This expression is referred to as the annual effective
dose-equivalent.

Let us examine how the effective dose-equivalent is influenced
by wearing a lead protective apron. We will assume that the radia~
tion field is uniform and that the apron protects the trunk leaving
the head, neck arms and legs exposed. Let usg further assume that the
annual dose-equivalent in protected organs is Hq and that in
unprotected organs is Ho. ICRP assigns weighting factors wp to the
gonads, breast, red bone marrow, lung, thyroid and bone surfaces and
the remainder of the body.

In the situation described the gonads, breast and lung are
protected while the thyroid is unprotected. The red bone marrow is
distributed so that approximately 80% is protected while 20% is
unprotected (2). The mean dose-equivalent in this tissue is there-
fore 0.8Hq + 0.2Hp. Data for the distribution of bone surfaces are
not available but from the distribution of dry bone (2) we may
assume that they are divided in approximately equal proportions. The
mean dose~equivalent here is therefore 0.5H¢ + 0.5H,.

For the remainder of the body, ICRP recommends that a value of
wp = 0.06 is applicable to each of the five organs or tissues
receiving the highest dose-equivalents and that all others can be
neglected. There are more than five organs and tissues in the head
and neck (e.g brain, salivary glands, tongue, pharynx, larynx, etc)
and these are all unprotected. It follows that they will receive
higher dose-equivalents than organs in the trunk and therefore the
dose-equivalent to be applied to the remainder is Hp. Table 1 shows
the derivation of the annual effective dose-equivalent.



TABLE 1. Annual Effective Dose Equivalent when a lead apron is wornm.

Tissue Weighti?g Factor Aggﬁiia?:;:- g§;§?§33iﬁgizii
T (8ip) (wpkip)

Gonads 0.25 Hy 0.25H,
Breast 0.15 Hy 0.15H,
Red Bone Marrow 0.12 0.8Hq + 0.2H, 0.096H,+ 0.024H,
Lung 0.12 H, 0.12H,
Thyroid 0.03 Hp 0.03H,
Bone Surfaces 0.03 0.5H4 + 0.5H, 0.015H4+ 0.015H,
Remainder 0.30 Hy 0.30H,

Annual Effective

+
Dose-Equivalent 0.631H4% 0.369Hp

The value of the annual effective dose-equivalent obtained in
this way may be rounded to give:-

> gy = 0.6Hy + 0.4Hy —-—— Formula 1

To make use of Formula 1 in practical situations, H4 may be
estimated by means of a dosemeter worn on the trunk under the
protective apron and Hp may be estimated by means of a dosemeter
worn on the collar or forehead.

COMPARISON WITH PUBLISHED DATA.

Formula 1 is subject to a number of simplifying assumptions
(notably the uniformity of the radiation field as a whole and the
uniformity of irradiation of tissues within the protected and
unprotected parts of the body). It is therefore important to
compare the result of using the formula with that obtained by measure-
ment of individual organ or tissue doses. Wghni and Stranden (3)
have published measurements of the absorbed dose in most of the
relevant tissues in a variety of operating conditions using a phantom,
fitted with a lead apron (0.25 mm lead equivalent), to represent a
physician or nurse standing close to a patient undergoing X-ray
examination.

In Table 2 the effective dose-equivalent has been calculated
using the data of Wﬁhni and Stranden. Unfortunately their data do
not include doses in organs of the head and neck with the exception
of the eye lens and thyroid. Both organs being close to the body
surface, doses in these organs will not be typical of organs such as
the brain. Arbitrarily, therefore, and for want of better data, we
have taken the mean absorbed dose in the gastrointestinal tract,
measured without the lead apron, for the dose-equivalent in the
"remainder". Also given in Table 2 are values for the effective
dose-~equivalent obtained by the use of Formula 1 (above). For this
purpose the doses measured in the breast and thyroid have been
assumed to be equal to the dose-equivalent as measured by a dose-
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meter located on the trunk under the apron (H1) and one on the
collar outside the apron (Hg) respectively. All the values in the
table are expressed in the original units, i.e rads for 1 rYntgen
exposure on the outside of the apron at the right hand side of the
thorax, and are quoted for a female phantom.

TABLE 2. Derived values of effective dose-equivalent in X-ray work.

Radiological Conditions

60 kVp 80 kVp 100 kVp 120 kVp 140 kVp S4TH
0C* UC oc oC ©UcC oc oc UC

Effective dose-
equivalent derived
from measured organ
doses

0.6H1 + 0u4Hy ™ 0,21 0.25 0.23 0.24 0.29  0.25 0.26 0.32 0.29

0.08 0.19 0.12 0.14 0.25 0.15 0.16 0.29 0.29

* 0C = overcouch tube, UC = undercouch tube
*#%* S+1 was a simulated stomach and intestine examination
*** H4 taken as the dose in the breast, Ho taken as the dose in
the thyroid.

Inspection of the values given in Table 2 shows that there is
good agreement between the effective dose-equivalent obtained from
measured values of organ doses and that obtained by application of
the formula. In all but one of the cases the values differ by less
than a factor of 2 and in none of the cases is the value based on
the organ doses higher than the value obtained using the formula.

EFFECTIVE DOSE-EQUIVALENT AND EYE LENS.

Previous authors, e.g Littleton, et al (4), have considered
that in work of this nature the principle cause for concern regarding
the exposure of parts of the body not protected by an apron is the
dose~-equivalent received by the lens of the eye. In Table 3 we have
compared the effective dose-equivalent derived from measured organ
doses as a percentage of the annual dose-equivalent limit for the
whole body (50 millisieverts) with the eye lens dose as a percentage
of the annual dose-equivalent limit for the lens (300 millisieverts),
in each of the conditions of measurement of w%hni and Stranden (3)
when a protecti  apron is used.

The table shows that in all cases but the first (60 kVp, over-
couch tube) the effective dose-equivalent calculated from organ
doses is a bigger percentage of the annual limit than is the eye
lens dose. In the first case the two are approximately equal
percentages of the annual limits. It can be concluded therefore
that if the effective dose—equivalent is limited to 50 millisieverts
per annum the annual limit for the lens is most unlikely to be
exceeded, particularly if the effective dose-equivalent is assessed
by means of the formula.



TABLE 3. Dose-equivalent in lens, and effective (whole body) dose-
equivalent, as percentages of annual limits (for 1 rdntgen
exposure)

Radiological Conditions

60 kVp 80 kVp 100 kVp 120 kvp 140 kVp

oc uc oc. oc u oc oc uc SH
Eye lens dose 1.8 2.0 1.9 2.0 1.8 2.0 1.9 1.9 1.1
Effective dose-
equivalent 1.6 3.8 2.4 2.8 5.0 3.0 3.2 5.6 5.8

PRACTICAL APPLICATION

In principle, to limit the effective dose-equivalent to 50
millisieverts per annum, one should use two personal dosemeters and
apply Formula 1 to the results obtained from the dosemeters. However,
in practice it will not be necessary to insist on two dosemeters
being worn in all cases. If, in the light of experience, the dose
recorded by the body dosemeter (H1) is found to be very small
compared with that recorded at the collar (Ho), the former may be
dispensed with. This would apply to the results in the first three
columns of Table 2 where Hp contributes less than 5% of the
effective dose-equivalent. Under these conditions, an annual limit
of 125 millisieverts can be applied to Ho (i.e from the formula with
Hq taken as zero and the annual limit of effective dose~equivalent
taken as 50 millisieverts). If on the other hand, despite the
protective apron, there is significant exposure of the trunk, a
single dosemeter worn at the collar will still suffice provided that
the annual whole body limit of 50 millisieverts is applied. It is
only in those few cases where such an approach would be too
restrictive that two dosemeters need to be worn and the formula used.

REFERENCES,
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2. International Commission on Radiological Protection (1975): ICRP
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SOME RADIATION PROTECTION PROBLEMS IN A CANCER HOSPITAL AND
ASSOCIATED RESEARCH INSTITUTE

N.G. Trott, W. Anderson, R. Davis, R.P, Parker, D.M. Carden,
Nina Pearson and Elizabeth Harbottle.

Departments of Physics and Nuclear Medicine, Royal Marsden Hospital
and Institute of Cancer Research, Sutton, Surrey, SM2 5PT, England.

The Royal Marsden Hospital and the Institute of Cancer Research
both derive from the original Cancer Hospital (Free) founded in 1851
by Dr. William Marsden at a site in Chelsea. From the beginning
the hospital had a dual role - care of the patient and research.
This has now become a large multidisciplinary organisation, com-
prising a postgraduate teaching hospital within the National Health
Service, and an independent Research Institute which is part of the
University of London. Different branches of the organisation are
located in three sites many miles apart. Both Hospital and
Institute make extensive use of ionizing radiation in therapy and
diagnosis, and in clinical and laboratory investigations in radio-
nuclide work. Four linear accelerators, and several telecobalt,
telecaesium and orthovoltage sets are used in beam therapy and
there is a wide range of X-ray diagnostic equipment, including a
computed tomography whole body scanner. Brachytherapy involves an
annual turnover of about 3.7 TBq (100 Ci) (Cs-137, Ir-192, Au-198)
administered as small sealed sources to some 450 patients, while
the annual administration of unsealed sources, in diagnosis
(Tc-99m, etc) and therapy (1-131, etc) is about 3.0 TBq (80 Ci)
involving some 10,000 patients. In the Institute, a range of
radionuclides, notably H3, Cl4 and I-125, are used at tracer and
higher level, and there are irradiation facilities with high
activity (~50 TBq,~ 1.4 kCi) Co-60 sources.

In this paper we first identify some of the problems we face
in ensuring that our protection organisation responds appropriately
to the latest recommendations and legal requirements in radio-
logical protection, against a background of steady increase in the
scope of our radiationm work. In recent years there have been
sharp increases in the volume of work with unsealed sources, and
we draw special attention to our experience in these areas.

RESPONSE TO RADIOLOGICAL PROTECTION RECOMMENDATIONS

For over 20 years we have imposed upon female staff of repro-
ductive capacity, an annual whole-body dose-equivalent limit of
15mSv, to be accumulated so far as possible, at a uniform rate.
This limit was imposed in the context of a wide range of brachy-
therapy procedures, including associated nursing of patients, the
primary aim being to ensure a good standard in limitation of
foetal dose if any of the exposed staff become pregnant. In our
experience, with constant attention to protection procedures,
including the control of dose accumulation by personnel monitoring
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such limitations appeared to be readily achievable in all our radia-
tion practice. From about 1970 we had moved towards imposing a

15 mSv limit for all staff and only a very small group have been
allowed even to approach that limit. Our response to ICRP26 has been
to confirm our position but to focus even more attention on the ALARA
(as low as reasonably attainable) principle. For our establishment
we now regard the breaking of a 15mSv limit as evidence of inadequate
control rather than of need for worker classification. Nevertheless,
it is administratively valuable to us, particularly against the possi-
bility of an incident, to recognise that occasional dose accumulation
up to the ICRP recommended limit (50mSv/annum) might still be

regarded as acceptable.

To reduce the attention required to dose control in brachy-
therapy procedures, we have supported within our hospital the intro-
duction of significant changes in radiotherapy technique over the
years, such as total replacement of Ra-226 by Cs-137 and Ir-192, the
development of convenient small-source dispensing equipment, the
use of after-loading techniques, and the provision of a special
brachytherapy nursing unit equipped with inter-bed and mobile shiel-
ding structures plus television and intercommunication systems for
observation-nursing. We have also developed our teaching programmes
in radiological protection, including special instruction for
nursing staff within our Nursing School (1),

Despite these efforts, the pressure on our protection organi-
sation continues to increase markedly, but only in part through our
rising work-load in radiation procedures. Our attention to control
of dose to patient has been much increased, especially in relation to
our important commitment to mammography (2), the 'lO-day rule',
quality control procedures in diagnostic radiology and new safety
requirements in radiotherapy installations. Additionally, we are
beginning to encounter new administrative requirements stemming from
European and National Regulations on Health and Safety, and the
demands for attention from Trades Union representatives through
powers granted by such regulations.

WORK'WITH UNSEALED SOURCES

Control of external radiation exposure is exercised by our own
film monitoring service which has maintained records of staff-dose
within our establishment for more than thirty years. We regard the
constant use of the information derived from this service as a
crucial element of our protection arrangements, not only as a means
of meeting our self-imposed limit on staff-dose accumulation, but
also as a way of identifying at an early stage any significant
changes in the collective dose-equivalents for different groups of
staff. Additionally, inspection of films provides a useful check on
any looseness in contamination control. Within our many departments
surveillance of procedures is exercised by departmental radiological
safety officers, and primary control of contamination is by routine
contamination monitoring. A low background whole-body counter and a
thyroid I-125 assembly are also used for countercheck measurements.
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NUCLEAR MEDICINE

From somewhat primitive beginnings some 30 years ago (using
open bench procedures and a spirit lamp to sterilise the air!) we
have progressed to air-conditioned radiopharmaceutical clean rooms
housing laminar flow cabinets, at both branches of our hospital (3).
During early periods of low work-load our chief concern was contami-
nation control. However, in the late 1960's our work-load increased
sharply; in 1969 a total activity of 630 GBq (17 Ci) in a wide range
of radiopharmaceuticals was administered to some 3000 patients. The
accumulation of external dose by a small group of staff was then evi-~
dent but still relatively small. The work-load has, however, con-
tinued to increase with the 1979 total of activity administered
exceeding 3 TBq (80 Ci) chiefly Tc-99m in various forms, to some
10,000 patients for a wide range of diagnostic examinations. Exter-
nal dose accumulations by staff also continued to increase and by the
mid-1970's the annual collective dose-equivalent for our nuclear
medicine group (~v20 staff - medical, radiography and nursing) had
risen to some 40mSv.

In considering the problems of extermal dose, we note particu-
larly the gain resulting from the use of more sensitive equipment
(in reducing patient measurement time) and from attention to tech-
niques of administration,

We have made detailed investigations into the control of dose
to the hands (4), (5), (6).

RESEARCH

We have given much attention to procedures involving I-125, and
have noted the problems reported elsewhere (7). In one pathology
laboratory here some 20 members of staff are involved in labelling
techniques, using up to 74 MBq (2 mCi) in each procedure and over
11 GBq (300 mCi) per year. A Class B laboratory with high grade
fume cupboard is used for this work. Staff are instructed to self-
monitor, including the thyroid, by contamination meter, and counter-
check measurements are made periodically by Physics Staff using a
thin crystal Nal detector. Under these conditions during two years
we have only detected I-125 in about one third of these workers, at
levels generally of 370 - 740 Bq (10 - 20 nCi).

One traumatic experience with tritium deserves mention. In
spite of our centralised control on radionuclide acquisition, a mem-
ber of our staff acquired, by an unusual method of requisition, an
aqueous solution of an organic compound supposedly labelled at high
specific activity with 92.5 GBq (2.5 Ci) T and supposedly free of
labile tritium. In spite of our Instruction Manual, our local
rules, our B-laboratory facility and our safety officer, an open
bench evaporation of the solution was conducted. Later analysis
showed that virtually none of the tritium had ever been associated
with the compound. As a result of the evaporation procedure, the
laboratory and its equipment were substantially contaminated and
body burdens reached the ICRP investigation level in several staff.
The decontamination procedures were lengthy and the interruption of
important work programmes was severe.
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SUMMARY

By giving steady attention to the design of facilities and the
arrangement of procedures, and with an active personnel monitoring
policy, relatively large scale radiation commitments within medical
and research organisations can proceed with individual whole-body
doses to staff being held well below 15mSv/annum. Such control
generally relies heavily on the experience of a small group of staff
within the organisation, who now face increased problematical
administrative commitments from recent legislation.

In spite of detailed attention to control of radiation work,
traumatic radiation incidents may still occur.
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RADIATION PROTECTION IN THE DENTAL PROFESSION.

B. Holyoak*, J.K. Overend+, J.R. Gill*

*Health and Safety Executive, London, + National Radiological
Protection Board, Leeds, UK.

INTRODUCTION

Prior to 1974, factories within Great Britain were subject to
Regulations made under the Factories Act. Within teaching and
research establishments, radiation was, broadly speaking, subject to
non-enforceable Codes of Practice. In 1974 the Health and Safety at
Work etc. Act was made; this sets the regulatory framework and it is
enforceable within all premises where there are employed persons.

As yet no statutory provisions which relate to dental radio-
graphy have been made under this Act; these will be enacted in the
near future as part of wider legislation to meet a Euratom Directive.

The Health and Safety Executive (HSE) initiated a survey in
1977 in order to acquire detailed information on the standard of
radiation protection in dental practices. This stemmed, first, from
the need for HSE to meet its enforcement duties, secondly, to devise
a basis for regulatory requirements and, thirdly, to evaluate the
dental postal pack provided by the National Radiological Protection
Board (NRFB).

METHOD OF ASSESSMENT

The postal pack method of assessing the performance of dental
X-ray sets was developed by the NRPB to enable relatively large
numbers of X-ray sets to be checked cheaply. Its primary aim was to
make it unnecessary for an experienced surveyor to visit each dental
surgery, whilst retaining the capacity to collect all the
information necessary to make recommendations regarding the compliance
of the equipment and procedures with the accepted radiological
protection standards. The system was designed to measure the
linearity of output, the cone tip exposure rate, the beam diameter
and an estimation of beam quality in terms of added aluminium
filtration.

The method of assessment consists of two stages. Initially
the dentist is asked to complete a questiomnaire regarding the
equipment, its operation and the radiographic procedures used in the
practice. At the same time he is asked to expose three monitoring
films at the tip of the X-ray cone for timer settings of 1.0 s, 0.7 s
and 0.3 s respectively. From the exposures recorded on these films
the linearity of output of the X-ray set is assessed.

On the basis of a tentative egtimation of the output of the
X-ray set, the dentist is sent specially developed cassettes for
exposure at the tip of the cone for a specific timer setting which is
designed to give an exposure of approximately 8 mGy. An X-ray film
in the cassette is used to determine beam diameter and a standard
personal monitoring film, behind filters, is used to measure the
other parameters.



Added filtration is by far the most difficult parameter to
measure. However, the apparent doses recorded on the personal
monitoring film behind two copper filters and an unfiltered area can
be used to estimate added tube filtration to an accuracy sufficient
for radiological protection purposes. If the unfiltered to 0.48 mm
Cu filter apparent dose ratio is plotted against the 0.1 mm Cu
filter to 0.48 mm Cu filter apparent dose ratio, for a series of
exposures made at various known tube filtrations and kilovoltages, a
family of curves will be produced. Each curve represents a
particular tube filtration value and an interpolation between curves
can be made for exposures made on equipment whose tube filtration is
not known.

Previous experience had shown that cone tip exposures in
general are much greater than is necessary for the production of a
good quality radiograph. A series of experiments with a phantom has
revealed that for a given type of radiograph, there is a direct
relationship between kilovoltage and the cone tip exposure required
to produce a satisfactory radiograph (1). The O«.1 mm Cu to 0.48 mm
Cu apparent dose ratio gives a good indication of operating kilo-
voltage and this is used to assess the cone tip exposure required
for the production of a satisfactory radiograph. This exposure is
then used as a basis for making recommendations regarding timer
settings for different radiographic techniques.

Personal monitoring films were worn by dental staff during
each of three consecutive months.

GUIDANCE TO PRACTITIONERS.

Dentists were chosen at random from a list of practitioners
offering treatment within the National Health Service.
Participation in the survey was voluntary. The standards against
vwhich each practitioner was evaluated were those set out in a Code
of Practice (2), for medical and dental uses of ionising radiation,
In 1975 all dental practitioners within Great Britain were issued
with a synopsis of the Code (3) specific to dental radiography.

Following each assessment, recommendations are given, in
writing, to practitioners to enable them to improve, or maintain,
the quality of their radiographs while minimising the radiation dose
to staff and patients.

The results presented here relate to two phases of the suxrvey;
Group A consists of the first 585 practitioners surveyed. Between
the end of phase A and the commencement of phase B an effort was
made to give additional guidance on radiation protection to the
profession as a whole, this was based on the evidence from the Group
A survey. The guidance consisted of a detailed article published
in the professional literature (4), and a placard listing simple
rules which was sent to all practitioners at the time of
publication. Results from 194 Group B dentists are available to
date. No member of Group B was a member of Group A.
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SURVEY RESULTS

It is possible to give only a synopsis of the results in this

paper:-
Group A
(1) Personal Radiation Dogse to Dental Staff
Results from film badges worn for 1 month
< 50 pSv 82, %%
> 50 pSv but <100 pSv 5.8%
> 100 pSv but <200 pSv Te1%
2 200 pSv but <500 uSv 3.4%
> 500 pSv but <1000 puSv 0.5%
>1000 pSv 0.6%
(ii) Beam Diameter
> 7.5 cms 12%
>6.0 cms 55%
(iii) Beam Filtration
<1.5 mm Al 11%
(iv) No "X-rays on" warning signal 9%
(v) Dental staff holding film or tube head 20%
(vi) Dose per exposure
>6.6 mSv* 57%
>5.0 mSv 76%

Group B

97.2%
1.6%
1.0%
0.1%
0.1%

0

7%
12%

13%
5%
7%

54%
70%

* Experimental work (1) has indicated that, depending on

the kilovoltage of the equipment, a good radiograph

should be obtained with exposures of between 1.3 mSv and

6.6 mSv as measured at the cone tip.

Further information derived from the survey included other

important factors such as film processing techniques, timer

accuracy and reproducibility, location and maintenance of equipment

and the level of instruction and supervision given to dental

staff.,



CONCLUSIONS

Comparison of Group A with Group B tends to indicate an
improvement in standards. This may be partially due to the general
educative campaign; it may result from discussion within the
profession prompted by the HSE Survey programme. Another possibility
may be two "natural phenomena", these being the ageing of equipment
and the ageing of dentists. In the former, old equipment is
replaced by equipment which should meet present technical standards,
As dentists retire they are replaced by dentists who have recently
completed their formal education, it is the latter who are,
generally speaking, more appreciative of the hazards and of correct
radiographic procedure.

It is anticipated that the standard in the practices of
Groups A and B will further improve when individual recommendations,
based on survey results, have been implemented.

The postal method of survey, reinforced, where necessary, by
visits from inspectors, is a cost effective method of promoting
radiation safety for dental staff and is a useful aid to the
enforcement of statutory requirements. Early resulis are
encouraging; it is intended to resurvey each dental practice every
6-T7 years and it is clear that the enforcing authorities must
maintain contact with the suppliers of dental radiographic equip-
ment and with the dental schools.
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A METHODOLOGY FOR THE EVALUATION OF COLLECTIVE DOSES ARISING FROM
RADIOACTIVE DISCHARGES TO THE ATMOSPHERE

John Hallam and Gordon S. Linsley

National Radiological Protection Board, Harwell, Didcot, Oxon, U.K.

INTRODUCTTION

The usual approach to protecting the public from exposure to
radicactivity in the environment has been based on identifying the
critical pathways to man for particular radionuclides. By controlling
the radiation exposure of the critical organs of individuals in the
population who were most highly exposed the remainder of the popu-
lation could be assumed to be adequately protected. The system of
dose limitation proposed by the International Commission on Radio-
logical Protection (ICRP) in Publication 26 (1) is based on the con-
sideration of the total risk associated with radiation exposure and
it has become necessary to evaluate the radiation exposure of indi-
viduals by all pathways from all radionuclides to which they are
exposed. At the same time the total health detriment from a radio-
logical practice has become recognised ag an important guantity by
which the radiological harm to exposed populations can be judged.

The ICRP also recommends (1) that once a radiological practice has
been shown to be justified, any resulting radiation exposure should
be kept as low as reasonably achievable. The dual emphasis on total
dose to an individual and on optimisation with the latter implying
the need to evaluate total health detriment means that the exposure
of the whole population must be considered, through all pathways and
for all radionuclides for as long as they persist in mans environment.
To achieve this objective when considering releases to the atmosphere
it is necesgary to have an understanding of the way in which radio-
active effluents are dispersed in the environment, of the transfer
processes which take place from the environment to man and of the
spatial distribution of the population and of agricultural practices
around the discharge point.

It is difficult to define a single radiological quantity which
adequately describes the total number of health effects which will
appear in an irradiated population. The collective effective dose
equivalent commitment as defined in ICRP Publication 26 (1) has been
used elsewhere as a first approximation to such a quantity although
the limitations of this approach have been recognised (2).

In this paper a methodology is described for evaluating coll-
ective dose from the major routes of exposure following a release to
atmogphere. The routes considered are inhalation both of the mater~
ial in the initial cloud, and that resuspended from the ground, ex—~
ternal irradiation from the radiocactive decay of the material both in
the cloud and deposited on the ground, and ingestion of radionuclides
transferred through the foodchain.



ENVIRONMENTAL MODELLING

An atmospheric dispersion model (3) is used to derive the spa-
tial distribution of the activity around the release point taking
into account the height of the release and the meteorological para-
meters specific to that site. The radiation exposure of an individual
from inhalation ig evaluated from the air concentration at any point
using an appropriate breathing rate and a knowledge of the dose
distribution fto human organs and tissues per unit of activity inhaled.

The individual exposure from external irradiation by both elec-
trons and photons from the material in the cloud is also evaluated
from the air concentration. A semi-infinite cloud model is used to
evaluate the absorbed dose in air from electrons; since the sensitive
basal layer of the sgkin is at an average depth of 70um, a correction
factor is necessary to obtain the relevant dose equivalent. The
absorbed dose in air from photons is evaluated by means of a finite
cloud model which takes account of the distribution in space of the
material in the cloud. The absorbed dose in air is converted to
dose equivalent in body tissues using factors derived by Poston and
Snyder (L4).

The amount of activity deposited on the ground by both wet and
dry deposition mechanisms is evaluated and the radiation exposure
from external irradiation from the deposited material is calculated
taking into account the migration of the activity down into the soil
(2). The air concentration from resuspension processes and hence the
dose from inhalation of resuspended material is evaluated using a
time dependent resuspension factor (2).

The radioactivity appearing in foodstuffs is estimated by using
a time dependent foodchain model (5) which relates the level of
contamination in the foodstuffs produced at a specific location to
the amount of material deposited there. The dynamic nature of the
model enables time dependent processes, which may be important for
long lived radionuclides, to be represented : these include the
build-up of activity in soil and animal tissues and the migration of
activity through the soil. Other important mechanisms involved in
the transfer of activity to foodstuffs derived from plants and
animals are represented in the model; they are interception and
retention of deposited activity on plant surfaces, resuspension,
translocation and root uptake into plants, transfer to animals by
consumption of contaminated pasture, inadvertent consumption of soil,
inhalation of the initial cloud and resuspended activity and the
metabolism of radionuclides in the animals following intake.

POPULATION AND AGRICULTURAL DATA

The models described above allow the radiation exposure of indi-
viduals to be calculated from a variety of routes and the activity
appearing in various foodstuffs at all points around the discharge
site to be evaluated. To complete the estimation of collective dose
it is necessary to know the distribution of the population and of
agricultural practices around the site of interest. In assessing
the collective dose from the ingestion pathway it is assumed that all
activity reaching foodstuffs is consumed by man; it is therefore
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unnecessary to make assumptions concerning individual dietary in-
takes.

Population data in the form of a listing of the numbers of
people living in each 1km square of the Wational Grid of Great Brit-
ain, as recorded at the 1971 census, together with similar data for
Northern Ireland, are used to determine the number of people at a
given distance in a given direction from the site, as shown in
figure 1.

Similarly, grids of agricultural production have been generated
bascd on national agricultural statistics. ©5Skm grids exist for the
most important agricultural products as identified in the foodchain
model ie grain, green vegetables, root crops, beef, cows liver,
muttoﬂ7iémb, sheeps liver and cows milk,

EXAMPIES OF CALCULATIONS

The contribution by each exposure pathway to collective dose
from a small segment of area is calculated by combining estimates of
the individual dose with the population of the segment or the dose
per unit mass of foodstuffs with production in the segment. The
total collective dose for each exposure pathway is the sum of the
contributions from all such segments around the point of discharge.
This process is repeated for each nuclide and pathway to evaluate the
total collective dose from a discharge.

An example of the results of collective dose calculations is
shown in figure 2. The variation of the cumulative populations and
collective doses from B irradiation with distance from the point of
discharge are contrasted for the discharge of krypton-85 from two
gites A and B whose population characteristics are quite different.
The ratio of the total collective dose from unit discharge at site A
to that at Site B is 1.7+ The rate of accumulation of collective
dose with distance is very different for the two sites. The majority
of the collective dose at site A comes from quite close to the site
and consequently the individual doses contributing to the collective
dose are generally higher than is the case for site B.

A similar example is shown in figure 3 where the variation with
distance of cumulative milk production and collective dose from the
ingestion of contaminated milk and milk products from the release of
I-131 is given. Here the difference in the total collective doses
from the two sites C and D which are located in markedly different
agricultural areas is even more pronounced, the ratio being 20.
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COLLECTIVE DOSES DUE TO RADIOACTIVE EMISSIONS FROM NUCLEAR
PLANTS

H. Bonka and H.-G. Horn
Lehrstuhl fiir Reaktortechnik, RWTH RAachen, F.R.G.

In publication No.26 (1) ICRP recommends the use of
cost-benefit analysis for the optimization of the reten-
tion of radioactive materials in nuclear facilities. This
Requires the evaluation of the collective effective dose
equivalent commitment. While the collective doses can be
evaluated generally for airborne effluents the collective
dose for the water pathway is highly dependent on the ri-
ver under consideration.

COLLECTIVE DOSES DUE TO AIRBORNE EFFLUENTS

Due to different numerical methods it is useful to
separate the evaluation of collective doses into first
pass exposure and global distribution. The annual average
air-concentration for first pass exposure within a 50 km
range can be evaluated using the Gaussian Plume model. For
greater distances a homogenous distribution over a constant
mixing layer is assumed (2). Comparing the calculation of
collective doses with an homogenous 360 deg. distribution
and nuch more complex metheorological statistics it be-

comes obvious that there is no significant difference. The
emission height also is of negligible influence on the

collective doses. The contribution to the collective doses
by the direct vicinity of the plant - where the emission
height is of influence - is small, as shown in tab. 1.

Parameter analysis have shown that there is little
difference in the equivalent collective doses for all si-
tes in the F.R.G.

The global distribution can be evaluated with multi-
compartment models (3,4,5), see fig. 2 for 14C e.g..

For the calculatlon of the ingestion dose caused by
34, 14c and 12971 via first pass exposure, it is sensible
to use the specific activity model. The average air con-
centration of 1271 for the F. R G, as well as for other
countries is about 1o ng/m3 (7). An ugger limit of collec-
tive doses due to iodine, except for 91 and aerosols,
can be evaluated with the models and data given in (8),
taking into accound mean consumption rates of food. Cau-
sed by the high number of people and the very small chan-
ge of air concentration in far distances, the contribu-
tion to the collective doses via first pass exposure in
these areas is much more important than that in the vici-
nity of the plant. For this reason it is not necessary to
regard the local statistics of harvest, which would make

This work was sponsored by the Federal Minister of the
Interior of the F.R.G. under the number St.Sch. 68ca
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evaluations much more complicated.

H first pass exposure is a special problem. Being
emitted as tritiated water, -“H contributes to the radia-
tion exposure via contamination of food and drinking wa-
ter. The concentration of 3H can be evaluated easily with
a rainfall of approx. 400 mm/yr which is the contribution
of the oceans to the total rainfall of approx. 700 mm/yr.
When calculating with the total rainfall, evaporation has
to be taken into account (9).

The colleclive effective dose commitment can be eva=-
luated using the weighting-factors given in ICRP 26 (1),
In this paper a total collective effective dose equivalent
commitment ST with additional consideration of the detri-
ment after the 2nd generation (1) and the external g-ra-
diation (1o) is defined.

Tab. 2 shows the total collective effective dose equi-
valent commitment St related to 1 ci 3u, '4c, 85kr, 1371,
1291 and aerosols for first pass exposure. For the aerc-
sols a typical nuclide composition of the effluent of a
reprocessing plant was used (11). The approx. distribu-
tion of 3H collective doses for different countries is
shown in tab. 3.

In addition, tab. 2 contains the total collective
effective dose e?uivalent commitments due to globally
distributed 3H, T4c, 85Kr and 1291 as a function of inte-
gration time.

From theviewpoint of a cost-benefit analysis, the in-
tegration time occurs to be very problematic. As seen in
fig. 2, the greatest contribution to Sp from 14¢c ang 1291
results from times longer than 500 years. For the cost-be-
nefit analysis, the integration time should be 104 to 105
years, taking into account a world population of 1010 peo-
ple. Using economical methods, the cost of detriment
should be discounted. Tab; 4 shows the discounted collec-
tive dose,.

" For the fist pass exposure different sites were ana-
lysed. Stack releases at sites like Windscale which are
geographically extremely different from the north-east
of Germany result in a decrease of collective doses of
approx. 30 %.

COLLECTIVE DOSES VIA THE WATER PATHWAY

The collective dose due to liquid releases into ri-
vers can be evaluated for actual sites only. The utiliza-
tion of the river is of great importance here. Assuming
a riv%r with a mixing volume of 1oo0o0 m3/s, which is used
by 10° persons as drinking water, the total collective
effective dose equivalent commitment due to 3H would be
about 0.001 man-<rem/Ci. If theconsumption of fish would
be 1oo t/yr, S¢p due to the most important radionuclides
would be approx.: 90Co - 0.001 man-rem/Ci, 90Sr-o.1 man-
rem/Ci, 134Cs - 0.05 man-ren/Ci, 137Cs - 0.02 man-rem/Ci.
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INFLUENCE OF THE MOST IMPORTANT DATA ON THE CALCULATION
OF THE MAXIMUM RADIATION EXPOSURE IN THE VICINITY OF
NUCLEAR FACILITIES

Schmidtlein, P., Bonka, H., Hesel, D., Horn, H.-G.
Lehrstuhl fir Reaktortechnik, RWTH Aachen, F.R.G.

The Radiation Protection Ordinance in the F.R.G. de-
mands that the radiation exposure resulting from the ope-
ration of a nuclear facility is kept as low as possible,
taking into account the state of science and technology.
In (1) the methods for the calculation of the maximum ra-
diation exposure are determined,

RELEVANT RADIONUCLIDES

When analysing the radiation exposure due to radionuclides
released from nuclear facilities in more detail, one can
see that only a few nuclides deliver relevant contributi-
ons to the radiation exposure. Fig. 1 and 2 show the con-
tributions of the most important nuclides in the vicinity
of a pressurized water reactor via the air and water path-
way (2).

In the case of the air pathway especially the noble
gases and C 14, as well as I 131 for the thyroid, are de-
cisive for the dose. The dose via the water pathway is de-
termined by H 3, Cs 134 and Cs 137.

The dose in the vicinity of a reprocessing plant is
governed by a few nuclides as well (2). Due to the long
cooling time between the unlocading of the reactor and the
reprocessing of the fuel elements the relevant nuclides
like H 3, Kr 85, Sr 9o, Ru 106, I 129 and some transura-
nium isotopes are all long lived.

INFLUENCE OF THE MOST IMPORTANT DATA

The calculation of a radiation exposure has to consider
the distribution of radionuclides in the atmosphere and
the hydrosphere, the transfer into the foodstuffs and the
transfer into the various organs after inhalation and in-
gestion.

Basing on this contamination of the environment, the
maximum doses can only be calculated exactly for external
submersion and, when using the specific activity model,
for H 3 and C 14 (3).

The inhalation dose can also be calculated sufficient-
ly exact, if the input parameters are known. Here the in-
fluence of the aerosol size distibution is only important
for extreme aerosol sizes (very large or very small dia-
meters). If the dose conversion factors are weighted over

This work was sponsored by the Federal Minister of the
Interior of the F.R.G. under the number St.Sch. 675
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the size spectrum of the natural aerosols 1 um can be de-
ducted as a median diameter (4). Fig. 3 shows the inhala-
tion doses for various particle diameters of a Sr 90 aero-
sol standardized on the dose for 1 um.

The calculation of the ingestion dose is highly sen-
sitive to the deposition behaviour of the airborne radio-
active material, as well as the transfer and concentration
factors in the food chains. When considering the size spec-
trum of the aerosols in the calculation of the deposition
velocity for fallout and washout, it shows, that the pre-
sent calculation procedure results in an overestimation of
the deposition velocity by a factor of 5.

The transfer data for the most important nuclides
Sr 90, Cs 137 and I 131 have been determined after atomic
bomb tests. As the values laid down in (1) are still being
discussed, the importance for the dose calculation was
examined.

Fig. 4 and 5 show the influence of the plant-, milk-
and meat transfer factors on the ingestion dose. The dose
calculation was simplified corresponding to the formulae
stated in fig. 4 and 5, where x is the long time disper-—_
sion factor, N is the precipitation, x is the distance, u
is the mean wind velocity and v is the food pathway (plants
milk, meat, fish). Mostly for Sr 90 an increase of the
transfer ground-plant has a considerable influence on the
dose. This influence, however, decreases when the loss of
radionuclides into deeper soil layers and due to harvest
is considered (5,6).

For the water pathway the accumulation factors in
fish and most of all the high consumption rate (39 kg/yr)
are very important (fig. 6 and 7).

The variation of ground concentration due to loss of
radionuclides via washing out into lower soil layers and
harvest is shown in fig. 8 and 9.

It can, however, be assumed that the maximum possible
doses for those nuclides which are of greatest importance
for the dose, can be calculated sufficiently conservative.
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IMPACT SANITAIRE DU PROGRAMME NUCLEAIRE FRANCAIS EN 1990.
Carlo Maccia, Francis Fagnani.

Centre d'Etude sur 1'évaluation de la protection dans le Domaine Nu-
cléaire (C.E.P.N) — FONTENAY-AUX-ROSES — FRANCE.

INTRODUCTION - RESUME.

Le développement prévu de l'industrie électronucléaire frangaise
dans les anndes 3 venir, soul&ve le probléme de 1'&valuation des consé-
quences radiologiques pour 1'environnement et pour 1'homme dans le ca-
dre du fonctionnement normal de chaque installation.

Nous avens défini 3 1'horizon 1990 un "scénario' correspondant a
1'état d'avancement prévu du programme frangais, en nous limitant 3 la
filiére 3 eau pressurisée (PWR).

Pour chaque installation du cycle du combustible (mines, usine
de conversion, réacteurs etc ...), nous avons évalué 3 partir des don-
nées frangaises disponibles, cing types d'indicateurs du risque radio-
logique 1ié au fonctionnement normal pendant 1 an :

- les activités des rejets liquides et gazeux,

- 1'&quivalent de dose effectif individuel en bordure de site,

~ 1'équivalent de dose effectif collectif pour les populations dans un
rayon de 25 km,

~ 1l'équivalent de dose effectif individuel et collectif pour les tra-
vailleurs,

- les effets sanitaires théoriques radio-induits.

Enfin, dans le cas des radionucléides de trés longue période
rejetés par l'usine de retraitement du combustible irradié&, nous avons
calculé 1'engagement d'équivalent de dose collectif &tendu & la popu-
lation nationale et mondiale.

LE SCENARIO A L'HORIZON 1990.

Le scénario ''mucléaire" que nous avons défini tient compte de
la perspective d'évolution de la demande et de 1'offre d'électricité
envisagée actuellement pour la France en 1990. Il est caractérisé par
une production annuelle totale d'énergie &lectrique de 330 TWh, assu-
rée par le fonctionnement de 30 tranches de 900 MW(e) et 28 tranches
de 1 300 MW(e) de la fili&re PWR, pendant 5 200 heures par an en moyerr
ne. Les quantités de matiéres mises en jeu par ce '"scénario" au niveau

de chaque &tape du cycle du combustible nucléaire sont données dans le
tableau n° 1. A ces quantités, il comvient d'ajouter les produits de

fission résultant du retraitement du combustible irradié, (emviron
35 tomnes) ainsi que la production de plutonium (9t/an).
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Tableau n° | : Quantit&s annuelles de matiére.

Etape du cycle Flux annuels relatifs 3 63,4 GW(e) (T/an) x
Usine de concentration 7 230 t U naturel
Usine de conversion 8 620 t U naturel
Usine d'enrichissement 8 620 t U contenu dans 1'UFg
Usine de fabrication 1 460 t U enrichi contenu dans 1'UFg
Réacteurs 1 460 t U
Usine de retraitement 1 460 t U contenu dans 1'U0,

% 63,4 GW(e) = 330 TWh : 5 200 h.
IMPACT SANITAIRE SUR LES TRAVAILLEURS.

Les conséquences sanitaires pour les travailleurs du cycle du
combustible nucléaire associ& au programme que nous avons retenu, ont
été évaluées & partir des donndes suivantes

— nombre de travailleurs exposés,
- équivalent de dose effectif individuel moyen par voie d'exposition,
- coefficient dose-effets de la CIPR 26.

Le tableau n® 2 fourni les résultats pour 1'ensemble du pro-
gramme considéré [4].

Tableau n® 2 : Impact sanitaire sur les travailleurs.

Instal. Effec?if Dose indiv. Dose col%ective Effe?s
(statutaires) (mSv/an) (homme sievert) sanitaires

MINES 7 450 14 104,3 1,7

TRAIT. 2 020 5 10 0,16
CONVERS. 880 % 5 4,3 0,07
ENRICH. 640 5 3,2 0,05
FABRIC. 1 350 5 6,7 0,01
REACT. 9 120 25 228 + 253 x 7,9

RETRAIT. 4 450 % 10 46 0,8

TRANSP. 790 4 3,1 0,05

% Statutaires + Entreprises extérieures.

I1 est 4 noter que l'exposition des mineurs due au radon n'est
pas prise en compte dans le calcul de la dose individuelle moyenne :
ce choix est 1i& 3 1'incertitude importante concernant la relation -
entre le "Working Level Mounth'" et le "Sievert" (de 0,03 3 1 Sv/WLM)

d'oli 1a sous-estimation du risque des mineurs [1].
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L'estimation de 1'effectif pose le probl&me du personnel appar-
tenant aux "'entreprises extérieures' intervenant dans 1'exploitation
des installations pendant leur fonctionnement normal. Ce personnel
n'est connu et n'a &té pris en compte que pour deux installations
(conversion et retraitement). Dans le cas précis des réacteurs, l'es—
timation du risque est basée sur 1'hypothése, conforme 3 1'expérience
actuelle, d'une répartition de la dose collective entre les deux caté-
gories de travailleurs : statutaires (40 7) et non statutaires
(60 7) [31].

IMPACT SANITAIRE SUR LE PUBLIC.

Compte tenu de 1'hypothése de fonctionnement normal de toutes
les installations du cycle et de leur répartition géographique (75 7%
en bord de riviére et 25 %Z en bord de mer, pour les réacteurs par
exemple) nous avons estimé les effets sanitaires pour le public en
général, dans un rayon de 25 km autour de chaque site. Le tableau n° 3
fournit les résultats pour 1'ensemble du cycle du combustible [4].

Tableau n°® 3 : Impacts sanitaires sur le public.

Population Dose indiv. Dose indiv.

Installations sites (< 25 km) critique moyenne saiiizgies
(@D) mSv/an (2) mSv/an
Mines (107* wL)
ﬁiaiﬁﬁﬁiﬁF 5 293900 (10 2WLY(5) 14,1070 7 .10]°
* 3.10 2 1,4.10 2
Conversion 2 358 500 - - -
Enrichiss. 1 202 000 2,6.10 " 5,2.10°% 1,7.10°%
Fabrication -3 _ -
du combust. 1 92 400 8 .10 L6.10 % 2,4.10 3
Réacteur (6) 15 1 986 500 1#;.)10'2 5,%£§0'2 9 .10°* 1,4.10 2
Retraitement 1 25 900 1.10° 7,2.10°2 1,1.10°% 4,7.10 3
N
Transport - - - - 0,2
TOTAL 27 2 958 600 - - 0,44

(1) Calculée pour la population frangaise en 1978
(2) Exposition de 1'individu théorique le plus exposé pour chaque site
(3) Equivalent de dose effectif de 1'adulte le plus exposé
(4) Equivalent de dose effectif de l'enfant le plus exposé
(5) WL : working level (unité d'exposition dans le cas du radon)
(6) Valeurs pour 3 types de sites, respectivement, bord de riviére,
4 x 900 MW(e) ; bord de riviére 4 x 1300 MW(e), bord de mer
4 x 1300 MW(e)
(7) Emetteurs o non compris
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Dans le cas de 1'usine de retraitement nous avons évalué, pour
les radionucléides, de longue période (1129, Kres, Cl“, %) 1'engage-
ment de dose effectif collectif pour 500 ans di & un an de fonction-
nement normal, pour la population frangaise et mondiale.

Compte tenu du comportement de ces radioéléments dans 1'envi-
ronnement ainsi que de leur propriété& physique, nous avons obtenu les
valeurs suivantes [2]

Tableau 4 : Impact sanitaire des radionucléides de longue période.

Equivalent d'engagement de dose Effets sanitaires radioinduits
collectif (homme-Sievert) théoriques (%)
National Mondial National Mondial
197,6 286,6 3,3 4,7

* Somatiques + Génétiques.

CONCLUSIONS.
A la lumiére des résultats présentés ici nous pouvons souligner,
entre autres, les points suivants

1. La différence importante entre le risque collectif des travailleurs
et le risque collectif du public.

2. La spécificité du probléme de 1'évaluation de la dose collective
des mineurs.

3. Le pourcentage de la dose collective des travailleurs des centra-
les nucléaires exprimés par rapport a la dose travailleurs totale
(~ 70 7).

4. Enfin le rdle particulier de 1'usine de retraitement dans le ris-—
que collectif du public en général.
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DIAGNOSTIC X-RAY EQUIPMENT EVALUATION IN BRAZIL

Arna Maria Campos de Araujo,Jodao E.Peixoto and Vera R. G.
Reis

Department of Ionizing Radiation Applications,Insti-
tute of Radiation Protection and Dosimetry (IRD), Atomic
Energy Comission, Rio de Janeiro, Brazil.

As in many countries all over the world, also in
Brazil there was a marked increase of medical X-ray
installations and the number of examinations "per capita”
during the last decades. Up till now there are a very
little statistics regarding frequency of X-ray examinations
the main factors affecting radiation exposure and the
conditions of the equipment available.

After 1977, the IRD had the possibility to perform asurvey
on the main part of diagnostic X-ray installations all over
the country. Till the moment we have checked 790 X-ray
machines.

This program included statistics as well as tests of
the technical conditions. These tests included: radiation
quality (i.e.kilovoltage and filtration), tube out put,
beam collimation and protection devices.

About 34% of the X-ray equipment tested in this work
are used for dental radiography and 66% are used for other
routine examinations includind fluoroscopy and those
performed by mobile units.

Table I presents a survey of the number of physicians
(radiologists), radiographers, examinations per month,films
used and lost, in 10 big Hospitals, where 120 X-raymachines
are installed. When these measurements have been performed,
around 10% of the machines were not functioning because of
different reasons, mainly due to technical failuresand lack
of a correct place to be installed and/or of trainned
people to run them.
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TABLE 1. Survey of 120 diagnostic X-ray machines.

Number of Hospitals 10
Number of X-ray Machines 120
Physicians (Radiologists) 80
Radiographers 260
Examinations per Month 51100
Films Used per Month 157300
Films Lost per Month 4000

RADIATION QUALITY

Regarding radiation quality in practice means testing
the coincidence of the quilovoltage indicated at thecontrol
panel with the quilovoltage applied to the tube and the
inherent filtration. As it was proved impossible to use a
voltage divider in such a field test we choose the method
published by Ardran and Croods (1) for determination of the
quilovoltage. It is based on film dosimetry using a special
film-screen combination in specially prepared cassette.One
half of the cassette contains a pair of high resolution
screens and the other half a pair of high speed screens.

The cassette is covered with a sheet of lead
in which two rows of holes are cut, one over each pair of
screens. The row on top of the high speed screens is
covered with a copper step wedge. When a film is exposed in
this cassette it will show a row of spots with identical
optical density resulting from the high definition screen
an another with decreasing optical densities, according to
the different copper thicknesses covering the high screen
causing the exposure of this part of the film. From the
spot in this row which shows the same optical density as
the spots in the other row one can get the applied
quilovoltage by means of a calibration curve established
for -this device.

TOTAL FILTRATION

The total filtration was determined by means of HVL
measurement at a certain kV value determined inthe described
way. The total filtration corresponding to measured HVL was
taked from NCRP Report 33. (2)

TUBE OUTPUT

The purpose of measuring the tube output underdefined
conditions was to get an idea about the conditions of the
tube, i.e., the age or, if necessary, the power of an
unknown gerator type.

The dosimeters used were a calibrated Baldwin Farmer
with a 30 cc chamber and a Pitman with a 35 cc chamber.

EXPOSURE TIME

As most installations did not include an automatic
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exposure control the correct functioning of the timing was
of special importance. This was checked with an electronic
device, developed by our Institute, covering a range of 1
ms up to 900s.

COLIMATION OF THE USEFULL BEAM

When the tube housing was equiped with a ligth beam
collimator the coincidence of the light field with the
radiation field was checked by exposing a film.

When only cones were available the field size in the
plane of the patients surface, i.e., 20 cm above the table
top was calculated. 1In Table 2 we can see the type of
collimators used in the machines of this national survey.

TABLE 2. Type of collimator

Cone 36 %
Light Beam Diaphragm 51 %
Without Collimator 13 %

SPECIFIC TESTS

Besides this basic program applicable to all
installations a few more tests were done in special cases
like image amplifiers with TV chains and tomographic
equiment. These tests consist of measuring the dose rate
to the skin of the entrance side and to the entrance of
the image amplifier using a phantom.

With tomographic equipment the simetry of the
tomographic movement and the coincidence of the indicated
height of the plane with the height of the plane with the
actual height were tested according to ICRU Publication
89. (3)

RESULTS

From all the measurements realized in each X-ray
equipment, we got for: total filtration, kivoltage, exposure
time and field size the figures shown in Table 3.

TABLE 3. Survey of 522 Diagnostic X-ray Machines

Kind of test Correct (%) Not correct (%)
Total Filtration 38 62
Kilovoltage 58 42
Exposure Time 63 37
Field Size 46 54

In regard to Radiation Protection, 40% of the rooms
were in wrong conditions related to the staff and the
public. We emphasize that almost all the X-ray Departments
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visited do not use any personal dosimeter.

In the field of <Cdontological X-rays, we found that
30% of the rooms were incorrect in relation to radiation
protection.

In conclusion, from 268 Odontological X-rays machines
checked, only 9% were working in correct conditions, in
regard to the technical parameters and the radiation
protection.

Finally, Table 4 presents the tigures for the
technical parameters checked in the 268 machines.

TABLE 4. Survey of 26% Odontological X-ray machines

Kind of test Correct (%) Not correct (3)
Total Filtration 79 21
Kilovoltage 54 46
Exposure Time 52 48

Field Size 70 30
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SURVEILLANCE OF X-RAY MACHINES IN ISRAEL

A. Donagi, J. Hai, M. Kuszpet
Research Institute for Environmental Health,
Israeli Ministry of Health.

Ionising radiation is widely used in Israel for medical,
industrial and research purposes. Early in 1964 it was recognized

by the Israeli Health Authorites that the use of X-ray machines

for diagnostic purposes is the main source of artificial irradia-
tion of the population. Table 1 shows the distribution of radia-
tion machines (mostly diagnostic) that are currently under
surveillance of the Israeli Ministry of Health.

TABLE 1. RADIATION MACHINES USED FOR MEDICAL PURPOSES IN ISRAEL

Radiography 350
Radiography + Fluoroscopy 270
Radiography Portable 200
Fluoroscopy Portable 60
Mammography 9
CT 5
Dental 3,400
Panoramic 40
Ortovoltage 20
Cob0 10
Linear Accelerator 4
Veterinary 25

In order to assure that X-ray machines are used according
to the recommended safety standards for both patients and operators,
a nationwide surveillance program of diagnostic X-ray machines has
been carried out by the Research Institute for Environmental Health,
which is operated by the Ministry of Health and the Tel-Aviv
University. According to the Israeli law, all the X-ray machines
owners must apply to the Ministry of Health in order to obtain an
operating license for the equipment. At present diagnostic X-ray
machines are surveyed at least once every two years while dental
machines are surveyed once every three to five years. The surveil-
lance procedure includes the following items:
a) Registration of the diagnostic X-ray machines.
b) Check of the structural shielding (scattered radiation).
¢) Check of the reproducibility and linearity of the X-ray
machine.
d) HVL measurements.
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e} Check of the X-ray-light field alignement.

f) Check of inherent filtration.

g) Instruction of machine operators in appropriate radiation
control procedures.

h) Issue of recommendations regarding personal dosimetry.

A1l the tests are carried out following BRH's Routine
Compiiance Testing for Diagnostic X-ray Machines. Furthermore the
Institute advices machine owners about the design of structural
shielding,

In the last years there has been an increased concern about
doses to the patient following X-ray examinations. In order to
compare X-ray techniques used in different hospitals in Israel,
the NEXT (Nationwide Evaluation of X-ray Trends) program, developed
by the BRH was utilized. On the basis of the findings of this
project, necessary correction steps were taken in order to reduce
the radiation dose to patients. It is planned to extend the NEXT
program in the future, in order to compare the dark room conditions
among different hospitals. It is believed that the Tack of standard-
ization in the dark room conditions is responsible for overdoses to
patients. Furthermore, a comparison of X-ray image qualities using
appropriate patterns will be carried out.

Following an initiative of the Institute, a special Committee
was nominated by the Minister of Health, in order to evaluate the
health implications of the irradiation of pregnant women. The
Committee recommended that doses below 5 Rem, in any stage of the
gestation period do not justify performance of an abortion; while
doses over 10 Rem, in the third to twelfth week might justify
performance of an abortion. In any event the personnel of the
Institute carry out the estimation of the dose to the foetus.

This is done either by calculations, using NCRP Report 54 recommen-
dations, or by in-phantom measurements.

Recently, the new recommendations of ICRP 26 were implemented
in Israel. At present, doses beyond 150 mR/month are reported to
the Institute by the Soreq Personal Dosimetry Service, and the
reasons to this overexposure are investigated.
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PATIENT DOSE EVALUATIONS FROM MEDICAL X-RAY
EXPOSURE IN ITALY: AN ANALYSIS OF NEXT DATA

Marchetti Andrea, Paganini Fioratti Mario, Susanna Antonio
(Comitato Nazionale per 1'Energia Nucleare, Viale Regina
Margherita 125, Roma)

Calicchia Angelo, Salvadori Paolo (Istituto Superiore di Sanita,
Viale Regina Elena 299, Roma)

INTRODUCTION

The average annual whole body dose to individuals is currently
about 182 mrem; the contribution due to medical usage is about 73
mrem per year (1),

From a study of CNEN (National Committee for Nuclear Energy)
and 1SS (Istituto Superiore di Sanita), it was found that the
radiographic films used in Italy during 1975 amounted to more than
90 millions, with an annual increasing rate of 8%, The estimated
contribution to the genetically significant dose, due to radiographic
examinations, was about 40 mrem (2),

Such non negligible values of genetically significant dose are
due to the same factors as for other countries: maximum voltage
and half value layer are two or three times the least value; current
by time product for the same examination ranges up to two orders of
magnitude, But as one of the most determining factors, usually beam
dimensions are considerably wider than film dimensions,

Therefore, it can be drawn that the ICRP Publication 26
suggestions, as far as patient radiation protection is concerned, .
are not taken into due account, 'in Italy as elsewhere,

NEXT PROGRAM DESCRIPTION

NEXT is an acronimous for Nationwide Evaluation of X-ray
Trends (3). It is a program aimed at collecting all the available
information on the different techniques used when performing 12
selected radiological examinations,

During a NEXT survey, the facility operator is asked to set up
the X-ray apparatus as though he were going to perform the most
frequent examination for a patient with standard dimensions, The
inspector records information about the type of facility and
apparatus, workload, operator training; he also records the
indicated voltage, current intensity, time, film size and then he
measures the source-film distance, the exposure at a fixed distance,
the exposure with three increasing aluminum thicknesses and the
beam size, The ionization chamber used for the exposure
measurements is calibrated by the central authority; a special
apparatus is supplied to ensure the reproducibility of the exposure
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m easurements,

From the registered parameters and the reported measurements,
it is then possible to calculate the half value layer, the skin
entrance exposure and the gonad dose for all the inspected
facilities, ‘

Radiological techniques that cause too high gonad doses are
easily picked out, by comparing the recorded, measured and
computed parameters for the techniques uséd in a facility with those
used in all the inspected facilities,

Each facility may then revise its wrong techniques; each local
administrations may choose the most adequate program to improve
the patient radiation protection,

N E XT PROGRAMINITALY: FIRST RESULTS

NEXT program was fitted to italian conditions and, after a pilot
study, it was presented in May 1977 to the competent Regional
A dministrations,

As central authorities, CNEN and 1SS reserved to themselves
the data processing and instrument calibration, All the NEXT
surveys should be performed by regional operators,

Regional Administrations have been operating in Italy only since
1975 and economical, social, organization problems have been
braking their working,

Therefore, it must be considered as a great success that the
U mbria Regional Administration immediately begun to collect the
data for the NEXT program, After a few months, the Emilia
Regional Administration made the NEXT program start in the
territory of one of its provinces,

The program is now going to be completed in Emilia; three other
R egional Administrations are very likely to include the NEXT
program in their health programs,

Table 1 shows the most relevant results for the recorded
parameters and for some selected projections; in particular it
should be stressed that the current by time product ranges from
2 mA,s up to 200 mA,s for the chest P/A projection,

For the same projection, the voltage varies between 40 kV and
90 kV; the half value layer ranges between 0.9 Al mm and 4,0 Al mm
and the beam area to film area ratio ranges from 0.6 to 8.2,

The other projections are less frequent than chest P/A
projection and, therefore, less data are related to them; although,
the involved parameters are spread over wide intervals,

Table 2 shows the minimum, maximum and weighted mean values
for the computed parameters, such as skin entrance exposure,
ovarian and testicular doses, The parameters range in remarkably
w ide intervals; though the weighted mean values are closer to least
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values, nevertheless it should be stressed that the patient in
radiographic examinations keeps receiving non negligible doses in
a great number of cases,

CONCILUSIONS

The NEXT program has been carried out up to now only in two
regions, slightly representative of the health conditions in Italy;

a southern Regional Administration at least would be necessary,
Nevertheless, the results shown here are enough to indicate
that often patient doses are unjustified and non optimized techniques

are chosen, NEXT results show as well the fields where local
Administrations should operate to reduce patient dose and to improwe
radiological techniques,

TABLE 1 - Minimum and maximum values of some registered
parameters for a few selected radiological projections

Voltage 55D (¢*)| HVL
Projection kV mA.s cm B/F Al mm

min | max|{min |max| min jmax| min | max| min| max

Chest 40 |90} 2 [200]90 [(200]0.618.2 {0.9]4.0
P/A

Abdomen 60 (10012 {160 74 {120 {1.0 2.3 {1.6 | 4.5
A/P

Cervical 52 |70 {25 |200| 80 1136 |1.2 |2.8 |1.4] 2.2
Spine A/P

Lumbar Sacral | 55 [100[20 (20075 {11410.913.5 [1.5{ 5.0
Spine A/P

Dental Bitewing| 50 | 60| 2 |11 | 9 13 11.712.3[1.1] 1.6
P

(®) Source - Skin Distance

(°°) Beam area to Film area ratio
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TABLE 2 - Minimum, maximum and weighted mean values of the
computed parameters for a few selected projections

Skin Entrance Ovarian Testicular
Exposure Dose Dose
Projection mR mrem mrem
min [max |mean min | max|mean| min | max [mean
Chest 8 1 375| 56| 0.5] 26 3 10,5415 0.5
P/A
Abdomen 391 [PB328 |1222|55 }644 [252 {1 57 |13
AlP
Pyelogram 285 [1808| 78434 1418 |153 | 1 20 | 6
AlP
Lumbar Sacral 187 [3173[1311{21 {538 (286 | 0.5 46 |15
Spine A/P
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NEUTRON PRODUCTION AND LEAKAGE FROM MEDICAL ELECTRON ACCELERATORS*
Richard C. McCall and William P. Swanson

Stanford Linear Accelerator Center, Stanford University,
Stanford, California 94305, U.S.A.

NEUTRON PRODUCTION

For medical accelerators operating above about 10 MeV, there is
an unavoidable production of photoneutrons which add to the head
leakage. The yield of photoneutrons produced by electron beams inci-
dent on thick targets has been calculated (1,2) and found to increase
rapidly with primary electron energy up to approximately 25 MeV, and
more slowly thereafter (Fig. 1). Dividing the neutron fluence for W
(or Pb) by the photon absorbed dose (calculated by the Monte Carlo
code EGS (3)) for the same conditions gives us the ratio plotted in
Fig. 2. This ratio, representing the maximum achievable with practi-
cal materials, becomes nearly constant above about 25 MeV incident
electron energy where its value is about 2.1 x 10° neutrons ecm™2 rad~!.
Measurements that fall significantly below the curve of Fig. 2 are
likely due to photon absorption in components that are not high-Z
materials, or measurements made with the moveable jaws open. Points
that fall significantly above probably mean there is substantial loss
of electron beam elsewhere than the intended target.

Neutron spectra in the giant resonance can be adequately
described by a Maxwellian distribution which involves a single param-—
eter, the nuclear temperature T (in MeV) for the particular nucleus.
The spectrum peaks at E,=T and has an average energy of E,=2T. The
neutrons are emitted almost isotropically and values of T generally
lie in the range 0.5 to 1.0 MeV for high-Z materials.

101 T 108

Maximum Neutron Fluence Rate at
Im per mA Incident Electron Current
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©

(neutrons cm™2 rad™")
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Maximum Neutron Fluence Rate of Im/mA
{neutrons cm™2 sec™! ma™')
Maximum Neutron Fluence / Photon Absaorbed Dose
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Figure 1. Maximum neutron Figure 2. Neutron fluence per
fluence rate at 1 m. ) treatment rad (0°, flattened).

*
This work was supported by the Department of Energy under Contract
Number DE-AC03-76SF00515.
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DEGRADATION OF NEUTRON ENERGY IN THE TREATMENT HEAD

The typical medical accelerator has massive shielding around the
target to provide photon shielding and produce a collimated beam of
x-rays. The photon shielding is of some heavy metal such as W or Pb,
with some Fe and Cu present. The significant neutron energy loss
mechanisms in the heavy elements are inelastic scattering and (n,2n)
reactions. Because these cross sections together amount to 1-2b in
W and Pb, the typical neutron undergoes several collisions within the
shielding. In addition, a large amount of elastic scattering takes
place (4-5b)., This increases the effective path length in the
shielding, thereby offering greater opportunity for inelastic reac-—
tions. Although the energy degradation is significant, the attenua-
tion of neutron fluence is small because the capture cross sections of
W and Pb are small down to thermal energies. Fig. 3 shows the inte-
gral photoneutron spectra for 15-MeV electrons on W and for 52c¢
fission neutrons; these are quite similar. On the same figure, we
show the neutron spectrum from 15-MeV electrons on W after the neu-
trons have penetrated 10 cm of W. Also shown is the further degrada-
tion due to reflection in the concrete room in which medical acceler-
ators are usually placed. Concrete-scattered neutrons add to the
neutron fluence but their contribution to the patient's dose is much
smaller, because of the lower energy spectrum. The average energy of
the room-energy component is about )% of that of the direct component.

NEUTRON SOURCES IN A MEDICAL ACCELERATOR

Most medical linacs provide fields up to about 35x 35 cm? at 100
cm from the target. The main collimator covers all forward directions
beyond the extremes, with a half-angle of about 14 degrees. If the
target, flattener, jaws and main collimator are of the same material,
it would be W or Pb which have nearly equal neutron yields (1). Only
photons above about 8 MeV are effective in producing neutrons.

ELECTRON

R BEAM TARGET
t
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&

M MAIN
- COLLIMATOR
~ 42 %

~{ '// 7 /,/
MOVABLE JAWS
N FLATTENER ~0% (cpen)
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20

L 15 MevWPN-4"W
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I
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i
1
|
|
|
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0.l | 10 MAXIMUM
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Figure 3. Neutron integral Figure 4. Neutron-producing
spectra, modified by shielding. components (not to scale).
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These are mostly forward-directed and are absorbed in the main colli-
mator or pass through and strike the flattener or the jaws. Using the
Monte Carlo program EGS (3), we have calculated the angular distribu-
tion of photons of energy above 8 MeV (4). Using this angular distri-
bution and the neutron yield as a function of material thickness (1)
we have calculated the neutron yield from treatment head components.
This is done for the choices of materials summarized in Table 1.

TABLE 1. Summary of Neutron Source Calculations (25 MeV Electrons).

Material and Percentage of Neutrons .
Fraction of

. . Neutrons
Main Infinite W per rad

Target Flattener Collimator Yield
38% W 14% W 48% 86.5% 2.2x 1010
W 43% Fe 2% W 55% 64% 1.6x 1010
Cu 9.2% W 30% W 60.5% 84% 2.1x 1010
Cu 12.5% Fe 5.7% W 82% 64% 1.6 x 1010

The yields for an all-W design are also shown as percentages of the
maximum possible in Fig. 4. Note that while the total neutron yield
is not very different for the choices of materials given in Table 1,
the fraction from different components varies. Similar calculations
and measurements of total fast-neutron source strengths (5) for
several accelerator models (Table 2) indicate that the overall head
leakage can be calculated with an accuracy no worse than about * 50%.

TABLE 2. Calculated and Measured Neutron Yield per Photon rad.

Energy Relative Neutron Yield (n/fad)
Accelerator (MeV)
Calculated Measured

ATC 25 MeV Betatron 25 6.8x 10° 6.9x 10°
Siemens 42 MeV Betatron 42 3.8x 109 3.7x 10°
Varian Clinac 35 (01d) 25 4.3x 1010 8.1x 1010
Varian Clinac 35 (New) 25 2.2x 1010 6.2x 1010
Varian Clinac 18 10 3.9x 108 4.2x 108
Siemens Mevatron XX 15 5.8x 10° 7.6x 10°

LEAKAGE NEUTRON DEPTH-DOSE CURVES

Because the leakage neutrons are considerable degraded in energy,
one would expect them to be attenuated quite rapidly in tissue. We
have calculated this depth-dose distribution using the computer code
MORSE (6), in which the source spectrum used was that of either a
14-MeV or 25-MeV (incident electron energy) photoneutron spectrum
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surrounded by 10 cm of W. The phantom was a 1-mx 30-cm (diam) Hj0
cylinder, centered at 1 m from the point source and oriented
perpendicularly to the beam direction. Fig. 5 shows the rapid
falloff of absorbed dose of these two spectra.

{a} Spectrum
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Figure 5. Depth-dose distributions in Hy0 for
neutron spectra from therapy targets,
modified by 10 cm of W.
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RETENTION OF MOLYBDENUM-99 IN ADULT MAN
Angelo Parodo, Floriana Manca and Giuseppe Madeddu

Cattedra di Fisica Medica e Servizio di Medicina Nucleare
della Clinica Medica, Universita di Sassari, Italy.
99 .

The Mo has been used, in water-soluble forms such
as sodium and ammonium molybdate, in radionuclide investi-
gations (5;6) and it is present as an impurity in eluates
from molybdenum-technetium generators (1), extensively
used in nuclear medicine.

The metabolism of molybdenum, which plays a essential
role in flaving-dependent metalloenzyme systems, has been
studied and transport, storage and excretion of this ele-
ment are known (2;7}): there is a rapid uptake of orally in-
gested Mo by all tissues with preferential accumulation in
the liver, kidney and bone. Intravenously administered mo-
lybdenum disappears from circulatory system very rapidly
(3). The available data, however, are not expressible in
convenient mathematical form to represent retention with
acceptable accuracy for radiological protection.

In the present note retention data obtained by measu-
ring the levels of molybdenum-99 in excreta of 10 patients
injected intravenously are reported and the whole body re-
tention function derived by multicompartmental analysis of
these data is proposed.

METHODS AND MEASUREMENTS

Subjects were patients of the Department of Medicine
of the Sassari University, who have been investigate using
sodium pertechnetate- Tc. Table 1 lists the age, sex,
weigth and pathology of these patients and administered do-
ses.

Measurements of urinary and fecal excretion of 99Mo
were carried out with the method of the gamma-spectrometry,
using NalI(Tl) crystals and multichannel analyzer, during
the first 2 weeks after injection. Attempts to measure who-
le body radiocactivity did not give good risults because of
the low level of the Mo. For the same reason, also the
results of measurements carried out on samples of plasma
and whole blood are poorly meaningful. Rosoff and Spencer
(3}, who carried out studies on the fate of molybdenum in
man injecting tracer doses of 50-100 uCi, refer that 1 h
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after injection the concetreation of Mo in plasma and in
whole blood ranges from 2.5 to 5% of the initial dose.

TABLE 1. Patients and administered doses

Patient Age Sex Weigth Diagnosis Mo-99 Dose
(uci)
1 39 F 73 Carcinoma of the breast 0.2

with metastases
2 a7 M 57 Multiple myeloma 0.4

3 54 F 58 Carcinoma of the breast 1.2
with metastases

4 60 M 60 Carcinoma of the lung 0.8
with metastases

S 70 M 78 Metastatic epydermoid 1.7
carcinoma

6 50 F 63 Carcinoma of the breast 1.0

with metastases

7 49 M 68 Carcinoma of the kidney 0.1
with metastases

8 66 F 60 Perivasculitis 0.5

9 54 F 55 Carcinoma of the breast 1.3

with metastases

10 77 F 62 Carcinoma of the breast 2.0
with metastases

RESULTS

Estimates of the retained molybdenum during the first
2 weeks, calculated from the difference between the initial
dose and cumulative urinary and fecal excretion, are given
in Table 2 and are reported in graph of Fig. 1. Fecal ex-
cretion was very low: the ratio of urinary to fecal excre-
tion was between 25 and 30 for every patient. In Table 2
is also indicated the number of patients to whom the data
refer. 99

The fractional retention, R, for Mo can be repre-
sented accurately by a four-component exponential function
of time: n

Rzi_E1AieXp(~lit) (1)
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The parameters of equation (1) are reported in Table 3.
Fig. 1 shows the fitting of the experimental data by this
function.

99
TABLE 2. Retention of injected Mo

Days after Number of Whole body
injection measurements retention
1 10 89.8
2 10 86.4
3 8 83.4
4 8 81.3
5 7 78.9
6 7 76.4
7 7 74.6
8 5 73.4
9 5 v2.1
10 3 70.3
11 2 69.4
12 2 68.3
13 1 67.3
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99
Figure 1. Whole body retention of Mo in the first
13 days after injection. Data are fitted by function
(1) with parameters of Table 3
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TABLE 3. Results of four-component exponential analysis of
retention data for 99-Mo between days 1 and 13. (See also

Fig. 1)
Component Percentage of Biological half-1life
no injected dose (days)
1 9.5 0.58
2 17.8 5.33
3 8.2 25.67
4 64.5 86.62

Retention data of
agreement with those of
that cumulative urinary
and 24% of the injected

Table 2 and Fig. 1 are in good
Rosoff and Spencer (3). They found
excretion of Mo in 10 days was 29%
in 2 subjects. The cumulative fe-~

cal excretion in the same period was less than 1% for the
first subject and 6.8% for the second one. The higher va-
lue was due to the passage of 4% of the initial dose in

only one stool specimen
Internal exposure

ction of 1 uCi of Mo-99,

on day 4.
for 5, 15 and e days after inje-
calculated by the proposed reten-

tion function, is of 2.52, 3.28 and 3.34 uli.days. The
corresponding dose, calculated from the data of Snyder et
al. (4), is 0.85, 1.10 and 1.12 millirads.

REFERENCES

1. Manca F., Parodo A.:

(1979) Recueil des Communications

du XI Congrés de 1'ATSR, Nantes.
2. 0'Dell B.L., Campbell B.J.: (1971) Comprehensive

Biochemistry, Vol.
Elsevier Publishing

21, (M. Florkin and E.H. Stotz eds),

Co., Amsterdam, pp. 233-240.

3. Rosoff B., Spencer H.: (1964) Nature 202, 410.

4. Snyder W.S., Ford M.

n°1l N. York, 147.

R., .. (1975) NM/MIRD Pamphlet

5. Sorensen L.B., Archambault M.: (1963) J. Lab. Clin.

Med., 62, 330.

6. Sorensen L.B., Archambault M.: (1964), Radiology,

82, 318.

7. Venugopal B., Luckey T.D.: (1978) Metal Toxicity in
Mammals Vol. 2, Plenum Press, N. York, pp. 254-255.

60



ORGAN DOSES IN DIAGNOSTIC RADIOLOGY
Marvin Rosenstein

Bureau of Radiological Health, Food and Drug Administration,
Rockville, Maryland, USA

Extensive use has been made of a dosimetry technique for
calculating organ doses 1n diagnostic radiology. The computations
are made with a Monte Carlo radiation transport procedure and various
mathematical anthropomorphic phantoms. This method simulates and
records the energy deposition of x-ray photons in the phantoms by
following the radiation interaction histories of a large number of
incident photons using known physical descriptions of the inter-
action processes and recording energy depositions at the sites of
interaction. The physical processes treated are limited to the
photoelectric effect and Compton scattering, since the initial photon
energlies in the diagnostic range are less than 150 keV. A variety of
dosimetry data of general applicability for estimating organ doses
from diagnostic x rays have been developed.

TISSUE-AIR-RATIOS FOR A REFERENCE ADULT PATIENT

Tissue-air-ratios, expressed as the average absorbed dose (rad)
to the organ per unit exposure (R, free-in-air) at the reference
plane of the organ, have been tabulated for a reference adult phantom
for collimated, normally-incident 4-cm x 4~cm monoenergetic photon
beams in the range 20 to 100 keV (1). These tabulations are for
beams incident upon the phantom on the front, rear and lateral sur-
faces.

The tissue-air-ratios can be converted to organ doses for a
specific x-ray projection using pertinent information on x-ray
spectra, projection geometries, and field sizes and locations. The
tissue-air-ratios for component beams included in the x~ray field and
for energies included in the x-ray spectrum are combined to simulate
the desired conditions. A computer program in FORTRAN IV which per-
forms these calculations on an IBM 370/168 system for several organs
(lungs, active bone marrow, ovaries, testes, thyroid, uterus (embryo),
and total body) 1s available (2).

ORGAN DOSES -~ REFERENCE ADULT PATIENT

Organ doses for a number of radiographic views and projections
have been computed for a reference adult patient (3). These doses
are normalized to a convenient numerical entrance exposure of one
roentgen. Two parameters, entrance exposure at skin entrance (free-
in~-air) and beam quality must be measured or estimated by the user to
convert these values to the conditions at a particular clinical
facility. Utilizing typical technique factors (beam quality,
entrance exposure and number of films of various views) observed 1in a
1970 nationwide study of diagnostic x-ray exposure conditions, organ
doses were computed for common radliographic examinations. Table 1
presents some of these resulty.
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TABLE 1. Organ doses for some common radiographic examinatiouns

Organ Dose (mrad)
Active Bone

Examination Thyroid Marrow Breasts Testes Ovaries
Chest 7 4 14 < 0.01 0.06
Thoracic Spine 75 43 276 < 0.01 0.6
Lumbar Spine 0.3 126 not computed 7 405
Upper GI 7 117 53 0.4 45
Barium Enema 0.2 298 not computed 58 787
Pelvis < 0.01 27 not computed 57 148
Full Spine 271 35 234 10 100

The conditions simulated assume good collimation (field size
equal to film size) and proper alignment of the x-ray field with
appropriate anatomlical landmarks. Each examination type has a dif-
ferent combination of exposed organs and absorbed dose to these
organs. The data clearly demonstrate that no single organ dose can
serve as an indicator of total radiation impact for all x-ray
examinations.

MAMMOGRAPHY

In many discussions of absorbed dose in the breast from mammo-
graphy, the typical dose to the breast is derived from an assumed
depth-dose of approximately 20 percent at the midline (3-cm deptu).
After correcting for backscatter and the exposure-to-absorbed dose
conversion factor this is equal to about 250 mrad per 1 roentgen
skin exposure (free-in-air). This assumption is an oversimplifica-
tion, for there is a wide range of doses that result from the
present day practice of mammography. Table 2 presents midbreast
doses as a function of HVL per one roentgen exposure for mammo-
graphy, interpolated from recent data of Hammerstein, et al (4).

TABLE 2. Mammography breast doses for 1 R entrance skin exposure
(craniocaudad view)

Midbreast Dosea (mrad/R)

HVL, mm Al 0.2 0.4 0.6 0.8 1.0 1.5
Tungsten target, - 110 170 230 285 430
Aluminum filter

Molybdenum target, 25 85 145 - - -

Molybdenum filter

a Absorbed dose in a small mass of mammary gland embedded at
3-cm depth Iin a 6-cm medium of 50 percent adipose and 50 per~
cent glandular tissue.
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Current work will compute absorbed dose in varying breast
compositions using the Monte Carlo technique and a number of
geometrically described breast phantoms. The dosimetric quantities
that can be computed include the midbreast absorbed dose, the aver-
age absorbed dose throughout the breast, and the absorbed dose to
only the glandular tissue within the breast. A wide range of
mammography conditions are being studied.

ORGAN DOSES - REFERENCE PEDIATRIC PATIENTS

Organ doses for a number of radiographic views and projections
have also been computed for three reference pediatric patients, a
newborn, one-year old and five-year old (5). It was too costly to
generate tissue-alr-ratios for the three pediatric phantoms; there-
fore, a more direct approach was used. In addition, the varilation
in technique factors and the variety of x~ray projections are more
limited in pediatric radiology (6). For each projection, the com-
putation started with the specified characteristics of the x-ray
projection including source-to-image receptor distance (SID), field
size and location, and x-ray spectrum matched to the desired beam
quality with respect to kVp and half-value-layer. The output of
the computation is the organ dose (mrad) to the various organs for
a one roentgen entrance exposure (free-in-air). Table 3 is a
sample set of data for a pediatric projection.

TABLE 3. Pediatric organ doses for 1 R entrance exposure,

AP abdomen
Organ Dose (mrad/R)

HVL, mm Al 2.0 2.5 3.0
Collimation a b a b a b
Testes Newborn 86 910 144 1,000 152 1,120

l1-year 105 1,070 105 1,070 105 1,070

5-year 125 1,070 125 1,070 125 1,070
Active Newborn 91 159 127 211 137 225
Bone l-year 69 99 100 140 112 151
Marrow 5-year 55 69 83 101 90 112
Lungs Newborn 49 439 66 497 67 498

l-year 35 227 48 255 55 290

5-year 39 102 47 123 54 135

a Field collimated to body part: newborn 13 X 13, l-year old
18 X 21, 5-year old 23 X 30 (in cm).

b Field collimated to film size: newborn 20 X 25, l-year old
25 X 30, 5-year old 28 X 36 (in cm).
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SOMATIC DOSE INDEX

For somatic effects there are several organs at risk and each
type of diagnostic examination results in a different spatial rela-
tionship between the significant organs and the x-ray beam. Each
type of examination also employs different technique factors to
yleld the desired diagnostic information. Counsequently, every
examination results in a unique non-uniform distribution of absorb-
ed dose among the organs, and some method of accounting for this
non~uniform distribution is necessary to assess the overall impact
from a given exposure.

A somatic dose index (I_) has been formulated which re-
presents the uniform dose to the organs at risk that has the same
somatic detriment as the non-uniform doses absorbed by the
individual organs (7).

where: 8, 1is the relative severity of the somatic effect induced
in organ i,

is the risk _coefficient for the effect in organ i
(cases/10  person-yr-rad),

&y

51 is the average absorbed dose in organ 1.
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INTERNAL RADIATION DOSIMETRY OF F-18-5-FLUOROURACIL
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Although 5-Fluorouracil (5-FU) is widely used in the oncological
clinic for palliative therapy of advanced colorectal and breast tu-
mors, its efficacy in such patients is only about 30% (1,2). We had
observed that a differential distribution of F~18 occurred in mice
bearing the L-1210 Lymphocytic Leukemia tumor following administra~
tion of F-18 labeled 5-FU, when the responsive variant was compared
to the non-responsive tumor (3). We had suggested that the differen—
tial distribution, kinetics and/or metabolism of this drug in pa-
tients might be of use in predicting individual response to chemo—
therapy with 5-FU, and subsequently perhaps of determining the opti-
mal dosage and dosage regimen required.

The labeling of 5-FU with the positron emitting radionuclide F-18
(whose t}s is 110 minutes) can readily be accomplished in high yields
and in a manner suitable for humans (4).

In the following study the projected internal radiation dose to
different human organs per millicurie of injected F-18-5-FU is calcu-
lated from rat distribution studies and human urinary excretion data.
These calculations assume a similar distribution of labeled drug in
humans as in rats, inasmuch as our preliminary human distribution
studies appear to validate the use of the rat model for human dosim-
etry calculations (5).

METHODS

Animal Distribution. Organ distribution of F-18, when administered
as F-18-5-FU, was studied in six groups of 12 rats each bearing vari-
ous types of solid tumors and in two groups of healthy rats, up to 2
hours after the drug had been administered. F-18-5-FU was injected
at a dose of 10 uCi per animal, and each series of 12 rats was then
sub-divided into three groups and sacrificed 30, 60 and 120 minutes
after the injection. Blood was withdrawn by heart puncture, and 11
organs and tissues (liver, muscle, kidney, blood, bone, lungs, pan-
creas, spleen, heart, genitals, thyroid and adrenals) were sampled and
counted in a gamma-counter. Details of these F-18 distributions were
reported in a former publication (6). From those results initial or-
gan uptakes as well as biological and effective half-lives were cal-
culated.

Urinary Excretion. Urine samples were not usually collected when

studying the body distribution of F-18-5-FU in rats. However, this
route of excretion eliminates a major fraction of the injected radio-
activity. Urine was collected from patients and dosimetry calcula-
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tions were made based on the total cumulated activity in the urine of
a patient with normal renal function. In this way, the worst possible
dose from bladder content to other organs was calculated.

Radiation Dosimetry. These dosimetry calculations make the following

assumptions: 1) That 5-FU clears the plasma rapidly (7), and hence
rapid tissue uptake will follow. Some of this activity, following 5-
FU metabolism, may leave the tissue, but some of the metabolites
formed may be reabsorbed by them. Therefore, the assumption of an
instantaneous uptake of the total administered dose will give an upper
limit, a "worst possible case;" 2) That the extrapolated initial
fraction values are correct for practical purposes, thus assuming a
possible overestimation rather than underestimation of the dose; 3)
That there is a homogeneous distribution of the label within each or-
gan studied; 4) That the remainder of the activity, not found in the
total activity recovered from the blood and the 11 organs sampled
(48.06% recovered 30 min post injection, 41.6% after one hour, and
28.827 after two hours), was either excreted from the body or depos-
ited in other organs in minute amounts; and, above all, 5) That the
distribution of the drug in rats is similar enough to that in humans
to allow such a comparison. The internal radiation doses were calcu-
lated according to the MIRD technique (8).

Human Distribution. The distribution of F-18 was studied in six pa-

tients possessing different types of neoplastic disease (e.g., colo-
rectal, breast, liver). Each patient was administered intravenously
a dose of 5 to 6 mCi of F-18-5-FU containing 30-70 mg of 5-FU. The
distribution of the radiocactive material was studied using an Ohio
Nuclear Rectilinear Scanner equipped with a high energy 511 keV col-
limator. The patients were scanned immediately after injection and
every two hours thereafter, up to 12 hours post injection. The total
urine excreted was collected and counted, whenever the patient's con-
dition allowed adequate collection.

RESULTS

The initial organ uptake of F-18 in rats at injection times, as
well as the biological and effective half-lives of the label in the
above organ was determined, and used to calculate the cumulative ac—
tivity (A). Utilizing the tables of absorbed doses to the main organs
per unit of cumulated F-18 activity (8) as they refer to the standard
man, we calculated the radiation doses to the organs counted, accord-
ing to the following equation: DT(mRad) -1 JSNT . AJ

where D,, is the dose to the target organ due to the presence of unit
cumulatéd activity (1 millicurie-hour) in the jth source organ, and

A, is the cumulated activity (in millicuries) from the jth source or-
gan. The sum of multiplications of the cumulative activity (in mCi-h/
mCi administered) by the absorbed dose of the various organs (in Rad/
pCi-h) will yield the dose to the target organ (mRad per each mCi F-18
administered) as tabulated in Table 1.

The urinary excretion of one patient with normal renal function
gave a fractional excretion dose of 15.75% (0-1 hr), 18.9% (1-2 hr),
14.55% (2-4 hr), 17.17% (4-8 hr) and 7.05% (8-13 hr), from which the
eumulated activity was calculated. Based on the total cumulated ac—~
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tivity of .413 mCi-h/mCi administered, the additional radiation dose
to relevant organs due to the activity accumulated in the bladder is
given in Table 2.

Table 1. Activities Cumulated in 12 Target Organs for '°F and the
Radiation Doses Absorbed in Each Case

Cumulated activity Dose/Target Organ

Source Organ (mCi-h/mCi administered) (mRad/mCi administered)

Liver 2.3 x 10_! 113.5
Muscle 1.8 x 10_1 10.4
Kidney 7.9 x 10?2 182.6
Blood 5.9 x 10_? 11.0
Bone 8.9 x 10 2 26.2
Lungs 6.3 x 10_° 12.2
Pancreas 2.1x 10_° 29.1
Spleen 3.0 x 10_° 21.6
Heart 2.2 x 10-° 10.3
Genitals 2.8 x 10_° 52.6
Thyroid 8.2 x 10_" 28.0
Adrenals 4.2 x 107" 37.8
Total Body - 14.7

Table 2. Radiation Dose to Several Abdominal Organs (as generated
from bladder contents) Following Administration of F-18-5-FU

S Dose to target organ from

Target T+B%33%§§ts bladder content

Organ (T) Rad/mCi-h mRad/mCi administered
Liver 2.1 x10_° .87
Kidney 2.8 x 103 1.16
Pancreas 1.9 x 10_3 .78
Spleen 1.7 x 10 ° .70
Ovary 4.5 x 10 2 18.60
Uterus 1.1 x 10_1 45.60
Testes 3.7 x 10_2 15.20
Adrenals 1.7 x 1078 .70
Bladder Wall 1.8 x 10 ¢ 729

DISCUSSION

The distribution of F-18-5-FU in humans appears to be similar to
the drug distribution in rats, with the liver, the kidney, and the
urinary bladder being the critical organs. While the uptake of ra-
diocactivity by the gallbladder as seen in patients may be important
in determining the most effective dose of the drug (9), its impor-
tance in calculating the radiation dose appears to be negligible.
Therefore, we believe that the premise that the drug distribution in
the rat is similar to that of the human appears to be a valid assump-
tion.

Although the dosimetry calculations are based on the biodistri-
bution of the label in tumor-bearing rats, it was noted that the dif-
ferences in tissue uptake and clearance of F-18 in the organs when
comparing the tumor-bearing and control rats, were small, if any.
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The average tumor uptake, seemingly independent of the tumor type
used, was about 0.8%7 per gram at 2 hrs post injection, and the few
small differences between retention of F-18 in organs of both groups
studied were of no significant impact insofar as the present dosimet-
tic calculations are concerned. For this reason we chose the distri-
bution in rats rather than in mice for our dosimetry calculations, as
the uptake in the rat tumors was considerably less than in mouse tu-
mors (about 7% per gram) and, thus, more radiocactive material is
available for organ uptake. Thus, again, the dose calculated here

is the '"worst possible case."

Because 5-FU is rapidly metabolized in the liver followed by
fast renal excretion (10), the highest doses are expected to be in
the bladder wall, the liver and the kidney. This, in fact, appears
to be the case. Our calculationss reveal that the kidney and liver
receive a dose of 182.6 and 113.5 mRad/mCi administered, respectively.

Assuming that 20 mCi will probably be the maximum dose of F-18-
5-FU to be administered, the absorbed dose to the bladder wall, kid-
ney, liver, testes and ovaries is about 14.6, .37, .23, .14 and .14
Rads respectively. These values represent the upper limit and while
they are high, they are still not unusual for nuclear medicine pro-
cedures. As these studies are intended to be performed in patients
with a fully diagnosed tumor, and these results of the F-18 study
are to be used to decide on the appropriateness of a therapeutic reg-
imen, the risk/benefit considerations are clearly acceptable. The
radiation absorbed by the body will thus not be a limiting factor in
the use of F-18-5-FU for the prediction of chemotherapy response and
optimization of the dosage regimen of 5-fluorouracil.
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THE CURRENT CONTRIBUTION OF DIAGNOSTIC RADIOLOGY TO THE POPULATION
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Twenty years have passed since the last national assessment of
the radiological hazards to patients arising from medical practices
in Great Britain (1). Only two local surveys of the contribution
from diagnostic radiology have been carried out in the meantime,
limited to the Sheffield region in 196L (2) and the Yorkshire region
in 1976 (3). Many other countries have conducted their own national
surveys in recent years and some have managed to repeat them after a
reasonable interval, so that trends in the pattern of use of medical
radiology can be observed (l).

In view of the considerable changes in both the extent and
techniques of medical radiology that have taken place in Great
Britain over the past 20 years, the National Radiological Protection
Board felt that a fresh look at the hazards to patients was long
overdue, A reappraisal of the genetically significant dose (GSD) to
the population of Great Britain from diagnostic radiology was
recognised as one of a number of worthwhile objectives for the
review, The absence of any direct benefit to the descendants of
patients undergoing X~ray examinations argues for a close watch to
be kept on the magnitude of the genetic risk, and diagnostic
radiclogy was given priority because of the relatively large
proportion of the fertile population who experience it in a year.
Whilst an assessment of the somatic risks and the contributions from
radiotherapy and nuclear medicine are currently underway, this paper
concentrates on the survey that has recently been completed to
establish a current value for the GSD to the population of Great
Britain from diagnostic X-ray examinations.

SURVEY METHODS

Calculation of the GSD from diagnostic radiology requires
knowledge of the number of people examined annually in Great Britain
broken down by examination type, age and sex, the child expectancy
of the population as a function of age and sex and the average
gonadal dose delivered by each examination type as a function of age
and sex.

Information on the frequency of X~ray examinations was
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obtained by sending questionnaires to a sample of about 100 hospitals
spread throughout England, Scotland and Wales. The questionnaires
asked for details of every X-ray examination carried out in a
specified week in June 1977. The selection of the sample was based
on the division of all the hospitals in the country into 8 strata
depending on the workload of their X-ray departments, The

proportion of the total sample to be allocated to each stratum was
derived using the Neyman method of allocation (5) which minimizes the
errors when extrapolating to the whole population, Individual
hospitals were selected with probability proportional to their X-~ray
workloads., By this means the sample of hospitals that responded to
the questionnaires was sufficient to achieve a standard error of 5%
in the estimated total of examinations for the whole country.

Annual totals were estimated by multiplying the weekly figures by
365/7 and then correcting for seasonal variations in workload based
on film consumption data for Great Britain in 1977.

The child expectancy of the population was obtained from the
official statistics provided by the Office of Population Censuses and
Surveys,

Gonadal doses were measured directly on patients undergoing 13
selected diagnostic examinations at 21 hospitals. Thermoluminescent
dosemeters were used that consisted of lithium borate powder
contained in adhesive polythene sachets. They had been developed at
NRPB specifically for use in medical dosimetry (6). For male
patients they were attached to the inside of the thigh close to the
scrotum and were assumed to receive the same dose as the testes.,

For female patients they were positioned so as to measure the
entrance skin dose level with the ovaries, Skin doses were
converted to ovarian doses using conversion factors obtained by
exposing an anthropomorphic phantom to a range of typical diagnostic
X~ray fields and measuring the doses at the ovary sites and on the
skin, The 13 examination types selected for inclusion in the dose
measurement survey were those that in previous surveys accounted for
about 95% of the GSD. Doses for all other examination types were
obtained from the current literature, The 21 hospitals visited came
from all regions of the country and included a representative sample
of X-ray department size and speciality, At the end of the survey
the gonadal doses received by L565 patients had been measured.

RESULTS

The frequency survey indicated that 21.3 million X-ray
examinations were carried out in National Health Service (NHS)
hospitals in Great Britain in 1977. This represents an increase of
6% over the estimate of 13 million from the 1957 national survey
(1). The number of examinations per thousand of the population has
risen by only L8%, since the population has increased during the
period. This corresponds to an increase of 2,0% per annum in close
agreement with estimates for other industrialised countries (4)e In
addition it was estimated that 1.5 million chest X-rays and 1.0
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million other examinations (excluding dental) took place in institu-
tions outside the NHS. This brings the total number of examinations
up to 23.8 million, corresponding to LL0O examinations per thousand
of the population, which as the following table shows, is rather
lower than in other industrialised countries.

TABLE 1. Frequency of X-ray examinations per thousand head of
population for industrialised countries

Country Year Examinations
per thousand

West Germany 1974 1658
Switzerland 1971 1350
Netherlands 1972 1186
Japan 197k 810
USA 1970 669
Sweden 1974~1976 650
Great Britain (this survey) 1977 LLo

Comparative data are from reference (L)

Tae relative frequency of particular examination types
demonstrated some predictable trends. For example, chest X-rays have
fallen from 48% of all examinations down to one-third, presumably
reflecting the progress which has been made in controlling tubercu-
losis. The number of obstetric examinations per thousand live births
has fallen from 114 in 1957 to L2 in 1977, no doubt as a consequence
of the increased concern for possible foetal damage and the extensive
use of ultrasound as an alternative to X-rays. There has also been
a drop in the number of cerebral angiograms as a result of the advent
of computerised tomography.

The gonadal dose measurement survey indicated that for some
types of examination there has been an increase and for others there
has been a reduction in the gonadal exposures delivered per examina~—
tion. For example, the introduction of double contrast techniques
in barium examinations of the gastro-intestinal tract has led to a
doubling in the number of films taken per examination which in the
case of barium enemas has more than doubled the gonadal dose. On the
other hand simpler examinations involving only a few radiographs
appear generally to be accomplished with lower gonadal doses than 20
years ago which is probably due to the trend towards faster films and
screens., However, if the ratios of current to 1957 gonadal doses for
each examination type and sex are weighted according to their
relative contribution to the GSD, then the average of the ratios
turns out to be about 1.07. Therefore there has been no overall
reduction in the gonadal doses delivered by those types of examina-
tion of importance to the GSD.

Similarly there has been no reduction in the very large range
of gonadal doses delivered throughout the country for the same
examination type. Individual gonadal doses for the same examination
ranged over 3 or L orders of magnitude throughout the country. Mean
gonadal doses obtained at different hospitals for the same examina-
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tion were found to differ by up to a factor of 10.

Our provisional estimate for the current value of the GSD to the
population of Great Britain from all diagnostic examinations conducted
both within the NHS and elsewhere is 17 x 10-5Gy (17 mrad). This
represents an increase of only 20% over the value of 14.1 x 10” -Gy
(114.1 mra.d) found in 1957. Considering the errors involved in both
surveys this is probably not a significant difference. Table 3 shows
how the current value for Great Britain comparce with recent estimat-
es of the GSD in other countries.

TABLE 3. The GSD from diagnostic radiglogy estimated for various
countries in the period 1970-1977 (‘IO'SGy = 1 mrad)

Country Year esD (10-5Gy)
Sweden 197L-76 L6
West Germany 197L L1
Italy 1974 0
Romania 1970 29
Netherlands 1972 28
USA 1970 20
Great Britain 1977 17
Japan 1974 17
Taiwan 1972 3.5
India 1967-72 1.1
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DETECTION OF LOW-LEVEL ENVIRONMENTAL EXPOSURE RATES DUE TO
NOBLE GAS RELEASES FROM THE MUEHLEBERG NUCLEAR POWER PLANT.

*
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Nuclear Safety Division of the Swiss Federal Office of
Energy, CH-5303 Wirenlingen/Switzerland

Swiss Federal Radioactivity Surveillance Commission,
University of Fribourg, CH-1T700 Fribourg/Switzerland

To verify the adherence to the regulations on limits for the

release of radioactive waste gases from nuclear power plants (NPP's),
monitoring networks with solid state dosimeters, usually TLD, are
prescribed in practically every country. Because of variations in
the natural background radiation and the low value of emissions

from modern NPP's, the determination of the net dose above back-
ground in most cases is very difficult. At best, only the upper
limits for the additional doses can be indicated. For that reason,
for several years now, high pressure ionization chambers (Reuter

& Stokes RS-III), which are capable of detecting dose rate increases
in the range of natural background radiation as small as a few
tenths of a pR/h, have been used for monitoring NPP emissions in
Switzerland. The dose rate is continuously recorded on magnetic

tape (digital record every 32 sec.) and on strip charts, and is
continuously integrated by a counter. The correlation of these meas-—
urements with the emission and wind measurements makes it possible
to calculate the dose amounts attributable to the exhaust plume.

This paper covers such measurements made at the Mihleberg NPP
near Bern Switzerland (BWR, 320 MWe). For several years, the contin-
uous releases of radioactive noble gases from the stack have been
for the most part less than 100 uCi/s 133Xe—equivalent. In addition,
several times per year as a result of transient operations, short-
time higher releases (spikes)occur that are 30 to 50 times higher than
the continuous releases. The Mithleberg NPP is located in the gently
curved Aare Valley with 2 distinct prevailing wind directions. The
nearest house, where the calculational model indicates the maximum
doses would be expected, lies about 500 m west of the plant on the
hill "Ufem Horn". This place was selected as the site for instal-
lation of an Ionization Chamber.

Because of the hilly terrain such as that at Mihleberg, the disper-
sion models have only limited validity. Consequently, by evaluation
of the dose rate peaks, and correlating them with the stack release
measurements, a determination was made of the short-time dispersion
factors for Gamma-Submersion. Figure 1 (16 Jan.1978) and Figure 2
(22 April 1976) show the stack and dose rate records for such higher
emissions. For 24 such spikes that occurred during the last two
years, the integrals of the dose rate increases at the measuring
point and the emission spikes from the stack ( '33Xe-equivalent)
were calculated, and hence, by using the dose factor for J33Xe
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(0.011 mrem/Ci per s/m2), the short-time dispersion factor was cal-
culated. The correlation line so obtained (correlation coefficient
0.76) is shown in Figure 3. The mean value of the short-time disper-
sion factor was found to be (5f3)40_3s/m2. From weather statistics,
one can determine a relationship of long-time to short-time disper-
sion factors to be approximately 0.1. The calculated value of the
dispersion factor is thus in agreement with that of G. Schriber (1)
for the long-time dispersion factor determined for the same place by
other methods.

The determination of the net dose contribution from the continuous
stack releases is very difficult because of the meteorologically
dependent variations of the natural background radiation at a given
place, and because of the very small releases. Thus, only the higher
limits of this dose contribution can be determined. The dose rate
records from magnetic tape are evaluated using a desk calculator to
determine hourly average values. In addition, consideration is given
to whether the wind at the stack is blowing in the direction toward
the measuring point, or in another direction. In this way, one ob-
tains the average hourly values of the dose rate when the wind 1is
toward the measuring point and when the wind is in other directions.
The difference between these two curves corresponds then to the net
contribution from the plume. Figure 4a shows an example of such an
evaluation for the period from 16 March 1977 to 26 April 1977. The
averaged value of the dose rate is given for the wind in the direc-
tion toward the measuring point (dotted line) and for other wind
directions (solid line). Figure Lb shows the difference between the
two curves. For this example, the calculated average net dose rate
is 0.05%0.07 uR/h or < 0.12 uR/h, which corresponds to the higher
limit of the additional yearly dose contribution from the NPP, and
amounts to less than 1.1 mR/y above background radiation.
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RETENTION OF 14C-IN NUCLEAR POWER PLANTS AND REPROCESSING

PLANTS
D. Griindler and H. Bonka
Lehrstuhl flr Reaktortechnik, RWTH Aachen, F.R.G.

INTRODUCTION

Up to about 1972 it was unknown that the emissions of
14C from nuclear power plants and reprocessing plants re~-
present significant contributions to radiation exposure.
Calculations, however, have shown that 14C may give the
highest contributions to the individual dose (1), (2).
Following measurements confirmed the emission rate (3), (4).
The collective dose commitment, however, is 0Of greatest
importance for '4C.Because of the long half life of 5730 a
it is very high, too . (5).

PRODUCTION RATES OF 14C

In reactors, T4c is mainl produced due to neutron
reactions from 13C(n, )14C, 1 N6n,p) and 17O(n, ) . The
14C produced in the fuel is not emitted until dissolution,
while 14c produced in the coolant enters the air-circula-
ting plant via leakages and is emitted from there or is
emitted via the off-gas-system. Tab. 1 shows the production
rates in fuel and coolant of all common reactor types. De-
tails of the calculation are represented in (6).

14c ROCTENTION FACILITY

14C is emitted as 2aseous compound, mainly as 14COz,
but also as 14C0 and '4cpHy, together with a considerably
higher part of 12C compounds. If significant amounts of
other radio carbon compounds exist beside 14C02, it is
sensible, to oxidize these to 14C0; before the retention.
Then the "direct" or the "double" alcali process can be
used to retain 14c.

Both processes have two considerable advantages in

comparison with other processes:

1. The absorption of the CO; is supported by a chemi=-
cal reaction, whereby high decontamination factors
are reached.

2. 14C becomes available as calciumcarbonate, a solid
stable compound that can be concreted.

This work was sponsored by the Federal Minister of the
Interior of the F.R.G. under the number St.Sch. 68ca
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Up to now, mainly the direct alcali process has been
examined, because it seemes technically more simple to
realize and more economical (7),(8), although the chemical
reactions of the double alcali process and its control
action concerning changes in the mass flows are more favo-
rable. This is important, because the 14c release takes
place instationarily from nearly all nuclear facilities;
both the volume flow and the concentration of the carbon
compounds often vary.

Therefore, a 14C retention facility with the double
alcali process has been developed at the professorial
chair for reactor technology at Aachen Technical Universi-
ty. Concerning the process scheme, the retention facility
has been constructed as simple as the direct alcali pro-
cess, but it has all the advantages of the double alcali
process. Fig. 1 shows the flow sheet,

From a reservoir, sodium hydroxid is pumped through
a packed column where inert gas containing CO2 flows in
inverse current. When the alkaline solution is converted
to 60 %, the total alcaline solution inventory is pumped
into the agitator for regeneration with Ca(OH)2. At the
bottom of the agitator CaCO3 is bottlinged as a viscous
slurry with a high percentage of liquid. The high percen-
tage of liquid, approx. 50 % wt, is used for concreting.
Fig. 2 shows the facility, the agitator has not yet been
finished. The facility is used to obtain operation expe-
riences with the new process and to optimize the process
parameters. The most important construction data are:

max. gas mass flow : 4o kg/h

max. liguid flow : 500 kg/h

operation pressure : 1.5 ... 3 bar.

The actual operation experiences are well. A 14C re-
tention facility with this process scheme could be in-
stalled in LWR's and reprocessing plants for LWR fuel ele-
ments.

COST~BENEFIT ANALYSIS OF THE 14C RETENTION FACILITY

If the cost~benefit analysis recommended in ICRP pub-
lication 26 is used, see Fig. 3, it is obvious that a 14c
retention facility with oxidation-process should be in-
stalled in reprocessing plants for LWR fuel elements (5).
An installation in LWRs doesn't seem sensible to us be-
cause of the low 14C emission rates. For reprocessing
plants for HTR fuel elements with burn-leach-head-end the
proposed method cannot be used because the waste volumes
become too large. In this case the head-end should be
changed in order to sclve the T4c problems. In big repro-
cessing plants for nitridic fuel elements of the fast
breeder such a high amount of 14c is set free (106 Ci/a)
that in spite of high decontamination factors so much T4c
would be released that this fuel cycle should not be con-
tinued any .further.
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Tab.1: Production of 1I‘C in different reactor types in Ci/GW(e)a

. 14¢ - Production in Ci/GW(e)a
Specification
BWR | PWR | HWR MAGNOX| AGR HTR FBR
Outer surfaceof | 14N | 5.9g% | 0,005 | 0,005 | 5107 | 0,001 | 0,005 1
3¢ | 71967 | 867 | 3993 | 006 | 006 | 4107 | 5107
Coolant | '“N | o6 0,8 25 73 71 002 | 002
79 | s; 6,2 175 11 1 510% | 216%
Fission | 0,6 0,6 06 06 05 05 0,5
BC | 210% | 216% | 7164 | 810% | 216% | 910° |1 16°
€3 UN | 78 78 26 130 13 31 2
Q
el w0 | 45 3 | om 33 | 16 3
]
3| @ Bc | 3q0% | 590% | 70 | 410 | 6074 | — 1105
3| E|“N| 7 20 34 35 12 - 8
3
C | 8| [oos | o2 | 003 [ 0003 | 0003 | — | 210%
Be | — — — 10 35 32 -
Graphite "
W — — — 180 59 54 -
moderator
o | — — — | 002 | 7wt 704 | —
e hction rate % 40 2% 500 85 91 15
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STATISTICAL CORRELATION OF ENVIRONMENTAL TRITIUM VALUES AT TROMBAY

7.S. IYENGAR, J.V. DEO, S.D. SOYAN and A.K. GANGULY*
Fealth Physics Division, Bhabha Atomic Research Centre,
Trombay, Bombay - 400 085, INDIA.

In the immediate neighborhood of a nuclear reactor releasing
tritium into the environment, tritium monitoring is carried out as
part of environmental surveillance in many nuclear centres in the
world. The estimated doses from tritium releases have been reported
by many workers (1-3). In almost all the cases the data is represented
in a conventional way of diurnal, monthly or seasonal variations of
discrete values.

As part of the present work tritium releases from a 40 MW (th)
D20 moderated reactor (Cirus) at Trombay and the environmental tritium
concentrations (ambient air and vegetation samples) at different
ground staticns have been measured over a period of five years and the
statistical oorrelation among the different sets of valueg were
agsessed. Sampling stations were chesen in the proximity of the reac-
tor primarily with a view to obtain positive measurable values to
yield statistically significant data base, for a meaningful interpre-
tation. The three ground stations chosen were situated at 1500' NNE,
25C00Y MME and 3000' SSW. Airsamples were collected using the
'coldstrip' method and vegetation samples (1eaves of mango-tangifera
Indica,L.), processed by vacuum freeze drying technique. Tritium
measurements were carried out with a Liquid Scintillation Spectrometer
(Packard-lodel 3255) with a detection 1limit of 0.8 + 0.13 pCi/ml. for
aqueous phase.

EXPERIVENTAL RESULTS AND DISCUSSION

The variation in the values of daily releases from Cirus reactor
was quite low (of the order of a few tenths of a pCi/ml). The ambient
air concentrations at the Ground Stations were usually of the order of
a few nCi/m’ with considerable variations around the mean. Similarly
the acueous samples extracted from the vegetation samples were of the
order of a few pCi/ml and srowed large variations around the mean.
¥ormally these values are represented as discrete diurnal variations
or in histograms indicating monthly or seasonal variations. Most of
the earlier workers' attempt didnot extend beyond the determination
of mean values of such data for different applications such as
dilution rate factor determination etc.

The yearly cumulative frequency distribution of different sets
of measured values were drawn cn the basis of the method suggested by
Seigmund Brandt (4). In 2ll the three sets of distributions represen-~
ting release values, ambient air concentrations and the vegetation
samples similar patterns, having positively skewed ncrmal distributim,
were observed. These were caused by the occassional larger release
concentrations of tritium which get reflected in the ambient air and

* Present Address: National Fellew, Dept. of Science & Technology,
Fhabha Atomic Research Centre, Bombay - 400 085
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the water compartment of the vegetation samples. Thus the median
values are effectively shifted towards higher values.

The median values corresponding to the 507 fractiles, giving
central values insize in each set of observations, 2s seen in a
fractional fregquency distribution pattern, differed widely from the
mean values. (See Table I). The most probable values for a typical
year are also given paranthesis in Table I for the sake of comparison.

TABLE I Average Tritium Concentration Values

Tritium Concentration Values

Year at releage point in arbient air in vegetation samples
at Station A* at Station A%

Yedian  lean Yedian Yean Yedian Tean
pCi/ce  pCi/ec nci/m° nCi/m’  pCi/ml nCi/ml

1975 1.2% 0.78 3,20 2.80 - -

1976 0.90 0.60 6.10 3.90 334 730

1977 0.74 0.29 2.56 2.80 539 390
(0.74) (1.50) {(350)

* 1500 NNE

The cumulative probability curvee for the different sets cof
values obtained at the different sampling stations also indicated very
clearly that all the three distributions corresvonding to the release
concentrations of tritium, ambient air concentrations and the vegeta-
tion sample values showed positively skewed normal distribution
patterns.

Inorder to test statistical corzrelaticn ameng the tritium
concentration values at the release rpoint and at the ground stations,
the sample correlation coefficient, r, was calculated using the

expression
¥ =2 TY [ [T xF )

where X and Y. were the observed values for the bivariates
taken up for analysis. In case of different sets of observations at
different stations, interrelationghip 2mong the different bivariates
can be obtained as a correlation rmatrix _.riﬁ:7' The sample correla-
tion coefficients calculated for a 6x6 matrix was ccrrected for
skewness using the expression

z=1 z In (1’”)"“(14)} e (2)

The population correlation ccefficient, F , ag calcvated on the
bagis of the expression

y-m.% G
pe BRI Ve
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were found to be nonzero, and irndicated good correlation among
the sets of values. Table II gives a set of typical values for three
bivariates viz. tritium concentration values at the release point,
amhient air concentrations and the condensates (aqueous) and the
vegetation sample wvalues. It can be seen that there is excellent
correlation amcng the sets of values (better than 95%) both for sample
correlation as well as for population correlation.

TABLE II Typical set of Correlation Coefficients Obtained

Sample Variables Degreas of Values Corrected }'5 of Degr- ‘,’5—of

freedom for of values sign~ ees of signi-
x ific- freed- fican-
i ¥y r r z ance domfor ce
X2 X4 30 0.678 0,329 99 80 99
X2 (Aq) X4 30 0.371 0.388 g5 80 99
X1 X2 30 0.538 0.604 99 80 99

X1 : Tritium Conc. at Release Point ( pCi/cc )

X2 and X2 (Aq) : Ambient Air concentragions at Station A in gaeeous
(vapour) and liquid phase. (nCi/m” and pCi/ml respectively)

X4 : Vegetation Sample Values at Station A (pCi/ml)

In order to test the interrelationships among the vegetation
samples at different ground stations to those of air concentrations,
the correlation matrix. (5}(5), corrected,were found to be well within
997 statistical significance. Thus the correlation among the ambient
air concentrations and the water compartments of the vegetation was
found to be statistically significant based on a set of environmental
gamples collected over a long period of time. It is emphasised that
the above relationships were among the distributions themselves rather
than among the discrete sample wvalues.

The scatter diagram drawn for a set of bivariates has shown that
for a fixed value of one variable there were a whole lot of population
of values for the other variable indicating the influence of the
environmental parameters on the sets of data. The propensity of the
sample correlation coefficient, r, is normally reflected by the points
wnich lie in a band in the scatter diagram, often shaped like an
ellipse with its major axis sloping towards the appropriate direction
depending on the polarity of 'r'. In the present case, where r # t 1,
a pair of stright lines indicating the scatter of values around a mean
value was obtained.

Thus in all cases it was clearly established that the statis-
tical significance amng the environmental tritium values, when taken
up 2s a whole for a long period of time, wag found to be excellent.

Utlising the values obtained from the above sets of values, the
mean, medlan and tge mo:st_;ﬁ)robable values were obtained. The dilution
rate facter, ¥ ( m”. sec” '), was caleulated for the Trombay environs
using all the above values to study vwhether there are variations in
the 4ilvtion rate factors due to the skewed nature of distribution of
tritium in the environment. Table III summarises the values thus
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obtained for three years. It is significant that the values obtained
on the basis of the present study shows a lower value than the sarlier
results reported (5).

TABIE III Dilution Rate Factors (X)

Year Baged on Mean Based on Median Barlier Published
Values Values Tata(s)
1975 0.13-0,38 x 104 0.28 x 101 1.0 - 2.8 x 104
1976 0.10 x ‘lO4 0.23 x 104
1977 0.10 x 10 0.29 x 10
(0.19x10%)

Value in paranthesis is based on wost probable value.

CONCLUSION

The distribution patternmsof environmental tritium in and around
a reactor site on the basis of a set of data generated over a period
of five years have shown that all the distributions are gaussian in
nature with identifiable skewness, caused by occasional larger
release. The effect of the mean, median and the most probable values
on dilution rate factors were found to be significant. The correla~
tion among the sets of data showing tritium concentrations in
release air, the ambient air and the vegetation samples at different
stations were found to be statistically good, and very nearly perfect.
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AN ATR MONITORING PROGRAMME IN THE ENVIRONMENT OF A MAJOR NUCLEAR
ESTABLISHMENT: OPERATION AND RESULTS

A. Knight, B.M.R. Green, M.C. O'Riordan, and G.S. Linsley

National Radiological Protection Board, Harwell, Didcot, Oxon.
0X11 ORQ, UK.

During the Windscale Inquiry in 1977 (1), the Board was asked by
the Inquiry Inspector to measure the levels of airborne alpha activity
in Ravenglass, a village on the coast approximately 10 km south of the
British Nuclear Fuels Ltd., Windscale works. (Windscale is a fuel
reprocessing plant). During a four week period in September 1977, the
mean level of 239 + 24OPu was 5.2 pBg m™3 and that of 241Am was
L uBq m~3, These levels were clearly elevated above average weapons
fallout values (0.8 and 0.1 pBg m~3 respectively) but they were well
below the maximum permissible concentrations in air for members of the
public prevailing at that time (2200 and 7LOO uBg m~3) (2). In
presenting its results at the Inquiry however the Board commented that
the sampling was not sufficiently prolonged to enable annual average
doses to be assessed with confidence. Furthermore, the levels might
be higher at other locations.

The Board decided therefore to mount a programme of measurements
in West Cumbria with the principal objective of assessing the
exposure of the local communities to airborne radiocactivity over a
sufficiently long time to be confident that the results were indeed
representative; a period of one year was deemed sufficient. It was
also hoped to obtain some information about the immediate source of
the airborne activity as well as the effect of environmental
conditions, such as the weather, on the levels.

The programme of sampling ran from the summer of 1978 to the
summer of 1979.

SELECTION OF SITES

A fully comprehensive sampling programme would have utilised a
dense array of samplers around the Windscale works. However, because
of financial limitations, the problems of analysing large numbers of
air filterg, and the difficulty of finding suitable sites, a smaller
programme with five sites was mounted.

Sites were required which were reasonably secure and which had
supplies of mains electricity. The air samplers were to be located
remote from buildings, firstly to ensure representative environmental
sampling and secondly because of the noise levels from the samplers.
Five sites which met these requirements were located in the areas of
St. Bees, 10 km to the north; Egremont, 7 km north-east of the works;
Holmrook, 6 km to the south-east; Seascale, 3 km to the south and
Eskmeals, 13 km south of the works. The sites were chosen to
coincide with local centres of population, (St. Bees, Egremont,
Seascale), as well as covering inland (Bgremont, Holmrook) and
coastal (St. Bees, Seascale, Eskmeals) locations. The Eskmeals site
was a very open one approximately 100 m from the beach.

EQUIFMENT

The air monitoring equipment in Cumbria consisted of 6 high
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volume air samplers, one of which was controlled by a switch
sensitive to wind direction, and a cascade impactor. A high volume
sampler was installed at each site; the wind direction sensitive
sampler and cascade impactor were installed for 9 months at Eskmeals
and then 3 months at Seascale.

Each high volume air sampler consisted of an upward facing
filter holder at a height of 1.5 m from ground, coupled to a high
velocity centrifugal fan (Secomak 575/1) and a rotary inferential gas
flow meter (PCC). Polystyrene fibre filters (Microsorban 98) size
260 mm x 210 mm were used. Each sampler was housed in a wooden
shelter approximately 1.3 m x 1.3 m x 2 m high with a sloping inlet
on each side. The inlets measured 200 mm x 200 mm and were covered
by a metal screen (6 mm mesh with 1.5 mm ribs) to minimise vandalism.
The air from each sampler was exhausted at roof level, a deflector
plate directing the air flow up and away from the inlets. The air
flow rate using the above configuration was greater than 1 m3/minute.
The shelters were designed to provide good security and weather
protection, while allowing radily respirable particles (i.e.
particles up to about 10 pm AMAD) to be sampled adequately. However,
larger particles are also important since the effective dose
equivalent per unit intake for a 239+2L0py class W aerosol remains
fairly constant up to approximately 100 um AMAD (3). The apparatus
described above will sample some particles of this size but with a
reduced and unknown efficiency. It is believed however that the
aerosol in the shelter is likely to be less depleted than it would be
inside an ordinary house where windows and doors are normally closed.
Consequently an overestimate is likely to be made of the concentrat-
ion to which most people are exposed because of the high indoor
occupancy factors that prevail. The concentration of larger
particles out of doors is however likely to be under-estimated. A
subsidiary experiment is being carried out to determine the overall
degree of depletion of the aerosol caused by the shelters.

As noted above, one of the samplers at Eskmeals was controlled
by a switch sensitive to wind direction. A wind vane on a L4 m high
mast activated a switch with a time constant of 120 sec when the
wigd%gas coming from the sea within an angle which was adjusted to
+ 675 .
~  The cascade impactor (BGI-30 with model 1A sampler) was kept in
its normal aluminium shelter with the top removed. This was housed
in one of the wooden shelters described above with the first stage at
a height of 1.5 m. The impactor is a single slit device with four
impactor stages and a final filter. Glass-fibre filter papers,
moistened with olive oil, were used for the impactor stages with
Microsorban as the final filter. The flow rate was almost 1 m3/
minute and was maintained constant by a pressure transducer in a feed
back loop. The impactor has an effective cut off diameter of about
10 ym for the first stage and about 1 pm for the final stage,

During the one year operating period filters were changed
weekly. The centrifugal fans used with the high volume samplers
proved to be very reliable. The cascade impactor motor was not
however so suitable for continuous running. Several replacement
motors had to be used and brushes had to be changed freguently.
Trouble was also experienced with the air flow rate meters which
were repaired frequently.
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The sites were not very accessible to the public and vandalism
was not a problem. At one of the sites, nevertheless, the noise
levels were unacceptable to local residents. The sampling programme
ran for a year with no major problems.

ANALYSIS OF FILTERS

Each Microsorban filter was pressed into a shape 80 mm dia x
3 mm thick prior to y counting with a lead shielded 105 cc Ge (ni)
detector or a 75 cc Ge (Li) detector with an anticoincidence shield.
Both detectors were housed in a steel room with 150 mm thick walls.
Each Microsorban filter and each glass-fibre cascade impactor filter
was counted for 1000 minutes and the activities of the following 7
emitting nuclides was determined:
San’ 95Zr’ 10357 1O6Ru’ 12SSb, 1310 137042 1b1Ce and TMhCe

After Yy counting, the ordinary high volume sampler filters were
ashed individually. Cascade impactor filters covering a 2 week
sampling period were combined before ashing. The ashed samples were
totally dissolved in hydrofluoric acid and the plutonium and
americium isotopes separated out using ion exchange resins. The
samples were electroplated onto stainless steel discs and the
239+2L0pu, 238pu and 241am activities were determined by « counting
using surface barrier detectors under vacuum. Yields were monitored
using suitable tracers.

RESULTS AND DISCUSSION

It is possible to present only a selection of early results in
this paper: a full report is being prepared.

TABLE 1. Gross activity concentrations in West Cumbria, Jume to
December 1978, pBaq o3

Nuclide Seascale Holmrook Egremont St.Bees Eskmeals fiil—
239+2L0p, 7.4 1.8 1.5 3.8 6.1 0.4
Acti- 2385, 1.3 0.4 o, 0.7 1.4 0.02
nides Dy 53 0.7 0.6 2.1 3.7 0.05
- Whoe o0 330 360 360 230 190
emitters %%y 610 230 280 280 320 160
BTes 990 500 1,20 260 230 70

Distance from
Windscale works km 3 6 7 10 13

The numbers in Table 1 are the means of the weekly values. The
concentrations varied widely from week to week, however. For _
example, at Seascale the 23¥+2hOPu values ranged from 0.7 to 20 uBq
m-3 and the 137Cs values ranged from 30 to L4100 yBq m—3.

Considering first the actinides, the results for the 3 coastal
sites (Seascale, St. Bees, Egremont) are similar to those found at
Ravenglass a year earlier. All results are clearly elevated above
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average fallout values. The derived air concentration (DAC) for
members of the public is assumed to be 2500 pBq m‘3, i.e. one tenth
of the value in ICRP-30, for each of the actinides in lung class W.
(h). The actinide concentrations are clearly well within appropriate
limits even when considered Jjointly.

Results for the y emitters are also elevated above average
fallout values, Thlige marginally so, 106Ru more noticeably and 137¢s
rather markedly. However, the most restrictive DAC for both 1hhge
and 106Ry is 5 x 106 pBg w3 for lung class Y and the DAC for all
compounds of 137¢s about 5.8 x 107 uBq m~3. The levels in Cumbria
are four to five orders of magnitude below these DACs.

From Table 1, it can also be seen that the coastal sites
(Seascale, Eskmeals, St. Bees) have the highest actinide results.

The concentrations of Y emitting radionuclides however fall off with
distance from the Windscale works, clearlg so where there is a strong
signal-to-noise ratio as in the case of 137¢s.

Complete analysis of meteorological and other data is proceeding
but partial analysis suggests that at coastal sites the concentration
of actinides is dependent on wind persistence and to a lesser extent
on wind speed. Analysis of the results from the directional and
continuous samplers at Eskmeals shows that actinides concentrations
are higher when the wind is off the sea, but that the same is not
true for the ¥ emitting nuclides.

Because of certain metrological constraints, the results from
the cascade impactor at Eskmeals are not so accurate as the others.
However, some indication of the particle sizes can be given.
Aﬁproximate AMADs in ym are as follows 239+2L0py 15, 238py 15,
2w 10, Mhbce 1, 106Ru 2, 137Cs 3. Fallout of course has a
particle size less than 1 pm, The higher AMADs for the actinides
probably points to different immediate sources of actinides and y-
emitters. The results are consistent with the hypothesis that the
major source of actinides is the sea; but the situation for y-
emitting nuclides is more complex.
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SIX~-YEAR EXPERIENCES IN THE ENVIRONMENTAL RADIOACTIVITY MONITORING ON
TAIWAN

Yu-Ming Lin and Chen-Hwa Cheng

Taiwan Radiation Monitoring Station, Atomic Energy Council of Execu-
tive Yuan, Kaohsiung Hsien, Taiwan 833, Republic of China

An islandwide network for environmental radiocactivity monitoring
established in 1974 is described with reference to (1) radioactive
fallout measurement from nuclear tostings, (2) environmental monitor-
ing for nuclear power plants and radicactive waste disposal site, (3)
specially designated site by the government, and (4) instalments
involving radiation. Both naturally occurring and artificial
radionuclides are equally emphasized. All significant results are
reported and discussed.

Observation of fallout from nuclear testings mainly at ILop Nor
and an islandwide network (Fig.1) for radioactivity monitoring estab-
lished in the Taiwan province of the Republic of China in 1974  to
provide radiation baseline data for the governmental agencies were
described with reference to types of environmental samples taken and
types of radicactivity monitored. The Taiwan Radiation Monitoring
Stating (TRMS) of the Atomic Energy Coucnil of Executive Yuan has a
primary responsibility to establish the radiation baseline data.
The TRMS obtains environmental sampled from its own islandwide
networks and involves the analysis for samples of air, water, soil,
vegetation, food, and
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Figure 2 _Gross beta activty in syrface air by gummed paper.

and gamma-ray spectrum analysis

(Fig. 4). Tritium in air is also TAEE 1. Rculte of heckground gama monitoring fros 1977 to 1979
collected by ethylene glycol with ——— S
an efficiency close to 95% (3). Brposure e and Citiss  No.1 Fover Plant No.2 Power Plant

Period Bange  Mean Bonge  Mean Range . Mean
3. Water sample 1977 4510 8.2 7.3-16.5 10.8

5.8-10.2 7.8

57-10 7.7 441104 7.1

Various kinds of water samples 58 | s.6104 2.5
are generally analyzed for gross

. . . 1979 3.0-12.1 7.9 *6.2-10.8 8.4 3.2-1G.3 6.5
beta activity, and sometimes for

*Commercial operstion in Octoter 1, 1978

90 137 .
Sr and > Cs as shown in Table 2.
The‘qqq/quuCe concentration in TABLE 2, Concentration of "*'/™* cy 1n vater Samples
water samples after nuclear test- — — g:¥¥ég&=
ings are shown in Table 3. The mu:;' %° : ng
activation products from nuclear &mmd;:, @j yi ;S if
power plant No. 1 such as  Mn, River vater | 122.8 61.8 B.K

. Lake Water 77,1 523 B.K.
59Fe, 5700, 6000,640u, 65Zn have Sea Mater 12k b9 B.X.
‘not been detected so far. Tritium B.K«:Background

in drinkiﬁg water and rainwater
varied from 0.88 to 3.2 pCi/ml with a lower limit of detection about
200 pCi/liter(h).

4. Soil
Both surface (0a5 cm) and deep (10425cm)soil samples are analyzed

for gross beta activity (936 pCi/g), and for 13705 (1,218 pCi/kg)

and Sr (37.74570.8 pCi/ke).

5. Vegetation Lo
The gross beta activity of vegetation mainly comes from K. The

,14406

fission products such as 95Nb—952r ,103Ru,etc. were also detected

after nuclear testings at Lop Nor.

6. Food
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Ten kinds of major food such as rice, pork, fish, egg, powdered
milk, potatoes, chicken, duck, flour, and vegetables in Taiwan were

analyzed for 9OSr and 13705(5,6). The results are listed in Table 4.
The tea leaves from nuclear power plant No. 1 were also analyzed for

9OSr and 13705.

All data reported in this paper are in good agreement with previ-
ous investigations. The estimation ot the population dose based on
present data is insignificant.

Several new experimental techniques have been developed. For ex-
ample, the TLD's for environmental monitoring which have been proved
to be quite efficient after participating the international intercom-
parison program, the ion-exchange method for water sample treatment,
the chemical analysis of soil samples, wet-ashing method for food
samples, and the chemical procedures for activation product analysis
in the effluents from the nuclear power plant. Relatively high acti-
vity from nuclear testing at Lop Nor during 1974-1979 is indicated
with corresponding dates and sequence number of tests in the figures
concerned.

TABLE 3, Radioactivity of Varicus Water Samples during 1974-1979
uCi/1iter
137¢q

90,

Gross beta 8r

Sasple
Min Max Mean | Min Max Mean | Min Max Mean

Drink Vater [0.9 2.4 1,7 | 0.08 0.95 0.4 | 0.1% 0.3% 0.3
Ground Water | 0.8 3.6 1.6 | 0.13 1.27 0.6 | 0,13 0.38 0.3

River Water | 1.1 1.8 1.6 | 0.08 0.48 0.3 | 0.12 0.44 0.3
lake Water [ 1.0 2.3 1.7 | 0.13 1,88 0.6 | 0.1 0.6 0.k
Sea Water [ 1.0 3.9 2.0 | 0.18 0.51 0.3 | 0.53 0.6 0.6

o~ & ] [ 3

b gl - o b

) © © IS ~|

] g e Z 2| Date of test.
s 17 18 2 2% Test No.

fhice el teho oo r e tiger ot (et p b e 2o tteR ANt

0.
1w | 1975 e T e T 19m I 1em
Figure 3. Monthly average beta activity of dailyairborne particulates samples in Kaohsiung.
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TABLEA 4. Concentration of Strontium 90 and Cesium 137 in ten important foodstuffa,
wnd estimated total daily intake in the average diet.

Perscaad % Pgp Vs
Tood ion. yéarly Jearly
kg/year Ca k pCi/kg  intake pCi/eg uc;n
%
Rice 132.7 0.04 0.3 3.9 43.4 29.1 44,5
Vegetable 93.0 0.01 0.3k 3.6 15.6 3.3 3.7
Pork 2.2 0.1t 0.18 6.6 3.7 16.3 4.2
Fish 2.9 0.59 0.3 6.5 12.0 6.6 1.7
Eggs 9.5 0.05 0.30 2.7 2.1 2.1 0.2
Milk 9.4 1.29¢  0.90 19.5 154 65.1 2.1
Potato 8.9 0.09 0.15 2.6 1.9 1.8 1.2
Ghicken 2.7 ¢.18  0.16 2.4 1.5 4.3 o
Wheat 5.1 0.02  0.26 5.1 2.2 224 1.3
Dack 3.6 0.15  0.15 6.9 24 15.8 0.6
yearly iotake 320 kg 37k g €53 g 1191.7 pCi 8672.3 pCi
daily intake 89C g 1.2 g1.79 g 3.18 pCi/g.Ca 23.8 pCi/d
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THE PRE-OPERATIONAL MONITORING - HOW USEFUL ARE RECOMMEN-
DATIONS OF INTERNATIONAL ORGANIZATIONS AND VARIOUS
NATIONAL PROGRAMS

M.Mihailovié

"J.Stefan" Institute, University of E.Kardel],
61000 Ljubljana, Yugoslavia

NATIONAL LEGISLATION

Environmental monitoring around Nuclear Power Plant
Kr3ko was the first pre-operational monitoring to be per-
formed in our country. The existing national legislation
in the year 1974 included a basic law on radiation prote-
ction and accompanying regulations on radiation protection
of workers, on registration of use, of production, transport
and trade, as well as storage and release of radiocactive
materials, on monitoring the fall-out, food and animal
feed, on education and health control of workers.

Six centers for radiation protection in six republics
were responsible for monitoring and inspection. Some re-
sponsabilities were given to radiation protection labora-
tories in the existing three nuclear scilence institutes.

During the seventies the basic law with accompanying
regulations was updated with some general requirements
concerning siting, building and licensing nuclear instala-
tions, including some restrictions related to releases and
storage of radioactive materials.

Until now no regulatory body for nuclear legislation
with full time professionals was formed.

THE PRE-OPERATIONAL MONITORING PROGRAM DESIGN

The pre-operational environmental monitoring programs,
in the period from 1974 to 1979 were based on recommenda-
tions of international organizations (1,2), the various
national programs (3,4) and our own experience.

The general guidelines for the pre-operational radio-
activity investigations necessary for estimating the dose
from planned releases and for the establishment of limits
and conditions of radicactive releases from an installation
to the environment were given in Section IV, paragraph 405
of the reference (2). Yet in the above publication no su-
ggestion was given on which samples are to be measured by
specific and/or nonspecific methods, on the frequency of
sampling, on the number of sampling sites etc. In para-
graph 410 of the same publication it was stressed that the
pre-operational investigations should provide quantitative
data for the derivation of working limits and action le-
vels for routine and emergency environmental monitoring.
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National programs of pre-operational monitoring
usually give detailed guidelines regarding the method of
measurements for different samples and sampling frequencies.
Yet all these programs are madefor specific needs for each
site. :
The first pre-operational monitoring program for Nu-
clear Power Plant Krsko was defined by the investor and the
laboratories, which were doing the measurements, and appro-
ved by the sanitary inspectorate of the republic. The re-
sults were periodically reveiwed and the program was impro-
ving until it was felt that the objectives were reached.

In the following, our first program will be descri-
bed and the improvements which were made will be outlined.

RESULTS

OQur first pre-operational program design included
sampling and monitoring of surface and underground water,
sediments and biota of Sava river, soil, agricultural pro-
ducts and natural radiation background. After the first re-
view of results more emphasis was given to isotopic deter-
mination of water samples, biota and agricultural samples.
Quality control was included in the program. After some
time further modifications were introduced with the aim to
identify the site specific critical exposure pathways. Mo-
difications included the change and addition of sampling
sites for underground water, river biota and agricultural
produce as well as changes in frequency of sampling. Pro-
gram of annual intercomparison measurements between the
laboratories involved in the program and regular review of
results was introduced.

DISCUSSION

Having in mind the main objectives of the pre-opera-
tional monitoring: to provide data on radioactivity levels
in various environmental media and provide quantitative
data for derivation of working levels and derived limits
we have considered that quality assurance and the usefull-
ness of information which the results provided should be
the main criteria for a successful program. Examining the
results of our five year long pre-operational monitoring
program, we found that about one third of our results were
unsatisfactory.

From our experience we learned that nonspecific mea-
surements, unless they are made on the same samples as spe-
cific isotope determination, are of far less use than spe-
cific measurements. The results of specific measurements
provide information which can be used for identification of
critical exposure pathways, for determination of transfer
parameters between compartments in an environmental model,
and for establishing radioactivity levels in environmental
samples in the pre-operational period.We realized also,
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that critical examination of the relevance of program de-
sign as well as the examination of the quality of results
is essential.

CONCLUSION

Lack of adequate national legislation and legislatu-
re body, as well as lack of authorized, experienced and
competent radiation protection specialists resulted 1in our
vaguely defined and poorly performed pre-operational mo-
nitoring in the year 1974-77. All improvements of the pro-
gram were made by a concentrated effort of few competent
radiation protection specialists from nuclear science in-
stitute laboratories.

We greatly emphasize the need for early education
and training of radiation protection workers, as we can-
not envisage a nuclear regulatory body,2 superwising autho-
rity and a successful pre-operational and/or operational
monitoring program without experienced specialists in ra-
diation protection.

We feel, it may be useful that in their recommenda-
tions related to pre-operational monitoring the internati-
onal bodies put more emphasis on site specific exposure
pathways investigations, on the usefulness of specific
activity determination of environmental samples as well as
on regular critical examination and evaluation of results.
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MIGRATION OF RADIONUCLIDES FOLLOWING SHALLOW LAND BURIAL

Jacob Sedlet and Norbert W. Golchert

Occupational Health and Safety Division, Argonne National Laboratory,
9700 South Cass Avenue, Argonne, IL 60439, U.S.A.

INTRODUCTION

This paper summarizes a study of radionuclide migration conducted
at a facility used from 1944 to 1949 for the shallow land burial of
radioactive waste. The waste material was produced during operations
with two nuclear reactors and related nuclear research at this loca-
tion. The facility is located in a wooded, sparsely populated area
approximately 25 km southwest of Chicago (U.S.A.). It is situated in
glacial drift, which is about 45 m thick at the burial plot. Under-
lying the drift is a generally level Silurian dolomite bedrock
approximately 60 m thick. The thickness of the drift decreases as
the surface slopes downhill in a northerly direction until the dolo-
mite reaches the surface and forms the bed of a river, 700 m to the
north.

Two aquifers exist in the area - one in the drift, in which the
groundwater level varies with precipitation and season and averages
about 9 m under the plot; and one in the underlying dolomite, a gener-
ally porous structure. Precipitation reaches the river either as
surface runoff water or by infiltration into the glacial drift and
dolomite.

From 1944 to 1948, material was buried in 2 m deep trenches and
covered with earth. From mid-1948 to mid-1949, material was buried in
steel bins. These were removed in 1949 and use of the burial plot was
discontinued. In 1956, the facility was decommissioned by building a
concrete wall on all four sides down to 3 m below the surface and
covering it with a 30-cm thick concrete layer. The concrete was
covered with two feet of soil and the surface seeded with grass. The
area of the burial site was approximatelvy 45 m bv 40 m.

The reactors and laboratory research buildings were located 600 m
south and 10 m uphill of the burial plot. In 1955, the reactors were
dismantled; the heavy water, graphite, and fuel removed; the reactor
tank and containment shell filled with miscellaneous reactor items and
concrete; and buried in a 12 m deep excavation next to the reactor
building. The top of the reactor shell is 7 m below the surface. The
excavation was filled with building rubble, then with earth, and
seeded with grass.

This study was begun in 1974, following the detection of triti-
ated water in two hand-operated picnic wells north of the facility,
between the burial plot and the river.

METHODS

To establish the origin of the tritium, evaluate the water
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migration rate and pathway, and determine if other radionuclides had
migrated, the following work was done: 1) soil borings were drilled
through and around the facility and near the buried reactor, and the
soil samples were analyzed radiochemically; 2) test wells were
drilled into the dolomite bedrock; 3) water permeability of the drift
and groundwater velocity were determined; and 4) radiochemical analy-
ses of surface water, surface soil, vegetation, and all existing
wells in the area were conducted.

RESULTS

The tritium (as tritiated water) content of the two wells is
shown in Figure 1. The seasonal fluctuations are apparent. In the
well closest to the burial plot (Well A) the concentrations ranged
from about 14 nCi/l in the winter to about 0.1 nCi/l in the summer,
except in 1977 when the summer concentrations remained at 8-9 nCi/l.
Since that anomalous period the usual seasonal variations have re-
sumed. Well B also showed elevated tritium concentrations that
varied with time, from about 0.1 nCi/l in the autumn to 6 nCi/l in
the spring, about 4-6 months later than the peak concentration in
Well A.
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Fig. 1. Tritium concentrations in two wells near burial site.
—~— Well A, 350 m from site: —-—- Well B, 650 m from site.

The tritium content of the surface water and subsurface soil
showed that the tritium in the wells originated in the burial plot
and not in the area that contained the buried reactors. The burial
plot is drained by an intermittant stream that flows in a northerly
direction toward the river. Tritium in this stream during the spring,
when water is present, has varied from < 0.2 nCi/l upstream of the
plot to 30-100 nCi/l adjacent to the plot, then decreased with dis-
tance downstream as a result of dilution to about 5 nCi/1.

Between the burial plot and the reactor site, soil borings down
to 25 m contained less than 0.1 pCi of tritium (as water)/g. Soil
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borings near the buried reactor down to 20 m contained from < 0.03
pCi/g to 15 pCi/g. In the vicinity of and beneath the burial plot
the subsurface tritium content was considerably higher, 0.2 pCi/g to
5 x 10% pCi/g. The tritium content of the soil borings showed the
direction of water flow to be as expected, from the facility in a
northerly and downhill direction. The deepest sample obtained from
the glacial drift was 2-3 m above the dolomite bedrock and contained
about 300 pCi/g.

The soil borings were also examined for Pu, U, 90Sr, and gamma-
ray emitters. Beneath the burial plot concentrations were normal,
except for Pu in the first 2 m directly below the buried material.
The maximum concentration here was 0.07 pCi/g, about twice the fall-
out concentration in this area. Higher concentrations of several
radionuclides (U, Pu, 90Sr, 137Cs, and !52Eu) were found at the depth
of the buried material. None of the soil borings outside of the
facility contained abnormal concentrations of these elements. The
solid-element nuclides evidently migrated very little after burial.

Surface soil from the vicinity of the burial plot was also col-
lected and analyzed. A small area (30 m x 60 m) in a swale 50 m
northwest of the plot contained elevated concentrations of normal U
(10-60 pCi/g) and Pu (0.07 to 0.7 pCi/g). The usual concentrations
are about 2 pCiU/g and 0.04 pCiPu/g. The U and Pu in this area is
believed to be the result of spillage during burial and removal opera-
tions and not from leaching of the buried material, since the surface
and subsurface soil between the plot and the contaminated area con-
tained only normal concentrationms.

All other water wells in the same glacial drift area were ex-—
amined, and none contained abnormal concentrations of the radionu-
clides found in the burial area.

DISCUSSION

The results of all the surface and subsurface measurements indi-
cate that tritium is migrating out of the burial site as tritiated
water, but that no other radionuclides have left the plot.

The tritium concentrations decreased with increasing distance
from the plot. Tritium has been found in the subsoil as deep as
samples have been collected, so it must be assumed that the ground
beneath and immediately around the plot contains tritium down to the
dolomite aquifer. 1Integration of the concentrations as a function of
depth and distance yields a total tritium content for the glacial
drift of the order of 3000 Ci. The dolomite aquifer north of the
plot must also be assumed to contain tritium from the plot, based on
the well water results. However, in the river that drains the plot,
tritium was not detected above normal levels due to dilution.

The time of travel of water from the burial plot to the nearest
well is estimated to be 54 months. This estimate is based on permea-
bility measurements, from which a groundwater velocity in the till of
8.2 cm/day was obtained and on matching the peak concentrations in the
wells, which gave a flow rate in the dolomite of 238 cm/day. Future
dolomite tritium levels may be estimated from the concentrations be-
neath the plot, where a maximum in the tritium content occurred 20 m
below the surface. If the tritium was placed in the burial area
about 1947, and has moved downward as a pulse for the past 30 years,
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the average rate would be about 0.67 m/yr. This would imply the peak
concentration would reach the dolomite in about 35 years. By this
time, 86% of the tritium would have disappeared by radioactive decay.

The cyclical nature of the tritium content in the two wells im-
plies that tritiated water is carried from the burial site by the
spring rains when they recharge the groundwater supply. During this
period, the groundwater rises and a portion of the tritium in or be-~
neath the plot is mobilized, travels underground and in the surface
stream, and eventually enters the aquifer. At other times, the
groundwater level drops and little water moves out of the plot.

The principal pathways for radiation exposure are consumption of
water from the picnic wells and inhalation of resuspended material
from the surface soil in the swale northwest of the plot. The dose
due to drinking well water can be evaluated from the ICRP model for
ingestion of tritiated water. Depending on the quality factor used
for the tritium beta particle, the biological half-life for body
water, and the daily water consumption, the model estimates the dose
to an individual who consumes 1 liter of water daily at the average
concentration in Well A (7 nCi/1) to be 0.4 to 0.8 mrem/yr. The
U.S.E.P.A. limit for drinking water is 4 mrem/yr.

The potential inhalation dose can be estimated as follows. Re-
suspension factors for actinides in vegetation-covered soil measured
in this area are (1 to 5) x 10~10/m. These factors, applied to the
average surface soil concentrations in the swale area, give air con-
centrations of about 0.4 f£CiU/m3? and 0.008 fCiPu/m3. Air breathed
continuously at these concentrations would result in lung doses of
less than 0.2 mrem/yr. The U.S.E.P.A. limit for airborne transuranium
elements in the environment is 1 mrad/yr, or 10 mrem/yr if a quality
factor of 10 is assumed. The potential doses given above are quite
conservative since individuals do not live in the immediate area. Ex-
posure times to airborne material and consumption of well water by
individuals are small and infrequent.

The two most probable sources for the tritium in the plot are
neutron-irradiated heavy water from the CP-3 reactor and lithium
which had been irradiated with neutrons for tritium production. From
measurements of the relative amounts of tritium, deuterium, and pro-
tium in water draining from the facility, it is apparent that the
source was neutron-irradiated lithium.

Since water is the vehicle by which buried material is moved,
reduction or elimination of water movement through the burial plot
would reduce the rate of radionuclide migration. Some possibilities
are waterproofing the concrete cap and installing drain tile around
the concrete sides to divert water past the area. Although this would
have little effect on the tritiated water deep in the soil, it would
reduce the probability of future migration of the other radionuclides
in the plot. Also, deeper aquifers are being examined to determine
if water containing less tritium is available in the immediate vicin-
ity.

The results of this study should be applicable to the evaluation
of other shallow land burial sites.
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PRINCIPLES AND RESULTS OF ENVIRONMENTAL SURVEILLANCE OF
THE AUSTRIAN RESEARCH CENTER AT SEIBERSDORF WITHIN THE
LAST TWENTY YEARS

Ferdinand STEGER, Erwin ETZERSDORFER, Herbert SORANTIN

Institute for Radiation Protection, Austrian Atomic
Energy Research Organization Ltd., Research Center
Seibersdorf, Austria

1. INTRODUCTION

The Research Center at Seibersdorf uses its 12 MW reactor
for isotopes production, fuel testing and activation
analysis and operates also several active laboratories,
an accelerator, a waste managing department with an
incineration plant and an intermediate store for low and
medium active wastes.

On the area of the center also the Sateguards Analytical
Laboratory of the IAEA was errected.

Our monitoring system has principally the following aims:

- to control the radicactivity which is emitted into air
and waste water

~ to ensure that governmental regulations are fulfilled

- to detect any changes of the environment by longterm
emissions.

The monitoring of the center is performed by emission
and immission measurements supported occasionally by re-
search projects.

2. MONITORING DEVICES

2.7 Installations for controlling the emissions

The ASTRA reactor is the main emittent of shortlived radio-
nuclides:

TABLE 1: Shortlived radionuclides emittefd by the
ASTRA reactor

Radionuclide Activity per year
Ar 41 200 + 20 Ci

H 3 1 Ci
Fission gas 0,2 Ci
Aerosols, Rb 88, Cs 138 91 Ci

I 131 5.10-5 Ci

For monitoring the breathing air in the reactor hall it
was therefore a counting unit in the off gas tunnel in-
stalled which has a detection limit of 3.1078Ci/m®. An-
other unit with the same capacity is posted in the 25 m
off gas tunnel.
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For the determination of the aerosols, 100 m’ air are b¥_
passed over a micropore filter. Activities up to 7.107 4
Ci/m® can be counted with a methane tlow counter.

I-131 is absorbed on charcoal and measured with a Ge(Li)-
detector giving a detection limit of 3.10-%4 Ci/m?®. The
off gas tunnels of the hot cells and active laboratories
are monitored by GM-counters with fixed alarm levels of
1000c/min or 4000 c/min respectively.

All air streams leasing outside of SAL are controlled
very strictly for their alpha-, gamma- and beta-activity.

2.2 Permanent monitoring of the air

By a pumping station in the middle of the center daily
100 m? air are sucked through a glasfibre filter and the
alpha-, gamma~ and beta-activity measured after 10 min,
3 hrs and 120 hrs after collection.

If the 10 min value is higher than the normal scatter -
the values will change with the meteorological conditions
about a tactor of 3 - this filter will fre measured with
a gammaspectrometer.

The 120 hrs-values from the year 1978 differ e.g. form
0,034 to 0,152 pCi/m’.

A second aerosol monitor is located on the roof of the
institute for radiation protection. The collection and
measurement are taken continously with a filter band.
The evaluation is made with plastic scintillators to
alpha- and alpha+beta-activity.

In the same place also the meteorological datas are
collected.

2.3 Controlling of water activity
In our center the following water systems exist:

- raining water:
it is drained into ground, but from the first water
flowing down the pipe, a 2 litre sample is taken.

- wasting waters:
coming from baisins, showers, kitchen and toilets;
they are conducted directly to the biological puri-
fication plant.

- radiocactive waters:
all waste waters coming from the active laboratories
are led by a special piping directly to the deconta-
mination plant.
High radicactive fluids are not allowed being poured
in the sinks, but have to be brought in protected
vessels to the plant.

-~ possible radiocactive waters:
they are gathered in tanks, the activity is measured
and either dispatched or led to the decontamination plant,

104



All cleaned sewage waters coming from the biological
purification- or decontamination plant, are collected in
a reservoir and pumped to a near river.

For monitoring, daily samples are gathered from pumping
reservoir, the cooling pond and the reservoirs of the
decontamination plant before releasing.

Weekly water from three wells in the center and a series
of wells around the area, a sample of a near ditch and
one of Lhe drinking water is taken.

Also samples of the roof waters are measured every week
if it is raining. The averaged activity is about 6 - 15
pCi/l. After a longer dryness the activity increases to
about 100 pCi/l.

Further wells and surface waters in the environment are
collected in half a monthly, monthly and tree months cycle
The values differ from 0 to 99 pCi/l.

2.4 Controlling of the soil samples

Furthermore soil samples and vegetables are collected from
six different points, The soil samples are taken from

an area 10 x 10 cm and the depth of 5 to 10 cm. The grass
is taken from 1 m?. The values in 1978 were:

- Pu 239: grass <3 to 21 fCi/g ash.
s0il <3 to 12 fCi/g ash
- beta-activity: grass 72 to 284 pCiéash.

The samples are taken quarterly.

From five places from the river Leitha - above the mouth
of the waste water pipe, 10 m, 100 m and 1000 m below
and in the next village - various samples are taken:
sand, mud, seeweads and small craw fishes. After prepara-
tion the activity is determined. The sensitivity of the
measurement is good enough that 90Sr and 239Pu can be
determined in the size of the fallout concentrations.
Half a year samples are collected from diverse parts of
the purification plant and every year sand, fishes and
biological material.

2.5 Installations for controlling the immissions

The measurement of the immissions are made in orinciple
for preventive events, to realize the limits set up by
the authorities and to verify the values which are cal-
culated from the measurements of the emissions.

The environmental surveillance to the gamma dose is made
by TLD dosimeters. We use simultaneously card and bulb
dosimeters which are housed in an Al-cylindre for pro-
tection against weather (1).

Dosimeters are placed in two about concentric circles

around the center to superintend the environment indepen-
dent from different emission parameters, the inner circle
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in 30° and the outer in 90Y steps. The change of the dosi-
meters and the evaluation is made monthly.

? mRem

—

1277 1.782 3 4 5 6 7 8 3 10 1 12

Fig.1 Fence-dose in the main-wind direction TLD

Additionally, the fence dose 1s measured with two integra-
ting gamma radiation doserate monitors. One is situated

in the main wind direction and the second in one of the
surrounding villaces. The detectors are sensitive GM-
tubes equipped with a registering unit.

3. DISCUSSION

Since the center lies in an agricultural area, at first
the main stress was led on the monitoring of water and
also of air. The described system was extended by rings
of TL-dosimeters and doserate meters and aerosol moni-
tors. The described system was sufficient up to now in
monitoring alpha-active laboratories and waste management.
For comparison, in research work the Pu-fallout was deter-
mined all over Austria (2). For verification of the valid
calculations for the spreeding of activity in the air, a
filter pump unit to collect 5000 m?/h on a charcoal
filter is in construction.

4. LITERATURE

1. Duftschmid, XK., Ch. Strachotinsky: SGAE Report No.
2543, ST 49-75.

2. Irlweck K., F. Steger: Proc. IVth Int.Congr. of
Int.Rad.Prot.Assoc. Paris, 24-30 Apr. 1977, p. 853,
Nr. 145.

106



SIX~YEAR EXPERTIENCES IN THE OPERATION OF A LOW LEVEL LIQUID WASTE
TREATMENT PLANT

Song-Jey Wen ,Su—Lainwang and Chao-Ming Tsail

Institute of Nuclear Energy Research, Atomic Energy Council, Lung-Tan,
Taiwan 325, Republic of China

After the review of the techniques and experiences of other
countries and considering the specific situation in Taiwan, we at the
Institute of Nuclear Energy Research (INER) constructed a low-level
liquid waste treatment plant in 1973 (Fig.1). Thereafter, the fuel
fabrication plant, the isotope production plant and other research
laboratories have been set up one by one. The amount of liquid waste
has been increased from 600 tons to 2500 tons every month. The
activity concentration ranges from 10~5uCi/ml to 10‘3uCi/hd. The
waste volume and the radicactivity as well have increased gradually
with the growing of the INER. The treatment plant has also been
improved every year to fulfil the requirement of the INER.

Figure 1

CONTINUOUS PROCESS

The flow digram of the low level radioactive liquid waste
treatment is shown in Fig.2(1).

Receptor for liquid waste

After sampling with gross g counting and the adjustment of PH at
6-9, the radioactive liquid waste from the operation and maintenance
of the Taiwan Research Reactor and other plants was pumped to the
liquid waste treatment plant. The waste is classified into two
catagories. The first catagory is the liquid waste whose gross g
activity is below 4 x 1072 uCi/ml and is pumped to the tail end of the
storage tank in the treatment plant. It is then discharged to the
ground disposal area. The second catagory is that above 4 x 10~5uCi/m
and is pumped to the head end of the storage tank for treatment.
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Figure 2
Liquid Waste treatment

Pump the liquid waste from the storage tank to the pretreatment
tank for sampling, PH measuremtns, radicactivity counting, and nuclide
analysis. We then choose the proper chemicals and determine the
quantity. After passing through the first reaction tank and the
filtration tank, if the radioactivity is decreased to the discharge
level, then the liquid waste will flow directly to the first and the
second neutralization tanks for proper pH adjustment, and finally it
flows to the tail end of the storage tank. After sampling and
counting, the liquid waste is discharged to the ground disposal area.
If the liquid waste does not reach the discharge level, the clear
liquia will be pumped to a second precipitation tank for precipitation
with calcium phosphate. After precipitation, if the upper clear
solution is below the discharce level, it will be pumped to the
neutralization tank, and then to the tail end of the storage tank and
finally to the ground disposal -area. Otherwise it will be pumped to
an ion exchange tank. If it still does not reach to the discharge
level, it will be pumped to the head end of the storage for recycle.

Treatment of precipitate

Most precipitates in the two precipitation tanks are Fe(CH)3,
Ca3{F04) 2, and NijyFe((N);. They will be centrifuged to a concentrate
sludge which has 10-20% solid content. The sludge will be stirred
with cement at the weight ratio of 2 to 1, then it will be transferred
to a 52 gallon barrel for dryness and solidification. After being
covered and sealed, the barrel is stored for further treatment.

Discharge of Waste liquid

Although the waste licquid in the process is monitored frequently,
effluent samples should be taken and counted before discharged to the
grourd disposal area for the prevention of violating the regultions.
The trace amount of nuclides will be absorbed or adsorped in the soil
after discharged. There are 20 wells whose depths vary from 25 to 30m
around the disposal area for menitoring the contamination of under-
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ground water.
OPERATION EXPERIENCES AND IMPROVEMENT OF EQUIPMENT
The advantages and disadvantages of continuous and batch processes

The batch process uses the pretreatment tank for the addition of
chemicals. The quality centrol (QC) group takes sample for analyesis.
Taking the optimum condition based on QC, the pH of liquid waste is
adjusted and the chemicals are added. The liquid waste is stirred
sufficiently and settled for 6 h or overnight to precipitate the
radionuclides. From the upper clear liquid, sampling is performed for
counting and analysis and to determine whether it may be discharged
or not.

The advantages of batch process are very shcrt operation time and
large capacity. The disadvantage is that it requires more operation
tanks which are not necessary for continuous process. The continuous
operation for 24 h, on the other hand, has lower capacity and requires
more men power.

Improvement of ion exchange capability for vermiculite

Vermiculite, with good water permeability and high selectivity
of cesium ion, is one the cheapest ion exchangers available. It is
appropriate for treatment of low level radicactive liquid waste.

From the practice cof the plant operation, it showes that the
high concentation of ion will cause the efficiency of the vermiculite
exchange capability to decrease. If the waste liquid pretreated with
vermiculite before chemical treatment, then the efficiency of deconta-
mination will be increased and the exchange capacity of vermiculite
will be improved.

As the experimental data show, vermiculite has poor selectivity
for 9OSr—90Y, and its efficiency fog ion exchanges is low. The more
efficient method for treatment of 295r-90y is the precipitation with
calcium phosphate.

The improvement of peat absorption for liquid waste treatment

Since the combustion capability of peat, it is not suitable to
be used as a fuel. In the past years, peat was widely used in soil
improvement and gardening. Recently its application shifts to the
utilzation of its specific characters.

The prI value of the solution has great influences over the
absorption capability of peat. This is due to that the humic acid in
peat has lower exchange or chelation reaction under high H' concen~
tration. The peat has more absorption as weak alkali. Usually, the
waste liquid after chemical treatment is in this range.

A 10 cm layer of peat on the ground disposal area will decrease
the contamination, and make the liquid waste treatment more
appropriate. After saturation, the peat should be removed for solid
waste treatment. The disadventage is the small volume reduction of
peat after incineration.

Improvement of sludge treatment
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The sludge, the coprecipitate from liquid waste treatment plant
with solid content about 3-56 W%, is centrifuged after dryness. The
volume is decreased and then it is treated with cement. The
solidified products are ready for firal treatment. The centrifuce is
a continuous horizontal type. The solid is separated from licquid
by a conveyor screw. The character of the centrifuge is its ability
to separate different properties of suspensions by varying the radius
of rcotation and the difference RPM between bowl and conveyor.

The effluent from the separatior of sludge still has too high
solid content. It cannot be transferred to the liquid waste storage
tank. Replace the liquid storage tank with two 50 m3 tanks as feeding
and effluent recieving tanks for decanter, then the operation can
meet with the requirement(2).

Environmental monitoring

The final liquid waste after treatment is discharged to the
ground disposal area. The adsorption capability of soil keeps the
ground water from contamination. To guard the underground water
resources and prevent them from contamination, there are 20 deep wells
around the disposal area for environmental monitoring. Routine
sampling and analysis for several years has shown that the radiocacti-
vity is about the background. They give no evidence of contamination.

CONCLUSION

The construction and operation of this low level waste treatment
plant is the first experience in Republic of China. Some improvements
have been made as mentioned before.

The total volume of liquid waste treated in 6 yr was 84725 m3.
The decontamination factor was from 5 to 50. The gross beta activity
discharged after treatment is 2299 mCi, less than 400 mCi per year on
average which is less than the predicted discharge activity of 1 Ci
per year. From the experience of operation for 6 yr, we consider
batch process to be more practical than continuous process especially
the capacity of treatment is concerned. The monitoring of well
samples shows that the liquid waste discharged to the ground disposal
area does not contaminate the environment.
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THE DEVELOPMENT OF CRITERIA FOR LIMITING THE NON-STOCHASTIC EFFECTS
OF NON-UNIFORM SKIN EXPOSURE

M. W. Charles and J. Wells

Berkeley Nuclear Laboratories, CEGB, Berkeley, Glos, GL13 9PB
England

Several recent papers (1, 2, 3) have outlined some of the
limitations of the latest recommendation of the International Commi-
ssion on Radiological Protection (ICRP) in the case of skin exposure.
ICRP publication 26 (4) for example gives little or no comsideration
to the importance of

(1) the incidence of radiation induced skin cancer

(2) alpha and low energy beta irradiation of the basal layer,

particularly for thin skinned personnel

(3) partial=body skin exposure such as that to the fingers

(4) very non-uniform localised exposure such as that from

small sources and radioactive particulates.

Items 3 and 4, which we will refer to as cases of non-uniform
skin exposure,will be the subject of this paper.

NON UNIFORM SKIN EXPOSURE - THE PROBLEM REVIEWED

When personnel are exposed to external and/or internal sources
of radiation the resultant exposure of the body is rarely uniform.

In order to limit the potential detrimental effects of a non-uniform
skin exposure it 1s necessary to consider the probability of

producing stochastic effects (cancer) and early or late non-stochastic
effects (ulceration, fibrosis, cosmetic changes, etc.). )

For chronic exposures of large areas of skin stochastic effects
may be limiting, particularly if skin cancer incidence rather than
mortality is considered (l). The whole body skin dose limit may need
to be reduced below the present 0.5 Sv a~l if skin cancer incidence
is considered to be of concern for medical or industrial-relations
reasons.

In practice the skin of the whole of the body is rarely, if
ever, exposed near to the dose limit. As the exposed skin area is
decreased the stochastic risk can be expected to be reduced on the
basis of there being a proportional decrease in the number of
irradiated cells (5). At some particular value of skin area the
stochastic dose limit may be so high that non—-stochastic effects
become limiting. The area at which this occurs depends upon an
assessment of the relative detriment of skin cancer incidence versus
cosmetic changes. The present ICRP non-stochastic dose limit of
0.5 Sv a~1 is that which corresponds to unacceptable chronic skin
changes, mainly of a cosmetic nature. Little relevant data exist
to provide a basis for this limit other than the work of Sulzberger
(6). Recent followup studies of occupaiionally exposed groups
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indicate that the limit may be too high (7). More clinical,
epidemiological and experimental evidence is clearly needed before
a rational system of skin dose limitation can be implemented which
applies to the range of skin areas irradiated in practice.

For very small area exposures, perhaps less than.1 cm“, such as
those from small sources or radiocactive particulates, the likelihood
of chronic exposure of the same body site is reduced and the acute
response to high local doses becomes of significant practical
importance. The ICRP offer little guidance for this situation (4,
paragraph 183).

An evaluation of the mean dose to an area of 1 cmz, which was
previously recommended by the ICRP (8), is no longer considered
appropriate for comparison with the dose limit. In the absence of
suitable guidance the averaging procedure will however probably
continue to be used and is likely to represent a conservative
approach for most situations. A sounder basis for operational
procedures and a knowledge of the magnitude of pessimism embodied in
averaging procedures is clearly necessary.

There is at present so little clinical or experimental data
for non~uniform exposures that the ICRP (4) advice to predict local
skin reactions on the basis of the absorbed dose distribution cannot
be complied with. What data is available to aid a prognosis?

RESUME OF NON UNIFORM SKIN EXPOSURE STUDIES.

Only three (9, 10, 11) systematic studies appear to have been
attempted with the specific aim of providing guidance to predict
the likelihood of non-stochastic effects in non-uniformly irradiated
skin.

Kreb's (9), as part of a theoretical study of the response of
mammalian skin to irradiation with particles of irradiated nuclear
fuel, produced guidelines on the effects of radioactive particulates
on skin. In a preliminary study to verify the usefulness of these
criteria Forbes (10) evaluated the effects of irradiated uranium
microspheres on the skin of mice and pigs. The point depth dose
(i.e. the dose in tissue at a depth of 100 um directly below the
particle) and the 'Kreb's dose' (the dose at the edge of a
circular field of 4 mm radius, at a depth of 100 pm below the skin
surface) were both found to correlate well with the area of damage in
pig skin (Fig. 1). However, both ulceration and desquamation in
pig skin occurred at lower Kreb's doses than the 15 Gy predicted
largely on the basis of clinical data using X and y radiationm.

The minimum Kreb's dose required to produce a small but recognisable
ulceration in pig was below 4 Gy. Extrapolation of the data to
derive threshold doses is difficult since no sub-threshold data was
generated by Forbes.

It is interesting to note that Dean, Langham and Holland (11)
reported the response of human skin to acute irradiation with fuel
particles of the same type used by Forbes. Exposure of the forearm
to peak basal layer doses of ~ 500 Gy produced transient point
erythema and dry desquamation respectively.

Mahlum (12) has irradiated the skin of Hanford miniature swine,
to doses of 10, 25, 62.5, 150 and 400 Gy (surface dose) of B
radiation from circular 204r¢ plaques with areas of 0.01, 0.5, 1.0
and 5.0 cm™2. The aim of the study was to investigate the
dependence of the non-stochastic response on dose and area irradiated.
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Figure 1.
radioactive particles.

Due to the limited number of radiation doses used in this study it
is not possible to provide precise threshold doses, but from an
examination of colour slide records it was possible to provide
values for adult Hanford miniature pigs (Table 1).

Area of Surface Skin Dose/Gy
2047 /cn? erythema ulceration
1072 > 400 > 400
0.5 62.5 - 150 150 - 400

1 62.5 150
5 62.5 62.5 - 150

Table 1. Threshold doses for Erythema and Ulceration in Pig Skin
using small T% beta sources {(13).

Moritz and Henriques (14) irradiated the lateral and dorsal
surfaces of young Chester White pigs (10-15 kg) with circular (1 cm
B~emitting plaques. Little correlation was seen between surface
dose and biological response for the different B-energies but good
correlation was seen when the dose was calculated at a depth of
9 mg em~2, in the vicinity of the basal layer. The most important
result of this study is the clear illustration of the importance
of B-energy in any consideration of the biological response.
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SUMMARY

The studies of Forbes, Mahlum and Moritz and Henriques, though
all necessarily limited, show the important role which animal
experiments can play in the development of protection criteria for
acute non~uniform skin exposures. There is a continuing requirement
for studies of the dependence of threshold doses on source area and
radiation quality. More than one animal species should be studied
and extrapolation to man should be on the basis of histology and cell
kinetic studies, taking into account the biological and morphological
differences between animals. A more general model than that proposed
by Krebs could then be evolved for application in the more complex
practical situations encountered by radiation workers. We are
involved in a collaborative radiobiology programme of this kind with
the Churchill Hospital Research Institute, Oxford and
St. Bartholomew's Hospital Medical College, London which involves
the beta irradiation of pigs and mice. The rationale of the
programme has been described elsewhere in some detail (15, 16) and
the results will be published in due course. Preliminary data
supports the view that there is a reduced acute biological response
as either the area of the irradiated skin or the depth of penetration
of the radiation is reduced. This work will indicate the level of
pessimism entailed in dose averaging procedures.

Clinical and epidemiology studies should continue to be
encouraged in order to underwrite, and further develop, criteria
for limiting large area skin exposures.
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INVESTIGATION OF THE NATURE OF A CONTAMINATION CAUSED BY TRITIUM
TARGETS USED FOR NEUTRON PRODUCTION

E.M.M. de Ras, J.P. Vaane and W. Van Suetendael
CEC~JRC, Central Bureau for Nuclear Measurements, Geel, Belgium

1. INTRODUCTION

The purpose of this paper is to show that the risk of handling
targets used for generating fast neutrons in a Van de Graaff accele-
rator is caused by metal-tritide particles which may be emitted from
these targets. It is obvious that this fact, also described by Fehér
and Bird (1) who arrive at a slightly different conclusion regarding
the dosimetry, constitutes another type of risk than most other cases
of handling tritium, where incorporation in the gaseous phase must be
considered.

The targets consist of a thin layer of titanium with occluded
tritium, on a backing of Cu, Al or Ag. Our investigations started in
consequence of a widespread contamination in a Van de Graaff accele-
rator building, after 40 targets containing an average of 7x1010 Bq
(varying from 4x1010 to 56x1010 Bq) of tritium per target had been
stored, prepared, transported and applied over a period of 7 years.
The total size of the area was 3000 m2. The degree of contamination
over this area varied and there were some 1000 hot spots on floors,
work benches and walls. The high level of this contamination was only
realized after windowless gas flow counters had been introduced in
the area. Faecal and urine samples of persons concerned were taken.
Samples of the contamination were collected from the surfaces and
auto-radiographed. When microscopic examination of the samples showed
solid particles a few were further examined microscopically and by
X-ray spectroscope. The presence of titanium and tritium in the par-
ticles was established. The method to arrive at the radiation dose
after incorporation of the particles 1is discussed. The procedure of
removing the contamination and the steps taken to prevent further
contamination is not mentioned here.

2. DETECTION METHODS AND RESULTS OF MEASUREMENTS

The contamination check of the area was carried out using win-
dowless gas flow counters. The total activity found was 3.7x107 Bq,
distributed unevenly over the contaminated surfaces, with maxima of
up to 5.8x105 Bq measured over surfaces of 1 dm?. The derived working
limit for surface contamination by low energy beta emitters is
37 Bq/cm“ for low activity areas (2). For more detailed testing some
radioactive material was collected from the surface on adhesive tape
by covering a contaminated spot with the tape, applying light pres-
sure, then pulling the tape off. These samples were auto-radiographed
(3) either with Ilford nuclear research plates (K-5) or with liquid
emulsion (L-4). After an exposure time of up to 8 hours the developed
films showed black spots, underneath which solid particles were loca-
ted after examination under an optical microscope.

In order to test our assumption that the particles had been
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expelled from the targets a Fig.2a HORIZONTAL
special laboratory experiment
was developed.

An unused target was attached to the wall L
of the box as shown in Fig.l. Microscopic slides - g
covered Vith an gdhesive were put in front of‘the Fig. 2b VERTICAL
target, in a horizontal and in a vertical posi-
tion. After a period of 100 hrs the slides were
removed and covered either with a liquid photographic emulsion or
with nuclear research plates. The results of autoradiographs taken
with nuclear research plates are shown in Fig.2a and b.

The maximum physical sizes of 300 particles, measured microsco-
pically and plotted on logarithmic paper follow a log normal size dis-
tribution,with a median diameter by count (CMD) of 10um and a standard
deviation o, of 2.2um (Fig.3). The smallest size detectable by this me-
thod is lum; no particles with sizes below 3 #m were found. The cor-
responding aerodynamic diameter (CMAD) is found from the relation
CMAD=CDMvdensity. Using a density of titanium of 4.5 g.cm™3 we find
CMAD=2! pum; the Mass Median Aerodynamic Diameter,MMAD,is calculated
from the relation ’
log CMAD=log MMAD-6.91(log % )“.  q9g{ peRcENTAGE OF TOTAL NUM- T
We find MMAD = 140um . BER OF PARTICLES WITH DIA-

The presence of tritium in % | METER LESS THAN STATED
the particles was shown with the
aid of a specially built,very
small windowless gas flow counter
with an opening of 2 mm diam. This
was placed over a single particle
by fixing the detector to the mi- - - —
croscope,adjusting the co-ordina-
tes of the window to that of a
particular,isolated large particle,
The f-spectrum thus measured cor-—
responds to the spectrum of a tri-
tium calibration source.

The presence of titanium

was shown by measuring the charac- ]
teristic line spectrum of the par~ 1 2 5 10 20 50 100
ticles by X-ray spectroscopy as PHYSICAL DIAMETER d (um)

shown in Fig.4; the Ag,Cl and S

lines are due to elements in the Fig.3
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photographic emulsion. Fig.5a and
5b are scanning electron micros-—
cope pictures of a titanium par-
ticle with and without covering
by emulsion.

The results of the urine
sample analysis did not point to
the presence of tritium in the urine. The faecal sample contents from
10 persons analysed during the period 1972-1979 ranged from
1.9x103 Bq - 0.4 Bq/24 hr sample. The tritium was unevenly distribu~
ted within the samples,which fact was found as each sample —-for prac-—
tical reasons— was divided into 4 parts before the analysis was
carried out. The analyses were made by Dr.G.Koch of the S.C.K. labo-
ratories at Mol. The fresh sample was dried under vacuum at room tem-—
perature in a disposable nickel crucible, the distillate being col-
lected in a trap cooled with liquid nitrogen. The dry residu was
burnt in a combustion train in an oxygen stream and the combustion
water was collected in a trap cooled with dry ice. The radioactivity
of the distillate and of the combustion water was measured in a
liquid scintillation spectrometer, The detection limit for an aliquot
of 10 cm” water is 1.9x107 Bq/cmé.

An estimate at which the particles spontaneously detach from
a target was obtained by applying the method described before (Fig.l)
to a number of targets. An estimate of rate varied from 20 to 8000
particles per 24 hr.

3. DISCUSSION

Several results of our investigation point to the fact that
the contamination consisted mainly of particles. The fact that
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tritium was found in the faeces and not in the urine is the first in-
dication. Tritium in gaseous form being inhaled or otherwise incorpo-
rated would have been distributed in the body fluids and excreted in
the urine. The inhomogeneous distribution of the tritium in the faeces
forms another indication. The results of the auto-radiographic analy-
ses of the samples collected in the work aswell as in the laboratory ex-
periment confirm the "'particle theory",together with the observation
of particles by electron microscope. The X-ray spectroscopic analysis
confirmed that the particles consist of titanium; the f-spectrum iden-
tified the tritium.

The distribution of inhaled tritium-titanium particles in the
body organs can be estimated by applying the particle size data to the
Dosimetric Model for the Respiratory System (4). According to the
large size of the particles the initial deposition will exclusively
take place in the naso-pharynx. Those deposited in the pharynx will
subsequently be removed with the mucus into the mouth and then swallo~
wed. The nose-deposited particles will either be removed by nose blow-
ing or be swallowed.

The radiation dose to the naso-pharynx will be small because
of the short passing time and the low energy of the f-radiation. The
same applies to the gastro-intestinal (GI) tract through which the
tritium will pass after having been swallowed. The surface cells of
this tract are very insensitive for radiation (5). As metal tritides
are not taken up into the body from the GI-tract (6) the material will
be excreted after having passed this tract.

In order to determine the radiation dose quantitatively the
relation between particle size and radioactivity must be better known
than yet established. Work on this is going on. It can however tenta-
tively be concluded that the dose must be considerably smaller than
in cases where tritium is incorporated in comparitive quantities as a
gas and that the dose to the lung in our case will be neglible.
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LES PROBLEMES DE RADIOPROTECTION RENCONTRES DANS UN LABORATOIRE DE
MARQUAGE DE MOLECULES AU CARBONE-11.

H. VIALETTES - A. MOREAU.
LE CARBONE-11 EN MEDECINE NUCLEAIRE.

L'intérét que suscite le carbone-11 par le marquage des produits
radiopharmaceutiques est dad :

. a sa courte période (20,3 mn) qui permet de diminuer de fagon trés
sensible la dose engagée pour le patient ;

. a sa grande radiocactivité spécifique, qui permet de n'injecter que
des masses trés faibles et, par suite, sans effet physiologique, de
produits toxiques ;

4 son mode de désintégration par émission B+. Par aunihilation,

deux photons de 511 keV sont émis & 180° et des images tomographi-
ques de la répartition de la molécule peuvent &tre données a l'aide
d'une caméra & positons ;

au fait qu'étant isotope du carbone naturel, son introduction dans
une molécule organique ne modifie pas ses propriétés chimiques ou
physiologiques.

A contrario, ces qualités mémes, et, en particulier, la courte
période, se révélent &tre un inconvénient important sur le préparateur
qui doit :

. faire une préparation pour chaque examen,
partir de radioactivités élevées pour aboutir & une activité injec-
table suffisante au bout du temps de préparation. En effet, il est
nécessaire, au cours de ce temps de préparation, de s'assurer de la
parfaite pureté radiochimique, de la stérilité et de 1'apyrogénéci-
té du produit qui sera injecté au malade, de sorte gu'en moyenne,
ce temps correspond a 2 ou 3 périodes ; ceci oblige & manipuler- au
départ des activités de l'ordre du curie.

LES RISQUES D'IRRADIATIONS LIES AUX OPERATIONS.
. . ) 14 11 R

Le carbone-11 est produit par réaction N(p, &) C, & l'aide
d'un cyclotron, il est présenté sous forme de 11C02.

L'incorporation du carbone-11 dans une molécule organique s'ef-
fectue par un marquage intermédiaire d'une des trois molécules sui-
vantes appelées précurseurs : formaldéhyde, iodure de méthyle et acide
cyanhydrique. Dés 1'étape du marquage du précurseur, la source radio-
active qui était produite sous forme gazeuse se retrouve sous forme
liquide. L'activité est alors de l'ordre d'une fraction de curie
recueillie dans un volume de plusieurs centaines de pl contenu dans
des tubes en pyrex de forme cylindroconique de 1 & 2,5 ml. Les opé-
rations sont effectuées & 1l'intérieur d'une hotte blindée mais néces-
sitent des interventions manuelles en certaines des étapes. Il est
nécessaire de saisir a la main les tubes de réaction afin d'effectuer
1taddition de réactifs, le prélévement de fractions adéquates a
l'évaporation de solvant. Le temps total de préhension du tube est
inférieur a 1 mn. Une irradiation est également entrainée par les
opérations de ringages de l'appareillage, de prélévements et d'addi-



tion de réactifs pendant lesquelles les doigts des opérateurs sont
placés &4 5 c¢m environ de la source pendant un temps de l'ordre de

1 mn. Enfin, des opérations de chromatographie nécessitent, une injec-
tion & l'aide d'une seringue. Les doigts sont alors au contact de la
seringue pendant guelques dizaines de secondes.

LA DOSIMETRIE DES MANIPULATIONS.

I1 est évident a priori gue le film dosimétre traditionnellement
porté au poignet n'est pas représentatif de l'irradiation subie au
cours de ces opérations, qui intervient surtout au bout des doigts.
Pour préciser cette irradiation, nous utilisons des dosimétres thermo-
luminescents constitués de plaquettes de téflon chargé de fluorure de
lithium dont les caractéristiques sommaires sont les suivantes
- épaisseur : 0,4 mm, longueur : 8 mm, largeur : 4,5 mm.

-~ proportions en masse : 40 % fluorure de lithium et 60 % téflon.

~ enveloppe en polyéthyléne de 7 mg/cmz.

Ils sont étalonnés avec le rayonnement du cobalt-60 ; leur réponse
relative & la dose absorbée dans les tissus mous, en fonction de
l'énergie des photons de 10 keV & 1,3 MeV, est satisfaisante puisqu'ils
ne présentent qu'une hypersensibilité de 1'ordre de 15 % & 15 kev.

En revanche, leur réponse pour le rayonnement B est inconnue. Afin de
juger la validité des mesures de la dose absorbée au niveau des doigts
des mesures comparatives ont été effectuées a l'aide de dosimétres
thermoluminescents d'une part, de stylodosimétres d'autre part. Les
stylodosimétres utilisés sont du type SEQ.6 et SEQ.7 dont les parois
ont des épaisseurs respectives de 300 mg/cm2 et 7 mg/cm2. Placés a
une distance de 10 c¢m de la source, nous estimons qu'ils permettent
d'effectuer une mesure correcte de la dose absorbée due aux photons
et aux B sous les épaisseurs indiquées. Par ailleurs, la comparaison
entre les réponses de stylodosimétres des deux types permet de déter-
miner les contributions respectives du rayonnement B, dégradé par le
passage & travers la paroi des récipients et des photons d'annihila-
tion. La comparaison entre la réponse des stylodosimétres SEQ.7 et
des dosimétres thermoluminescents permet, d'autre part, d'effectuer
1'étalonnage de ces derniers par le rayonnement mixte B et Y en cause.

Les résultats expérimentaux sont les suivants :
. pour les rayonnements en cause, la mesure de la dose absorbée, sous
7 mg/cm2 4 l'aide des dosimétres thermoluminescents, est correcte
a 20 % prés ;
la contribution du rayonnement B & la dose absorbée sous 7 mg/cm2
n'est que de l'ordre de 30 % de celle due aux photons. Ceci s'expli-
que par l'atténuation de ce rayonnement B dans la paroi du récipient;
le débit de dose sous 7 mg/cm2 au contact des récipients est de
l'ordre de 3 rad/h pour une activité de 1 mCi de carbeone-11. Il est
clair que des valeurs extrémement différentes seraient obtenues, pour
une méme activité de carbone-11, en cas d'utilisation de récipients
de taille et d'épaisseur de parois différentes.

IRRADIATION DU PERSONNEL.

Le débit de dose au contact des tubes de réaction est donc de
l'ordre de 1000 rad/h au début des opérations. Une dosimétrie systé-
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matique des extrémités est effectuée & l'aide des dosimétres thermo-
luminescents décrits plus haut. Ceux—-ci sont collés sur les parties
des doigts entrant en contact avec les récipients contenant les
solutions radioactives. Les mesures de routine se limitent & l'extré-
mité de 1'index droit. L'activité mise en jeu pour les opérations de
marquage est de l'ordre de 200 & 500 mCi au début des opérations et

de 20 mCi & leur achévement ; la dose absorbée est en moyenne de

1,5 homme-rem par manipulation & l'extrémité des doigts. Les opérations
se répétant avec une fréquence de 15 par mois, l'irradiation subie par
les agents concernés aurait atteint la limite maximale annuelle de

60 rem en une dizaine de mois environ.

Cette situation a rendu nécessaire la mise au point d'une métho-
de de préparation limitant le plus possible les interventions manuelles.
L'automatisation des opérations de routine, qui sont au nombre de 8
par semaine environ, limite l'irradiation du personnel a l'étape de
sortie de la molécule marquée purifiée dans la seringue utilisée pour
1'injection. Globalement, elle a permis de réduire la dose collective
de moitié alors que l'activité manipulée était doublée. On peut donc
considérer que les opérations de marquage des molécules utilisées
pour le diagnostic sont maintenant exécutées dans des conditions de
radioprotection satisfaisantes. La vigilance demeure grande toutefois
pour les opérations de mise au point qui,elles ne peuvent pas é&tre
automatisées.

IRRADIATIONS DES EXTREMITES ET RECOMMANDATIONS DE LA CIPR.

Une comparaison a été effectuée entre les résultats fournis
par le dosimétre "bout -de doigt" et ceux obtenus & partir d'un dosi-
métre thermoluminescent au fluorure de lithium pur fritté placé dans
le chaton d'une bague portée a la 2éme phalange de 1'index droit, le
chaton étant tourné vers l'intérieur de la main. Ce travail a montré
que, pour le type de manipulation considéré, le rapport entre ces
résultats était raisonnablement constant et &gal a 2,5 + 0,5. Etant
donné les gros avantages pratiques présentés par le 2éme type de dosi-
métre par rapport au premier, il a été décidé de l'adopter pour le
contréle de routine. La valeur de la dose absorbée aux extrémités
est calculée en multipliant la valeur mesurée par le dosimétre bague
par le coefficient 2,5. Nous retenons ainsi, pour la comptabilité indi-
viduelle des doses, la dose absorbée maximale au point de contact des
doigts avec les sources radiocactives. La surface de la peau concernée
est de l'ordre de 1 cm?2 & l'extré&mité du pouce, de l'index et du
majeur de chacune des mains.

Cette attitude a été guidée & 1l'époque par le souci de respecter
les recommandations publiées par la C.I.P.R. en 1965. La publication
9, en effet, précise dans son paragraphe 28 que : "... en cas d'irra-
diation externe de la peau, en particulier quand la distance a la
source est trés faible ou quand la surface irradide est trés petite,
il ne serait pas judicieux d'effectuer la moyenne de la dose regue
sur la peau entiére. Il est recommandé d'effectuer une moyenne sur
une surface de un centimétre carré dans la région recevant 1l'irra-
diation la plus importante".
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Ces recommandations sont parfaitement claires et la procédure
dosimétrique qui vient d'étre dé&rite les suit rigoureusement. L& ol -le
bat blesse, c'est qu'en 1977, la CIPR a publié de nouvelles recomman-
dations, faisant l'objet de la trés célébre publication 26 et présen-
tées comme une nouvelle philosophie de la radioprotection, dans les-
guelles ce probléme de l'irradiation externe partielle de la peau
n'est pas abordé de fagon aussi claire et précise.

I1 faut insister sur le fait que ce probléme des irradiations
des extré&mités n'est pas un probléme académique mais un cas bien réel
correspondant & la préoccupation de nombreux praticiens de la radio-
protection. Une autre communication de notre Service (communication
n°® 1129) décrira les mesures effectuées avec d'autres radionucléides
placés dans différents conteneurs dont les résultats vont dans le
méme sens que ceux publiés ici. On sait par ailleurs que les agents
manipulant manuellement des échantillons d'uranium subissent des irra-
diations importantes aux extrémités ; enfin, l'utilisation de produits
radiopharmaceutiques dans les laboratoires médicaux et les milieux

hospitaliers tend & se répandre rapidement, entrainant un accroisse-
ment important du nombre d'opérateurs.

Il est donc fondamental pour la radioprotection de ces opéra-
teurs qu'il soit répondu de fagon aussi claire et précise que possi-
ble aux questions suivantes :

- qu'entend-on par "extrémité" ?

- & quel niveau doit étre effectuée la mesure ?

- quelle est la surface de tissu a considérer pour la détermi-
nation de la dose ? )

- comment cette dose doit-elle étre comparée a la limite d'équi-
valent de dose ? Dans l'attente de la traduction dans les
réglementations nationales des recommandations de la publi-
cation 26, doit-on retenir comme valeur limite l'équivalent
de dose maximal admissible au niveau des extrémités ou au
niveau de la peau étant donné que l'irradiation intéresse
4 peu prés toujours la méme surface de tissu ?
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NUCLEAR MEDICINE

From somewhat primitive beginnings some 30 years ago (using
open bench procedures and a spirit lamp to sterilise the air!) we
have progressed to air-conditioned radiopharmaceutical clean rooms
housing laminar flow cabinets, at both branches of our hospital (3).
During early periods of low work-load our chief concern was contami-
nation control. However, in the late 1960's our work-load increased
sharply; in 1969 a total activity of 630 GBq (17 Ci) in a wide range
of radiopharmaceuticals was administered to some 3000 patients. The
accumulation of external dose by a small group of staff was then evi-~
dent but still relatively small. The work-load has, however, con-
tinued to increase with the 1979 total of activity administered
exceeding 3 TBq (80 Ci) chiefly Tc-99m in various forms, to some
10,000 patients for a wide range of diagnostic examinations. Exter-
nal dose accumulations by staff also continued to increase and by the
mid-1970's the annual collective dose-equivalent for our nuclear
medicine group (~v20 staff - medical, radiography and nursing) had
risen to some 40mSv.

In considering the problems of extermal dose, we note particu-
larly the gain resulting from the use of more sensitive equipment
(in reducing patient measurement time) and from attention to tech-
niques of administration,

We have made detailed investigations into the control of dose
to the hands (4), (5), (6).

RESEARCH

We have given much attention to procedures involving I-125, and
have noted the problems reported elsewhere (7). In one pathology
laboratory here some 20 members of staff are involved in labelling
techniques, using up to 74 MBq (2 mCi) in each procedure and over
11 GBq (300 mCi) per year. A Class B laboratory with high grade
fume cupboard is used for this work. Staff are instructed to self-
monitor, including the thyroid, by contamination meter, and counter-
check measurements are made periodically by Physics Staff using a
thin crystal Nal detector. Under these conditions during two years
we have only detected I-125 in about one third of these workers, at
levels generally of 370 - 740 Bq (10 - 20 nCi).

One traumatic experience with tritium deserves mention. In
spite of our centralised control on radionuclide acquisition, a mem-
ber of our staff acquired, by an unusual method of requisition, an
aqueous solution of an organic compound supposedly labelled at high
specific activity with 92.5 GBq (2.5 Ci) T and supposedly free of
labile tritium. In spite of our Instruction Manual, our local
rules, our B-laboratory facility and our safety officer, an open
bench evaporation of the solution was conducted. Later analysis
showed that virtually none of the tritium had ever been associated
with the compound. As a result of the evaporation procedure, the
laboratory and its equipment were substantially contaminated and
body burdens reached the ICRP investigation level in several staff.
The decontamination procedures were lengthy and the interruption of
important work programmes was severe.
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SUMMARY

By giving steady attention to the design of facilities and the
arrangement of procedures, and with an active personnel monitoring
policy, relatively large scale radiation commitments within medical
and research organisations can proceed with individual whole-body
doses to staff being held well below 15mSv/annum. Such control
generally relies heavily on the experience of a small group of staff
within the organisation, who now face increased problematical
administrative commitments from recent legislation.

In spite of detailed attention to control of radiation work,
traumatic radiation incidents may still occur.
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EVALUATION DES DOSES INDIVIDUELLES ET COLLECTIVES RESULTANT
DE REJETS EN RIVIERE

Henri Fabre, Jacques Le Grand et André Bouville

Institut de Protection et de Slireté Nucléaire, Département
de Protection, Commissariat a 1'Energie Atomique, Centre
d'Etudes Nucléaires BP n° 6, F 92260 FONTENAY AUX ROSES

Une évaluation des doses individuelles et collectives
résultant de rejets en riviére a partir d'une installation
située sur le Rhdne, a4 120 km de son embouchure en Méditer-
ranée, a été effectuée. Les résultats sont présentés pour
Co-60, Sr-90, Ru=-106 et Cs-137 pour lesquels on suppose un
rejet de 1 Bgq s~ ] pendant un an. Les voies de transfert étu
diées sont
- l'ingestion d'eau de boisson,

- 1l'ingestion de poissons,

- 1'ingestion de produits alimentaires contaminés par irri-
gation & partir de l'eau du fleuve,

- l'irradiation externe 3 partir des sédiments situés sur
le 1it du fleuve et sur ses berges.

1 - DISPERSION PHYSIQUE DANS LE FLEUVE

La dispersion dans le fleuve a été estimée 3 1'aide du
modéle semi-empirique de SCHAEFFER (1). Les expressions ma-
thématiques correspondant au modé€le sont présentées par ail-
leurs (2) pour diverses situations. Nous nous contenterons
ici de donner les principales hyptohéses et de définir les
paramétres utilisés.

1-1. Concentration dans 1'eau

Le modéle suppose la dilution instantanée de 1l'efflu-
ent dans tout le débit q du fleuve et une décroissance ex-
ponentielle de la concentration de l'eau en fonction de la
distance du point de rejet. La constante de décroissance k
est donnée par k = k'+ X/w ol k" représente I'effet des mé-
canismes d'appauvr issements physiques, chimiques, ou physi-
co-chimiques, X\ la constante de décroissance radioactive et
w la vitesse de 1'eau du fleuve. La concentration de 1l'eau
se compose de l'activité en phase soluble et de l'activité
retenue sur les matiéres en suspension présentes dans 1'eau.
Ces deux quantités sont reliées entre elles par le coeffi-
cient de distribution Kgen eau douce de 1'élément considé-
1é et dépendant de 1a masse de matiéres en suspension par uni-
té de volume d'eau.

1-1. Concentration dans les sédiments

Les sédiments non consolidés se comportent comme un
fluide et "s'écoulent'" sous 1'influence de la gravité et
de la force tractrice qu'exerce 1l'eau sur la couche super-
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ficielle. On considére une vitesse moyenne v de déplacement
d'une couche d'une trentaine de centimétres d'épaisseur sur
la largeur L du fleuve.

1-3. Détermination des valeurs des paramétres

Le modéle présenté ci-dessus a été appliqué au cas du
Rhéne pour une installation située 3 120 km de son embou-
chure en Méditerranée. Comme les caractéristiques physiques
du fleuve varient le long de ce trajet de 120 km, il a &té
procédé a un découpage en trois trongons sur lesquels on
suppose que les param&tres utilisés ont des valeurs constan-
tes. Les valeurs sont présentées a la partie a) du tableau
1, tandis que la partie b) donne les valeurs retenues de pa-
ramétres qui sont caractéristiques du radionucléide consi-
déré mais que 1'on admet &tre indépendants du trongon de
fleuve étudié.

Les valeurs adoptées résultent de mesures directes
pour tous les parameétres & l'exception de deux d'entre eux,
qui sont la vitesse de déplacement des sédiments et le coef-
ficient de fixation k'. Les valeurs de ces deux paramétres
ont &té obtenues par la recherche du meilleur accord entre
les concentrations calculées et les concentrations mesurées
pour quatre points du fleuve, situés a environ 10, 25, 55
et 65 km en aval du point de rejet, et pour six années (de
1974 3 1979 inclus). Le tableau 2 présente, dans le cas de
Cs-137, les rapports des concentrations calculées a 1'aide
des valeurs des paramétres indiquées au tableau 1 aux con-
centrations mesurées. Un bon accord général peut étre cons-
taté bien que ces résultats aient &€té obtenus & 1'aide
d'approximations grossiéres. En effet, le modéle calcule
des valeurs moyennes sur l1'année et il n'est pas du tout
certain que les mesures, effectuées trimestriellement ou
avec une périodicité plus longue, soient représentatives
de ces valeurs moyennes en raison des variations importantes
du débit du fleuve. Par ailleurs, les points auxquels les
concentrations sont calculées ne correspondent pas toujours
de maniére précise aux points ol les prélé&vements ont &té
faits.

2 - EVALUATION DES DOSES INDIVIDUELLES ET COLLECTIVES

Le modéle de dispersion physique décrit ci-dessus sert
de point de départ a l'évaluation des doses correspondant
aux voies de transfert retenues. La méthodologie utilisée
pour étudier ces voies de transfert, est exposée en détail
par ailleurs (2}, a été appliquée 3 des rejets dans le
fleuve de Co-60, Sr-90, Ru-106 et Cs-137 au taux unitaire
de 1 Bq s~ pendant un an.

Les tableaux 3 et 4 montrent les résultats des évalua-
tions des engagements d'équivalent de dose effectif indivi-
duel et collectif. La comparaison des résultats relatifs aux

diverses voies de transfert montre que, avec les hypothéses
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utilisées, 1l'ingestion de l&gumes verts conduit aux doses
collectives les plus élevées tandis que c'est l'irradiation
externe qui est en général la voie de transfert la plus im-
portante sur le plan des doses individuelles.

Ces résultats ne peuvent pas &tre généralisés d tous
les fleuves ni 4 l'ensemble des radionucléides car ils dé-
pendent de maniére €troite de nombreux paramétres parmi les-
quels figurent 1'utilisation des eaux et des sédiments du

fleuve ainsi que le mode de vie des populations exposées.

TABLEAU 1 - Valeurs retenues des paramétres utilisés dans
le modéle de dispersion

a) paramétres dépendant des sections du fleuve
Section (0-35 km) (35-80 km) (80-120 km)
____________________ T B e EERIEEEE
Débit du fleuve
q (m3 5_1) 1540 1700 1700
Vitesse de 1'eau
w (m 5_1) 0,78 0,74 0,70
Matiéres en suspension -5 -5 -5
M (t m-3) 4.10 4,5.10 5.10
X1§;5§?1?es sédiments | 4 g 1g-4 3,9.10-4 2,8.10-4
b) paramétres indépendants des sections du fleuve
Co-60 Sr-90 | Ru-106 Cs-137
__________ U o 3 U UG o
Constante
radioactive | 4,15.107° | 7,78,107'9 | 2,17.107%] 7,209,107 10
A (5‘1)
Coefficient
de distri-
bution Kd 30 000 2 400 37 000 27 000
(t m~3)
Coefficient - 2N\
de fixation 1.107° 2.107° 1.1074 1.107°
k' Am~ 1)
N

Tableau 2 - Rapports des concentrations calculées aux con-
centrations mesurées de Cs-137 dans les sédiments pour plu-
sieurs années et plusieurs points en aval du point de rejet

Année Distance en aval du point de rejet (km)
PPN S S 35y . 25 . __ 65_
1974 - 9 1,0 157777
1975 1,3 2,2 1,3 3,1
1976 0,4 0,7 1,1 1,3
1977 0,3 0,9 1,6 6,1
1978 0,5 1,5 0,7 2,2
1979 0,3 0,3 0,4 2,6
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Tableau 3 - Engagements d'équivalent de dose effectif col-
lectif (homme Sv) correspondant 3 un rejet de 1 Bg s 1 pen-
dant un an

Engagement d'é€quivalent de dose effectif
Radionucléide collectif (bommg Sv) ]

Eau de Poisson | Lrrigation de|Irradiation

boisson légumes verts externe
Co-60 1.1077 | 6.1078 4.1027 3.1077
Sr-90 4.1077 | 2.1004 3.107¢ 0 g
Ru-106 3.10_, 4.10_6 1.1 -6 8.10_,
Cs-137 8.10 1.10 8.1 1.10

Tableau 4 - Engagements d'équivalent de dose effectif au
groupe critique (Sv) correspondant 3 un rejet de 1 Bq s~
pendant un an

Engagement d'équivalent de dose
Radionucléide effectif (Sv)
Eau de Poiss: Irrigation de|Irradiation
boisson O1S30N ! 1ggumes Tt externe
gumes verts x
———————————— ﬁ————————-————————4--————————_-——.— o - = -~ — -
Co-60 2.10733) 8.10713) 510039 2.10710
ST-90 8.10715| 2,107 71 3.100 4 0 i3
Ru-106 5.102,5] 6.102,5] 1-10043 9.1044
Cs-137 2.10 2.10 8.10 1.10
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MODELISATION DES ECHANGES DE PRODUITS ALIMENTAIRES EN VUE DE
L'EVALUATION DES DOSES COLLECTIVES
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RESUME

A partir d'informations statistiques sur les productions,
transformations et échanges, des modéles sont construits en vue
d'établir les relations entre la contamination initiale des produits
et celle des aliments consomés, et d'évaluer les doses collectives
et leur répartition dans diverses hypothéses de contamination du
milieu ambiant.

INTRODUCTION

La prévision des contaminations potentielles des produits
livrés & la consommation humaine, en cas de rejets normaux ou acci-
dentels dans le milieu ambiant, est 1l'un des éléments d'évaluation
des doses collectives et individuelles. Connaitre le cheminement
et la destination des produits afin d'établir les schémas de répar-—
tition des doses ré&sultant de contaminations éventuelles plus ou
moins intenses et &tendues n'est pas chose aisée, ainsi qu'on l'a
précédemment exposé 3 propos des cas du lait de consommation {1] et
des céréales [2] (3] . Aux problémes de méthodologie générale
s'ajoutent ceux particuliers 3 chaque catéqorie de produits. Les
résultats trés bri@vement présentés ici concernent les produits
de la mer et les produits laitiers.

PRODUITS DE LA MER 4] :

On a rassemblé les informations concernant les zones de péche,
les quantités péché&es en chacune d'elles par les pécheurs frangais,
la destination des prises, les agents intervenant dans la production
et la distribution des produits de la mer. Une étude des transports
et des échanges extérieurs a complété la précédente.

Un modéle d'échanges a été établi sur ces bases, tant pour les
produits consamnés en frais que pour les conserves et surgelés. Il
permet de connaitre l'origine, selon les zones de péche, des
quantités ( péchées ou importées ) disponibles pour la consonmation
dans les différentes régions frangaises. Il permet également
d'estimer les consammations ( totales et moyennes individuelles )
par régions ( exemple tableau 1 ).
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TABLEAU 1. Produits de la mer - Estimation des consammations dans une
région donnée, en 1976 : a/ par région, en tonnes, b/ par personne,
en kg .

Poisson frais Crustacés, Conserves de Surgelés,

salé, fumé coquillages poisson congelés

Réglons @  ® @  ® @ ® @ ®

1 .NORD 17925 4,54 10343 2,62 107 2,53 3964 1
2.PICARDIE 8845 5,22 3459 2,04 4459 2,63 1768 1,04
3.REGION PAR.58070 5,83 49324 4,95 32981 3,31 13070 1,31
4 .CENTRE 11320 5,22 4426 2,04 5707 2,63 2263 1,04
5.HAUTE NOR. 8412 5,22 3289 2,04 4241 2,63 1682 1,04
6 .BAS .NORM. 6873 5,22 2688 2,04 3465 2,63 1374 1,04
7 .BRETAGNE 17854 6,82 20472 7,82 7225 2,76 2862 1 09
8.LOIRE 19043 6,82 21829 7,82 7708 2,76 3053 1 09
9.POITOU 10503 6,82 12043 7,82 4251 2,76 1684 1,09
10.LIMOUSIN 3605 4,82 2019 2,70 1787 2,39 709 1,09
11.AQUITAINE 12390 4,82 6950 2,70 6154 2,39 2438 +,9
12.MIDI PYR. 11012 4,82 6169 2,70 5461 2,39 2167 9,9
13.CHAMPAGNE 7040 5,22 2759 2,04 3554 2,63 1407 1,04
14 .LORRAINE 7630 3,25 3027 1,29 6492 2,77 2572 1,1
15.ALSACE 4992 3,25 1978 1,29 4246 2,77 168} 1,1
16 .FR.COMTE 3478 3,25 1381 1,29 2965 2,77 1177 1,1
17 .BOURGOGNE 8287 5,22 3240 2,04 4178 2,63 1657 1,04
18 . AUVERGNE 4408 3,28 1829 1,36 3633 2,70 1433 1,1
19.RHONE 15856 3,28 6584 1,36 13063 2,70 Siz: 1,1
20.IANGUEDOC 10932 6,06 5274 2,92 5596 3,32 237> 1,3
21.COTE D'AZ. 22475 6,06 10829 2,92 12325 3,32 4882 1,3
TOTAL 270950 179912 149498 59448

MOYENNE 5,11 3,39 2,84 1,42

Ce modéle d'échanges susceptible d'étre généralisé au niveau
européen avec les données adéquates permet d'établir la relation
entre les niveaux de contamination des zones de péche et les niveaux
de contamination au stade de la consamation en différentes régions.

On peut en dé&duire les activités ingérées. La figure 1 donne,
par exemple, l'activité ingérée par téte en trois régions ( Bretagne,
Région Parisienne, Pyrénées ) en fonction de répartitions hypothé-
tiques dans les zones de péche d'une contamination de 1'eau de mer
par le césium 137. Les zones concernées sont, d'une part, 1l'en—
semble Mer du Nord, Manche Est et Ouest et Canal de Bristol, d'autre
part, la Mer d'Irlande, les niveaux dans les autres zones, inspirés
de résultats d'cbservations, demeurant faibles et inchang®@s. Les
différences de consammation dans les diverses régions ne suffisent
pas 3 expliquer les différences qui sont constatées entre les
activités ingérdes. Le choix des lieux de péche et les carac-
téristiques de la distribution interviennent aussi de maniére sen-
sible.
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Fig.1: Activité ingérée par té&te en fonction de la contamination des zones de péche (137cs)



PRODUITS LATTIERS |5 :

On a recueilli 3 1'échelle européenne et pour plusieurs années
consécutives les données concernant la production, la collecte et
la structure de distribution. Des regroupements de produits ont été
imposés tant par le nambre et la variété des nroduits que mar le but
de 1'étude : l'accent a été mis sur l'utilisation du lait de chaque
région ou pays en tant que produit frais, produit transformé, ou
produit non destiné 3 1l'alimentation humaine. Les disparités obser-
vées entre pays sont importantes. Ainsi, pour le Marché Cammun, et
pour les années 1973-1976, la proportion de lait entier collecté,
par rapport & la production, a été de 80% en moyenne ( 73 & 95,6%
selon les pays ), et son utilisation en produits frais a &té de 25,7%
en moyenne ( 11,7 & 65,7% selon les pays ), les utilisations corres-
pondantes en beurre et fromage ont &té respectivement de 44,9%
(12,6 363 ) et 22,2% (5,8 4 51,2 ). Le lait écrémé obtenu est
surtout utilisé pour les conserves : 57,5% en moyenne ( 26 & 78,5 ).
De semblables disparités sont dbservées au niveau de la consamation
des différents produits ( celle du lait varie en 1976 de 71 kg/téte
3 206 kg/téte parmi les neuf mays de la Camunauté Européenne ).

Une analyse détaillée a permis d'estimer les échanges entre les
régions francaises et allemandes et les pays de la Camunauté Euro-
péenne et de commaitre l'origine et les quantités de produits frais
consamés en chaque région. Les tableaux d'échange mettent généra-
lement en évidence la prédominance d'utilisation de la rroduction
régionale de cette catégorie de produits. Par contre, les &changes
sont importants pour les produits transformés ( fromage et poudre )
et ils concernent essentiellement les régions fortement urbanisées.

L'effet des &changes sur les activités ingérées totales par
an et par téte n'est donc pas négligeable. Il est supérieur 3 10%
pour la moitié des ré&gions d'Europe dans 1'hypothése d'une conta-
mination & la production variant relativement peu ( de 1l'ordre
d'un facteur 5 entre les extrémes ). Mais dans 1'hypoth®se de con-
tamination trés &levée d'une région, le schéma de répartition des
activités ingérées par téte est fortement influencé par la struc-
ture des écharges.
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ON THE CHARACTERIZATION OF RISK
Y. Tzur

Licensing Division, The Israel Atomic Energy Commission, Tel-Aviv,
Israel.

This paper analyses the concept of Risk, proposes a general
definition of Risk in mathematical terms,and derives some practicable
ways to describe the risk adequately for use in risk assessments.

THE DEFINITION OF RISK

There is nothing new in the concept of Risk, though its
quantitative assessment in connection with the use of new technologies
is quite recent. Correspondingly, qualitative definitions abound and
can be found in any dictionary. However, there is no accepted technical
definition of Risk in the literature on the risk assessment of
technologies (to be distinguished from its use in insurance). In fact,
one can recognize in the literature a search for a technically
adequate definition of the term. By "adequate' it is meant that the
definition would be of a sufficiently general nature, and that it
would be exact in the mathematical sense, so that quantitative
practical description of the risk could be derived for any case of
interest.

Qualitative definitions

Let us first examine two qualitative definitions of Risk in
order to extract the conceptual. elements of the term. A dictionary (9)
defines Risk as exposure to the chance of injury or loss. A modern
text on Risk, with a strong philosophical bias (7), gives the
definition Risk is the potential for realization of wwanted, negative
consequences of an event. The second definition differs from the first
mainly by explicitly limiting the consideration to the results of an
event, the limitation being necessary for risk analysis of specific
systems or accidents.

From the definition it is seen that risk has three conceptual
elements: An event, Harmful consequences, and Probability. The
harmful consequence can be an immediate result of the event, but it
can follow a development of the event, which can be described as a
chain of events (Fig. 1). For example, a pipe-break in a water-cooled
nuclear reactor can be followed by loss of coolant, damage to fuel
elements, contamination of the coolant, escape of radioactivity,
irradiation of people and contamination of buildings, and finally
by impairment of the health of a few of these people, loss of
property, and probably other damage as well. The event that initiated
the accident can be unique, it could be an earthquake in our example,
but the choice of the event whose risk we consider is arbitrary to a
large extent. We may choose the initiating event, but also any of the
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Figure 1. The development of event El, a schematic representation.

following or even preceding events, like the loss of coolant or
escape of radioactivity in our example, or the existence of a nuclear
power plant. Similar arbitrariness exists in the choice of the
conequence, which, in the example, could be the final results, but
also the irradiation and contamination, the escape of radioactivity,
or even the pipe-break. the last examples of a consequence shows that
there is no inherent distinction between an event and a consequence.
An event can be regarded as the event in one analysis, and as a
consequence in another,

The probability of a consequence is combined of the conditional
probability of the consequence given that the event has happened, and
the probability of the event. However, limiting the definition of
Risk to that of a specific event, it would be convenient to take the
conditional probability as the probability, bearing in mind that it
is conditional and depends on the event.

Technical definitions

In common usage, Risk is thought of as.the probability of an
undesirable occurence (4), and this definition is taken for granted
in many discussions on the risks of technologies (e.g. 6). This
definition is adequate for one-consequence events, but fails in the
case of several-consequence events. Another common definition is that
Risk is the product of the frequency (or probability per unit time)
of an event and the magnitude of its harm (10). Like the former, this
definition strictly applies only to one-consequence events, but it
also involves the idea of proportionality (i.e. that changing the
probability is equivalent to changing the magnitude by the same
factor). The risk is given as the expectation of the consequence,
and it can easily be generalized to events that can have many
consequences of different magnitudes but of the same kind, by defining
Risk as the expectation of the consequence. This can be expressed in
many ways, like the probability per unit time of the occurence of a
unit cost burden (8).

It is evidently easy to farther generalize the definition of
Risk to a linear (weighted) combination of the expectations of
consequences of different kinds, but there remain two major objections
even to this definition. The first is an almost universal feeling that
the idea of proportionality, on which any linear expectation definition
is based, is unacceptable (e.g. 5,7,10). For very frequent and
relatively minor events, which occur several times every year,
the expectation of the consequence, preferably accompanied by a
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measure of its variability like the standard deviation, is quite
satisfactory. This can apply to small industrial accidents, side-
effects of medical treatments and the like, from societal (but not

the personal) point of view. In connection to the nuclear industry it
applies to small leaks and routine releases of radioactivity. However,
risk assessment of modern technologies is often concerned with major
accidents, and there , 1000 deaths with a probability of 1:1000 per
year would not seem equivalent, to most people, to one death every
year.

The second objection is that there are no accepted ways to
compare harms, injuries or damages of different kinds, like deaths and
illnesses, or ruin of property and ruin of archeological sites. The
last objection would hold against any attempt to characterize the risk
by one number, even a non-linear function of the consequences and
probabilities. It can be hoped that one day such a function would be
agreed upon (5), but attempts to establish one resulted in differing
and contradicting results (3,7).

For these reasons Okrent (3) defined Risk as probability and
consequence, meaning that the whole probability distribution function
is needed to characterize the risk. Indeed, notwithstanding any
formal definition, modern risk assessments presented their risk
estimates as probability, or frequency distribution functions of the
magnitude of the consequence (2,10), as was originaly suggested by
Farmer (1). This definition is still unsatisfactory. A few variables
(e.g. deaths and illnesses), however useful, would not characterize
the risk completely. Two types of risk emerge to be relevant,
individual or personal risk and societal or national risk (2), and the
relationship between them is not clear. An even more general
definition is needed.

It is proposed here to define the Risk of an event as the
probability space on the space of possible harmful consequences (to
which the no-harm event has been added). The terms of this definition
is taken from mathematical probability theory, appart from the term
harmful consequence which replaces the term event in probability. The
definition, though abstract and not directly usable for the description
of risk, puts at our disposal the conceptual and manipulational
mechanisms of probability theory.

THE REPRESENTATION OF RISK

One outcome of the definition as a probability space is the
possibility to define random variables in it, that is numerial
functions on the space of consequences. The joint probability
distribution, or density function (in the generalized function sense)
induced by the space on a set of any harm—measuring functions, shall
be called a representation of the Risk. The above-mentioned risk
assessments (2,10) presented estimates of some representations of the
risk they assessed.

In choosing a representation of the risk of an event, there are
two levels of freedom or arbitrariness. The first is in choosing the
space, that is in deciding what events should be regarded as the
conequences. The second is in choosing the representation or
representations, that is deciding on relevant and practical variables
that would characterize the consequences. In the example of nuclear
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reactor accidents, one can choose the consequence space of radiation-
doses and contamination, or the space of health effects and property
loss. In each space one can choose first the receptor of the risk to
be considered, and than the parameters that describe the consequence
from the viewpoint of that receptor. Two such viewpoints are the
individual and the societal, which lead to individual and societal
representations, but there can be many other intermediate, viewpoints.
The risk to a local community or to an industrial company, for
example, would lead to corresponding communal and company representa-
tions. However, since any individual is also a citizen of his country,
a member of his community and so on, a representation from one
viewpoint would not suffice for proper evaluation of the risk.

Calculating the probability distribution of a set of parameters,
it should be remembered that in any one possible outcome of the event,
many different consequences happen together. In the example of a
nuclear reactor accident, a certain number of people would have
immediate radiation illnesses, others would develop late cancers,
et cetera (in health-effects space from societal viewpoint); or a
certain person would receive different radiation-doses to each of his
organs (in radiatioun-dose space from the individual viewpoint). For
this reason the joint probability distribution is needed for
representation of the risk. For proper evaluation of the risk in risk
assessments, this statistical interdependence of the parameters of a
representation should be described at least by the correlation between
the parameters.

The choice of meaningful representations and their description
should be one of the main concerns of risk assessments.
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STOCHASTIC AND NON-STOCHASTIC EFFFCTS . A CONCEPTIIAT, ANALVRTQ |
Lucien P. Karhausen

Cormission of the European Communitv , Brussels , Releium .

Stochastic and non-stochastic effects are defined on the hasis of
descriptive laws relating dose to the appearance of effects .

Stochastic effects appear randomlv in exposed nopulations and the
severity of effects does not devend on dose exnosure . The incidence
of effects increases with dose .

On the other hand , non-stochastic effects are necessarv and all
individuals are affected provided the dose exposure reaches a certain
threshold . The severityv of effects denends on dose . The hiocher the
dose the more intense the effect . Carcinogenesis. increased mutation
rate , chromosomal aberrations and congenital anormalities renresent
stochastic effects . Aplastic anaemia , myelofibrosis , skin lesions,
nrocesses involving the destruction and secondarv fibrosis of sneci-
-fic tissues or organs revresent non-stochastic effects .

The theory suggests that the effects of ionising radiation can be
classified in two separate and mutually exclusive classes , stochas-
-tic and non-stochastic effects . In addition it sugpests that there
are two types of events and two tvpes of dose-effect relationshin
which corresnond prima facie to two different processes . These two
distinct processes are described by different natural laws as shown
by the presence or ahsence of a threshold , necessary vs probable ef-
-fects, quantitative vs quantal outcome . The terminologv underlines
a fundamental conceptual difference between these two nrocesses . Tn
the first case the law which describes them suvnoses a natural neces-
-sity and in the second case a probability law . The theorv sugpests
that stochastic and non-stochastic effects rerresent a nartition of
the class of effects into two mutuallv exclusive subclasses .

1. On the necessity of effects . Are there such things as neces-
-sary effects 7

Philosophy of science shows there are no necessary emmirical re-
-lations in nature . If a and h are two events ( e.r. a,exnosure to
radiation or to a toxic agent and b,its effect leither a differs from
b , in which case a can happen in the absence of h , or the two e-
-vents are a single and unique event in which case h necessarilv fol-
-lows a . In other words if two events are hound hy a law of necessi-
-ty the two events are identical .

Let us suppose that event a , swallowing a lethal dose of notas-
-sium cyanide , occurs at time t; , and that event b he the death of
the person . As long as there is a time interval (t;-t;) hetween
the two events , it is possible that the second event will not occur
because of the possibility of intercurrent events or interventions
{ the subject may vomit or else the repletion of his T tract mav
slow down absorption..) . One can object that this examnle is mis--
-leading . Event a should be defined as the swallowing of cvanide and
its nassage through the wall of the G T tract into the hlood . But
this will not do either , since the suhject might he receiving some
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sort of antidote . The only wav to establish a necessarv connection
between a and b would be to include''cerebral death" in the definition
of a ; a would be a lethal dose of cvanide which causes death so that
the dose-effect relationship becomes necessarv . However a is now no
more distinct from b and the necessity which binds outcome to exposu-
-re is definitional and no more empirical or contingent . This dis-
-cussion illustrates a well-known principle of logic : necessity is
of semantic nature . Natural laws describe regularities of nature

and never express necessary connections but onlv contingent ones .

2. On the comnlementarity of stochastic and non-stochastic ef-
~-fects . Are non-stochastic effects the residue left after substrac-
-ting stochastic effects from the class of effects ?

If the terminology is correct , the answer is yves . But is it
correct ?

Actually stochastic and non-stochastic effects are not two dif-
-ferent empirical or biological processes but rather two ways of
looking at reality which means they mainly differ in the conceptual
approach .

In the case of stochastic effects the exposed ponulation (rats,
cells, persons .. ) is defined by its exposure and the ohserved out-
-comes are analysed according to dose . A dose-response or dose-per
cent curve is obtained which is a gualitative relation hetween dose
and percentage of response . In the case of non-stochastic effects
the exposed population instead of being defined by exposure is defi-
-ned by outcome and one obtains a dose-effect relationship . The out-
-come in the secord case is quantitative while in the first case ,
percent of response is.quantal or qualitative . Radiodermatitis can
be described as a quantitative effect of ionising radiation and in
this case it represents a non-stochastic effect . If on the other
hand one considers the dose-response of a population of skin cells
it is possible to describe the radiodermatitis as a stochastic effect
with the recruitment of an increasing number of cells with increasing
radiation dose .

High thresholds are needed to produce so-called non-stochastic
effects since a certain percent of response is needed to ohtain a
phenomenological , i.e. clinical , skin erythema, a cataract or a
tissue fibrosis .

Conclusion

1. Tt is argued that stochastic and non-stochastic effects are
not complementary i. e. that they do not represent a partition of
the class of radiation effects .

2. Stochastic and non-stochastic effects represent different
ways of describing outcomes and the '"mon-stochastic' or necessarvy
character of some effects is of semantic nature .
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RISK ESTIMATES OF STOCHASTIC EFFECTS DUE TO EXPOSURE TO RADIATION ~
A STOCHASTIC HARM INDEX

Yitzhak G. Gonen

Nuclear Research Centre - Negev, Israel

l. The ICRP system of dose limitations for radiation workers is
based on the following requirement: The probability for the induc-
tion of fatal malignancies due to exposure to radiation should be
limited to a rate not exceeding the occupational fatality rates in
industries generally recognised as safe, i.e., to a rate less than
1074 cases per year, per person . Exposures to small Ycritical' groups
of the population are limited by the use of a similar approach with a
limiting risk rate lower than the above by an order of magnitude or
more.

This risk rate is generally comparable in Western societies with
the risk of immediate death from any of the following causes:
accidental drowning, poisoning, death in an air-crash or electrocution
and is lower than the societal risk of being murdered. Exposures of
the population at large should be evaluated by risk benefit analysis,
attributing a proper monetary value to a man-rem ($1000 in the U.S.)
or - indirectly - to a statistical life.

It is important to emphasise that these upper limits of risk
levels for late effects (assumed to be socially acceptable) are
established by comparison and adoption of actual immediate death rates
experienced and passively accepted by Western societies from
comparable causes.

Truly, the validity of the linking working assumption between
the exposures and their late effects, the linear dose-effect relation-
ship for Tow level low rate exposures is more and more questioned.
According to the gernerally evolving opinion the model overestimates
the effects for the considered range of exposures, but this matter is
beyond our consideration here.

The significant difference between immediate and late fatality is
noted in ICRP Publication 26, but is not explored there in detail.
Unfortunately in many presentations and evaluations no differentiation
is made between the two.

Il. As every living creature is bound to die, the only open question
in this respect is the timing, i.e. the age at which the death occurs -
in other words, the life span or life expectation. The effects of
exposure to low level radiation on the survival probability and life
expectation have been investigated, using the LDER assumption, the
risk rate per man~rem adopted by the ICRP and the competing risk
technique.

The 1977 vital statistics of Jewish males in Israel have been
used as baseline, mainly the data on normalized survival probability
and life expectation as functions of age. On these data, assumed
effects of exposure have been superposed and the net differences cal-
culated. The late effects of exposure have been assumed to be 10~
deaths/man-rem in a flat distribution between 2.5 to 27.5 years
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after the exposure, i.e. 4x10-6 deaths/man-rem,yr during the period in
which a given dose burden is considered as effective. It was further
assumed that the effects of an effective dose burden are lost with
death, including those from competing causes. In the mathematical
treatment the accumulated effective dose burden carried over from one
to the next period has been reduced in proportion to the survival
probability at the given age. For the purpose of calculations single
exposures of 10 rem at different ages and annual exposures of 5 rem/yr
and 0.5 rem/yr from age 20 to 65 have been taken as examples.

Fig. 1 shows the base data, i.e., the mortality rate and the
additional 1ife expectancy for unexposed persons as a function of age,
for Jewish males in Israel, in 1977.

Fig. 2 shows the number of excess deaths resulting from single
exposures of 10 rem of 104 persons as function of age and the age at
exposure under the quoted assumptions.

Fig. 3 shows the loss of life expectancy due to a single expo-
sure (in days per man-rem) as a function of age at exposure.

The following conclusions were reached:

(a) The detrimental effects of exposure are proportional to the
assumed risk rate and the exposure;

(b) The number of excess fatalities over unexposed population is
calculated to be less at any time than the integral dose (man-rems)
times the risk factor. The maximal excess occurs 18-25 yrs after the
exposure and its value decreases sharply with the age at exposure (from
~ 0.95x10-4 excess dead/man-rem for exposure at 18 tow~0.4x10~% at 60).

(c) The loss of life expectancy per unit exposure varies even
more strongly with the age at exposure from approx. 1.2 days/man-rem
at 18 to about 0.16 days/man-rem at 60.

(d) The initial life expectancy of the Israeli male ( 72 yrs.)
is higher than of males in many other countries. The detriments of
exposure for populations with lower life expectancy are smaller than
the quoted values.

(e) Calculations for exposures of constant rates (18-65) within
the MPD showed that the maximum number of excess fatalities occurs at
the age of 65 and its value is approximately 0.6x10-% /man-rem, while
the averaged loss of life expectancy due to exposure is about 0.55
days/man-rem.

The presently available details of the vital statistics in Israel
are not sufficiently accurate to verify such small differences. Many
probably important factors, as will be noted in the following, are
missing and are not available for correlations. These factors are
relevant also to epidemiological studies of the late effects of other
potentially harmful agents.

1. 1t was found that mortality among the employees of the IAEC was
significantly lower (by approx. 40+ 50%) than the statistically
expected value according to their age distribution and the correspon-
ding death rates in lIsrael. Possibly several factors contribute to
this, including:

(a) The high level of occupational safety maintained within LAEC,

(b) The exceptional medical care given to the employees.

(c) Employee selection procedures including preemployment health
examination.

(d) Some cases of early retirement due to failing health.
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(e) The somewhat different cultural, social and ethnic structure
of the group from the average of the Israeli society.

(f) The higher than average income of the group resulting in
generally above average living standards and conditions.

The exploration of such factors could provide valuable insights.

Calculation shows that even a marginal reduction of the natural
death rates among radiation workers is sufficient to balance the
assumed harmful stochastic effects of low level exposures. Fig. 4
shows the required reduction of death rate to balance such effects due
to continuous exposure at a rate of 1 rem/year. For a typical age
distribution of workers less than 1 lifesaving per 10% workers per
year is the breakeven value. According to the available crude informa-
tion probably more than this is achieved.

If we attribute a modest 10 percent of the previously mentioned
reduction of the natural death rates among the IAEC employees to the
instant availability of medical aid and to the existence of particular
medical care which includes periodic medical and laboratory examina-
tions (general and bioassays), early detection and treatment of health
irregularities and diseases, we find that this service compensates
several-fold for any possible harm from exposure to ionizing radiation.

Similar statement can be made with regard to the effects of
maintaining high-level occupational safety, although here the gain is
probably smaller.

A corresponding phenomenon can be revealed from vital statistics
data for the past three decades in Israel. There was a significant
improvement in the medical care, partly due to the developments in the
medical science and profession and partly due to organizational
improvements. These improvements have been accompanied by a corres-
ponding decrease in the death rates and increase of life expectancy.
In parallel the relative and absolute incidence of malignant neoplasms
increased, mainly on the account of more easily curable diseases.

IV. In this context it is worthwhile to note that as malignant
cancers are the cause of ~20% of the deaths, every life saved from
death due to other causes will generate in the future -0.2 additional
cancer deaths. |If studied detached from other data of vital statis-
tics, every improvement in the general health care will virtually
worsen the cancer statistics. |If the excess cancer cases are attribu-
ted to radiation effects, then, using the ICRP assumptions, every life
saved could imply the stochastic effects of .- 2000 man-rems. |f the
establishment of a nuciear installation is accompanied by improved
material well-being of the neighbouring population, leading among
other changes to better medical care and the resulting changes in
causes of death, this could falsely imply the existence of stochastic
radiation effects from very low level exposures or exaggerate their
magni tude.

CONCLUSIONS

l. The realistic late effects of exposure to radiation are generally
less than calculated by multiplying the collective dose by the risk
factor. The effects are strongly age-dependent, decreasing sharply
with the age at a single exposure and with the starting age of
continuous exposure. A good estimate of the assumed harm is an age-
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dependent function of expected life shortening per unit exposure. The
values of this function may range from 1.25 to 0.15 days/man-rem.

1. A possibility to account for this age dependent effect in
radiation protection could be the use of a stochastic harm index,
defined as the product of the effective dose equivalent index and a
weighing factor derived from the above function. This weighing factor
can be either an age dependent normalizing factor or the estimated
lost life expectancy in terms of days/rem, In the second case the new
index has the dimensions of time. Such a magnitude is easy to compre-
hend, to integrate over years or populations and easy to use in
comparative studies of different risks.

[[I. The assumed harm due to exposure to radiation can be more than
balanced by improvements in medical care, industrial and home safety,
increase in the standard of living, etc. The assessment of the health
and safety of exposed populations (for example, radiation workers)
should be based on total balances and not on the segregated explora-
tion and use of single factors.

IV. Cancer-statistics detached from the general vital statistics is
misleading when used for the establishment of risk factors for
exposure on epidemiological basis. The accuracy and the information
recorded in vital statistics should be improved to allow its proper
use in the epidemiological evaluations of stochastic effects of
radiation or other agents.

V. Medical follow-up of exposed populations is intrinsically
accompanied by improved medical care and affects the results in the
direction of a decreased mortality but an increased cancer incidence.
These effects should be accounted for.

<j Death rate & life exp. 50 (:) Excess dead/10° man-rem
10-1 yr. {a) Exposure at 28
(b) Exposure at 48
30
10-2 10
(a)
5
10 1
1073 (b)
20 40 60 Age 20 NG} 60  Age
(:)Loss of life exp. (:)Required reduction of D.R. (%)
days/man-rem to balance exp. of 1 Rem/yr.
1.0 b P
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0.54 | 2 )/ AN |
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MEDICAL IRRADIATION AND THE USE OF THE "EFFECTIVE DOSE EQUIVALENT"
CONCEPT

Bertil R.R. Persson
Radiation Physics Department, Lasarettet, S-221 85 LUND, Sweden.

The Effective Dose Equivalent Concept defined by the ICRP (5,6)
considers the total risk from occupational irradiation including both
hereditary and somatic effects. In the field of medical irradiation
there is a tradition to report the genetically significant dose equi-
valent as an index of harm to the population to this type of irradia-
tion although it only includes the genetical effects.

This paper will deal with the definition of a similar concept
for somatic effects which added to the GSD will better approach an in-
dex of total harm to the population from medical irradiation.

By applying the Tinear-dose effect relation one can transform
the weighting factors for total risks recommended by ICRP to weigh-
ting factors for somatic effects. Another weighting factor M. has to
be used which takes into account the dependence of the 1aten§e period
for occurence of malignant disease and the variation of the incidence
with time. On this basis a somatically significant dose equivalent
can be defined as "the dose equivalent which if received by every
member of the population, would be expected to produce the same total
somatic injury to the population as does the actual dose equivalent
received by the various individuals". In the first approximation it
can be written as

ss0 = £ (N923:K)) 5 M (g,1,3,k) vug(g,i,d,K) (g, 1,3,k)
d,J, tot 1
k
where g = (FM) or (M) denote the sex
%Lgiii&l = the relative frequency of the age class 'k' subjected

tot to class 'j' exposure
(Ntot = the total number of individuals in the popu-

lation)

ws(g,i,j,k) = the relative weighting factor for somatic effects
in tissue or organ 'i' of individuals in age class

_ 'k' subjected to class 'j' exposure.

H{g,i,J,k) = average dose equivalent to tissue or organ 'i' in
individuals of age class 'k' subjected to class
'j' drradiation.

MS(g,i,j,k) = malignancy significant factor for a malignant dis-
ease of organ or tissue 'i' in individuals of age
class 'k’ subjected to class 'j' radiation.

In the second approximation the malignancy significant factors
are taken to oneij,e. MS:1 which is an overestimation, because MS by
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definition is < 1. But still it is required a lot of detailed infor-
mation about age distributions which are very seldom available in
practice. Therefore one must assume that there is no age dependence
in the incidence and in the frequency distributions. Then one arrives
to the following expression which is very similar to the 'somatic
dose index' suggested by Laws and Rosenstein (8).

sso = (M9ad)y oy (g,1,5)H(g,1,0)
g,i,j tot

The approximation of no sex-dependence makes the final expression for
the somatically significant dose equivalent

ssp =3 Ny g ()R- s w5
Dy Mgy § S DIITRLIIE A LS e

where He E(j) =3 ws(i,j).ﬁ(i,j) is the somatically effective
> i

dose equivalent for the type of irradiation 'j'.

The incidence for fatal somatic effects and the relative weigh-
ting factors for somatic effects in different organs or tissues 'i'
are given in table 1 (5,6,12), Morbid somatic effects will not be con-
sidered in the present paper.

TABLE 1. Incidence for fatal somatic effects and the relative weigh-
ting factors for somatically effective dose equivalent (5,6,12

Organ or tissue TIncidence Relative somatic effective
percent per Sv weighting factors
w
S
Breast 0.25 0.19
Red marrow 0.20 0.16
Lung 0.20 0.16
Thyroid 0.05 0.04
Bone surfaces 0.05 0.04
Remainder 0.50 0.40
Skin 0.01 0.01
Total 1.26 1.00

DIAGNOSTIC X-RAY EXAMINATIONS

Estimation of organ doses from diagnostic X-ray procedures can
be made either by direct measurements of absorbed dose or by calcula-
tions. The Monte Carlo method has been used extensively for calcula-
tion of absorbed dose received by each organ of interest during diag-
nostic X-ray examinations.
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TABLE 2. Calculation scheme for the somatically effective dose equivalent Hg E(j)= T w(i)D(i,3)
. > i

Average absorbed dose to various organs and tissues
from different X-ray examinations

D(i,3) mGy

Breast Red Marrow Lung Thyroid Bone sur- Remainder  Skin HS E

faces mSy

NERVOUS SYSTEM
Head (skull) 0.04 0.54 0.04 3.7 1.00 10.0 11.76 1.

oo oo £ 0

Head-angiography 5.87 - - - -

THORAX PLUS NECKORGANS

Heart and Lung 1.95 0.73 2.9 0.97 2.6 1.1 10.5 6.
Angiocardiography - 1.42 - - - - - -

Whole chest 0.27 0.13 0.42 0.10 0.26 0.66 0.78 0.
Chest-mass survey - 0.72 - - - - - -

Tomography (Lung) - 1.93 - - 3.18 20.1 17.0 -

DIGESTIVE ORGANS

Barium swallow (stomach) 3.4 4.5 8.6 1.01 6.7 30.2 26.8 17.
Barium meal (intestine) 0.81 5.2 1.0 0.06 5.3 38.6 35.6 20
Barium enema (colon) 0,17 5.9 0.25 0.05 9,2 18.9 17.8 10.
Stomach-mass survey - 0.60 - - - - - -

Gallbladder 0.37 1.39 1.29 0.02 1.48 15.5 10.36 - 7.
UROGENITAL ORGANS

Abdomen-Kidney Urether

and Bladder 0.29 1.26 0.14 0.02 2.9 9.3 7.5 4,
Urography 3.7 3.4 0.67 0.21 4.7 38.6 16.0 18

.
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TABLE 2. Continued

Breast Red marrow Lung Thyroid Bone sur- Remainder  Skin HS £
faces >
mSv

Cystography (Bladder) - 3.0 - -
Abdomen-angiography - 3.8 - - - - - -
Abdomen-obstretic - 2.3 - - - - _ _
Salpinography - 1.81 - - - - - -
Placentography - - - - - - - -
Other - 0.99 0.60 01 - - - -

SKELETON, EXTREMITIES

Dental (Full mouth 14 films) 0.1 0.05 0.01 0.5 0.025 *) 6.3 117
Cervical spine 0.05 0.33 0.12 4.1 1.00 3.4 8.8 2.5
Thoracic spine (dorsal) 4.0 1.95 5.6 5.0 3.4 9.7 9.1 6.3
Lumbar spine 1.58 2.3 0.95 0.08 4.1 11.5 16.8 7.3
Lumbo Sacral joint 0.03 2.9 0.23 0.1 2.7 7.1 6.0 4.1
Hip and upper femur 0.03 0.80 0.04 0.01 2.7 7.1 6.0 3.7
Leg and foot 0.01 0.11 0.01 0.20 0.18 0.18 1.25 0.24
Clavicle and Shoulder 0.64 0.35 0.99 0.50 - - - -
Arm and Hand - - - 0.01 - - - -
OTHER

Mammography - - 1.43 - - - - -
Lymphoangiography - - 2.03 - - - - -

*}Salivary glands 6 mGyx0.01
Brain 0.2 mGyx0.01
Remaincer  0.005 mGyx0.38



Estimation of the somatic effective dose equivalent needs data
on the absorbed dose to breast, red bone marrow, lung, thyroid, bone
surfaces, skin and up five more highly exposed organs or tissues. The
absorbed dose to these organs from various types of X-ray examinations
are given in table 2. These data are extracted from measured and cal-
culated data published by various authors (1,8,3).

The somatically effective dose equivalent H £ for the various
types of X-ray examinations which has been derivéd from the absorbed
dose values in table 2 by applying the weighting factors given in
table 1 are given in the right column of table 2. The highest somati-
cally effective dose equivalent are received by X-ray examinations of
the small intestine (barium meal), descending urography (IVP) and the
stomach and oesophagus (barium swallow) which all give values in the
order of 18-20 mSv (1.8-2 rem).

DIAGNOSTIC USE OF RADIOPHARMACEUTICALS

The absorbed dose to various organs and tissues can be derived
from the well known MIRD formalism but this must be extended to in-
volve also the target dose resulting from the radioactive material
distributed within the remaining parts of the body. Generally, the
absorbed dose D(i) in any target organ (i) is composed of three part:

D(1) = D(i+i)+Z D(i<h)+D(i<RB)
h

where D(i+i) is the absorbed dose due to self-irradiation from the
target organ (i), I D{i<h) is the absorbed dose due to irradiation
from specified source organs {h), D(i«RB) is the absorbed dose due to
irradiation from radioactivity in the rest of the body (RB).

In medical applications a unit bolus injection of activity A is
often used which means that the cumulated activity in an organ call be
written as

Alo,=)= Tk'Ao
where 1, is the mean residence time of the radioactivity in region k.

The somatically effective dose equivalent may thus be given as

HS,E = Ay ? ws(i) {t(i)-S(i<i)+ ﬁ T(h)+S(i<h)+ TRB-S(i«RB) }

where the mean absorbed dose per unit cumulated activity S for the
remainder of the body (i.e. total body excluding the source volumes)
may be represented by the following expression(11).
m m
S(i4RB) = S(i<hB) 0 - 1 S(ich) -
RB h RB

where S(i<RB), S(i<WB) and S(i<h) are the mean absorbed dose per unit
cumulated activity for the target region, considering the remainder
of the body, the total body and the h:th source volume respectively.
Taking into account the relationship between the residence time
for the rest of the body, total body and the target organs
(TRB =T - L Th) the somatic effective dose equivalent may be give
h
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TABLE 3. Somatic effective dose equivalent (uSv/MBq) and absorbed dose to 'critical' organs per unit of
administered activity for some radiopharmaceuticals (1 uSv/MBg =3.7 mrem/mCi ;1 mrem/mCi = 0.27 uSv/MBq)

Compound

Function or organ

Absorbed dose uGy/MBq

‘Critical’ organs

Average

H

: S,E
examined whole body >
(Average administered usv/MBq
activity MBq)
(1 mCi = 37 MBq)
Cr-51 EDTA GFR (3.2) kidney:80-120 - 3 9-16
Tc-99m colloids Tiver (300) Tiver: 92, spleen:57 5.1 12
Tc-99m DTPA kidney (150) kidney:24 1.7 3.5
Tc-99m MAA, HAM lung (70) lung:57, liver:10 3.7 15
Tc-99m pertechnetate brain; thyroid
(400, 60) thyroid: 35 38 8
Tc-99m-phosphates skeleton (350) skeleton: 15 4,7 5
[-123 iodine hypothyroid (20) thyroid:2 400 1" 100
euthyroid " thyroid:5 400 9 220
hyperthyroid " thyroid: 13 000 8 520
[-125-7odide hypothyroid (1.4) thyroid:250 000 140 10 000
euthyroid " thyroid:470 000 260 19 000
hyperthyroid " thyroid:800 000 320 32 000
I-131-iodide hypothyroid (0.4) thyroid:230 000 80 18 000
euthyroid " thyroid:570 000 110 41 000
hyperthyroid " thyroid:1 000 000 180 80 000
Au-198 colloid liver (40) Tiver:11 000 380 1 230



by the following expression

HS,E = AO ? w(i) {I(i)-S(i+i)+§ T(h)~S(i+h)+(TWB—E t(h) )-
. M8 oy M
S(i<WB) X2 - 1 S(i«h) =)}
( "B h MrB

The somatically effective dose equivalent per unit of administered
activities for somec of the most frequent examinations are given in
table 3 together with the absorbed dose to some critical organs.

The calculation of these values are mainly based on the data
summarized by Kaul and Roedler (7,10,9)

RADIATION THERAPY

There are surprisingly enough no complete information on various
organ doses available in the Titerature for an estimation of somati-
cally effective dose equivalent in radiation therapy procedures. The
high absorbed dose used in radiation therapy makes it further diffi-
cult to estimate which weighting factors should be used in the calcu-
lations. Therefore it seems not at the present time to be meaningful
to make any estimation of somatically effective dose equivalent in ra-
diation therapy.

Attempts have, however, been made to calculate leukemia signifi-
cant dose equivalent based on absorbed dose to the marrow and a leu-
kemia significant factor (2).

In table 4 is given the leukemia significant dose equivalent LSD
for beam therapy (uSv per person and year) in Japan.(2,4).

SOMATICALLY SIGNIFICANT DOSE EQUIVALENT

By applying the relative frequency of various types of X-ray
examinations and examinations with radiopharmaceuticals to the somati-
cally effective dose equivalent one can easily arrive to an approxi-
mative value of the somatically significant dose equivalent.

TABLE 4. The leukemia significant dose equivalent LSD (uSv per person
and year) from beam radiation therapy in Japan 1971 and 1978 (2,4)

Irradiation Source LSD (uSv per person and year)
Male Female
1971 1978 1971 1978
X-ray: HVL 2 mm Al 5.9 - 18 1.5
X-ray: HVL 0.5-2 mm Cu 2.6 - 12 0.1
Co-60 gamma rays 39 K} 180 9.5
Accelerator: photons 4-30 MV 13.6 37 85 63
Accelerator: electrons 8-35 MeV 4.8 0.4 7.4 2
Total 66 68 302 230
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IS THE DOSE EQUIVALENT INDEX A QUANTITY TO BE MEASURED?
Siegfried R. Wagner

Physikalisch-Technische Bundesanstalt, Braunschweig,
Federal Republic of Germany

PRIMARY RADIATION PROTECTION QUANTITIES
EFFECTIVE DOSE EQUIVALENT

With its Publication 26 /1/, ICRP limited the risk of stochastic
radiation effects in man by setting a limit to the annual effective
dose equivalent

He z ijj 1)
which is a weighted (w;) sum of average dose equivalents Hj in partic-
ular tissues. Of course, Hg cannot be determined by routine radiation
protection measurements, the chief obstacle being the intricate geo-
metrical shape and the intrinsic structure of the human body as well
as the necessity to determine dose equivalent distributions in many
tissues. Yet it should be emphasized that Hg is unequivocally defined
by eq. (1) in any radiation environment irrespective of its variation
with time or of the movement of the exposed person.

SECONDARY QR OPERATIONAL RADIATION PROTECTION QUANTITIES
DOSE EQUIVALENT INDEX

Hence, for practical measurements operational quantities must be
introduced which approximate He. If such an operational quantity is
to be applicable to whole body irradiation by all kinds of ionizing
radiations it must be defined in an anthropomorphous phantom, simula-
ting the trunk of the human body, as e.g. in a neutron field seconda-
ry radiations originating in the irradiated person contribute sub-
stantially to H,. A simple phantom sufficiently anthropomorphous for
radiation protection in many situations of external irradiation is
the 30 cm diameter sphere composed of soft tissue as introduced by
ICRU_/Z/. The definition of the maximum dose equivalent in this sphere
as a possibly operational quantity, which is termed dose equivalent
index Hp, was then obvious.

Eventually, ICRP /1/ took up this idea and stated that with
external exposure to penetrating radiation the limitation of the deep
dose equivalent index HI d i.e. the maximum dose equivalent in the
inner 28 cm diameter core of the sphere /3/, would afford at least as
good a level of protection as the limitation of Hg. For simplicity's
sake, only the unrestricted dose equivalent index Hy as introduced
above will be considered in the following.

EFFECT OF IRRADIATION HISTORY

Whereas the introduction of the dose equivalent index certainly
simplifies calculations in a given stationary radiation field, ambi-
guity arises when the dose equivalent to a moving person is to be
estimated, as the 30 cm sphere has no inherent coordinate system and
hence cannot be oriented in space. Likewise, when the radiation field
varies with time with the spere remaining fixed, the dose equivalent
index Hy is generally not the time integral of the dose equivalent



index rate H_,
I T,
< t 2
Hy < f B (0)dr (2)
as the location of the dose equivalent rate maximum in the sphere may
vary with time:
~ Hy is non-additive with respect to its components in time.

EFFECT OF IRRADIATION GEOMETRY

This peculiavity of the dose equivalent index alsg shows up in
the superposition of various angular components. Let dB(de/dQ) be the
differential fluence of incident particles with directions whithin
the solid angle element d{. Then the corresponding differential maxi-
mum dose equivalent will be dH = dﬁ(dﬁ/d@)/(d@/dﬂ). As the maxima
produced by various angular components may occur at different loca-
tions within the sphere, the relation

dfi 4o =

H < [ dQ (3)

1~ 4ndd dq
is valid for the resulting maximum Hy:
~ Hy is non-additive with respect to its components in solid angle.
Relation (3) allows the maximum uncertainty in Hy coming from this
kind on "non-additivity" to be estimated. For radiation of fluence @
incident unidirectionally to the sphere, this is also the maximum
fluence at the surface of the sphere, and numerically equal to dN/dF,
the number of particles per surface element passing the surface of
the sphere at that point where the particles hit this surface element
dF perpendicularly. For radiation of the same fluence & incident iso-
tropically to the sphere, the maximum fluence at the surface is only
®/4 at any point of the surface of the sphere, if the sphere fully
shields the incident radiation!). This means that also the number of
particles passing the surface per surface element dF is (1/4)dN/dF.
In those cases where the sphere only partly shields the incident ra-
diation, the anisotropy factor
dH d9
ko = B/ fog 3= & (%)

is between 1/4 and 1 (cf. /4/).
EFFECT OF RADIATION ENERGY

Similarly, the location of the dose equivalent maximum in the
sphere depends on the energy or energy distribution in the incident
radiation. Again, the dose equivalent index resulting from various
energy components in the incident radiation will generally not be the
sum of the dose equivalent maxima corresponding to these components:

dH d¢

Hp < fa@ 5 dE (5)

D)

This is illustrated by recalling that in the unidirectional case,
the total number of particles incident to the sphere of radius r

is N = dmr?2. In the isotropic case this number N is to be distrib-
uted equally over the whole surface 4nr? which leads to a ''shielded"
incident particle fluence ®mr2/(4mr?) = &/4.
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- Hy is non-additive with respect to its components in energy.
According to Harvey /4/, the factor

dH dd

kE=HI/fEa—E—dE (6)

ranges between 0.7 and 1.

The maximum uncertainty in Hy coming from the non-additivity of
angular and energy components is then characterized by the extreme
values

= EQ.EE = 0.175 and k = 1, the ratio of which is

k/k = 5.7 (7)
INSTRUMENT PERFORMANCE AND CALIBRATION

y =t

These considerations lead to two essential requirements for an
instrument intended to measure Hy:
~- The instrument must exhibit the full scattering and absorption
properties of the 30 cm dia. sphere;
- The dose equivalent distribution must be explored throughout the
entire sphere in order to locate the resulting maximum.

Notwithstanding the fulfilment of these requirements there is no
simple and unique way to derive Hy from dose equivalent index rate
measurements. The uncertainty mentioned above will subsist. In prac-
tice, however simple instruments with a single fixed detector will be
used. Whereas it should be possible in principle to construct an
instrument to indicate Hy for a range of incident radiation energies
in a fixed irradiation geometry, e.g. unidirectional incidence, the
calibration performed under these conditions is not transferable to
other irradiation geometries. The maximum deviation is given by ex-
pression (7). Yet, a measurement which may be uncertain to a factor
of 5, loses its sense.

OTHER OPERATIONAL QUANTITIES

Among possible candidates for operational quantities, which do not
show.the shortcomings of Hy are, _
~ Dose equivalent ceiling H. = fdH (cf. /4/) which is the sum of dose
equivalent maxima in the sphere for all radiation components;
- Average dose equivalent H in the sphere;
- The dose equivalent Hyq in a specified depth at a particular location
in the sphere.
That operational quantity H, for which the ratio Hg/H, is least energy
dependent should be most suitable. As H, is additive with respect to
all its components, the same should apply to any quantity H,. The
three mentioned above fulfil this condition. As results of calcula-
tions and experiments to answer these problems are still scarce,
fig. 1 can give only a few examples for photon radiation based on
ref. /5/. It is to be noted that none of the scalar quantities men—
tioned above can give full information on Hg, since Hg depends among
other things on the orientation of the exposed person in the radia-
tion field and on its variation over the occupied space.

165



T T r—T— v -
002 00400601 02 0406 10 20Mev4l 60 1§

£ ——

Figure 1. Ratios H,/H, of effective dose equivalent He to various

operational quantities Hg (cf. /5/).

Curve a: Hy = Hy g deep dose equivalent index, irradiation geometry
(1G): parallel beam (PAR) rotatimg perpendicularly
to vertical axis of the human body (ROT)

Curve &: " minimum value of He/HI d IG: from PAR
Curve &: " PAR maximum value of He/HI ,d to ROT
Curve b: Hy = HI d Reading of an isotropié detector calibrated by

means of a parallel beam to indicate Hy 43 IG: ROT
HI—- (unrestricted) dose equivalent index; 1&: ROT
2"H Average dose equivalent in the 30 dia.sphere;IG:ROT

Curve c¢: Hy
Curve d: H,

[NIANTT]

The curves for the minimum (3) and maximum (&) values of the ratio
H /HI q indicate its range for various exposure conditions from paral-
lel beam incidence perpendicular to the vertical axis of the body to
a parallel beam rotating around this axis. The solid curves give va-
rious ratios for the rotational beam. Obviously, the ratio (Hg/H)/2
(curve d) shows the least variation with incident radiation energy. It
should be pointed out that the absolute value of the ratios is not of
great consequence, as a conservative estimate of H, can always be
achieved by applying an appropriate scale factor or by introducing
secondary limits to the respective operational quantity.

Future investigations should include the fully isotropic case, ex~
tend the range of incident energies and in particular consider kinds
of radiations other than photons. Quantities of vector or matrix char-
acter should be explored in order to estimate H, to a closer approxi-
mation.
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A THEORETICAL APPROACH FOR THE MEASUREMENT OF THE
EFFECTIVE DOSE EQUIVALENT FOR EXTERNAL RADIATIONS

Rlidiger Jahr, Rudolf Hollnagel and Bernd Siebert

Physikalisch-Technische Bundesanstalt, Bundesallee 100,
D 3300 Braunschweig

The quantity 'effective dose equivalent', H, was
introduced by the ICRP /1/ to express the maximum
admissible dose limits for radiation induced stochastic
effects. In this paper, the relation between the response
of different types of detectors and H is given explicitly,
and construction requirements are deduced. Criteria for
'operational quantities' facilitating the measurements
are given. It is found that the 'dose equivalent index'
/1,2/ is not consistent with these criteria.

THE THEORETICAL APPROACH

An irradiation situation is considered in which an
upright standing antropomorphous phantom is irradiated
from a spacial distribution of radiation sources located
in the horizontal plane, far away from the position of
the phantom. The radiation fluence ¢ at the position of
the phantom in receptor-free condition /27 can then be
expressed in terms of the spectral angular fluence by

4> :OTJEZJJM : C#EI“(«,E) (1)

where the angle o indicates the direction and E the
energy of the radiation. The spacial orientation_of the
phantom (its 'nose') is indicated by the angle o™. Then
the effective dose equivalent can be written.

H(w) = JUE fdoo M (w-,€) -, (x8) .

where the function Me can in principle be calculated
by Monte Carlo calculations and may therefore be con-
sidered as a known quantity.

For practical measurements, the angular and the
energy range are decomposed in intervals [aj,aj+Aaj] and
[Ex ,Ex+AEK]- With the definition

M &) = Mo - oM, B ) (3)

one can write approximatély

Tm  Em H o, o
HiaH) = 2 2 §dE [du - M}.’k(o( ). ?}k(%E)‘CE(“,E)M)

§=1 k=1 0B, A, o
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where the functions g are derived by interpolating
MH (a- uH,F)/MH K within the given interval. Defining the

guantity
q> = [dE J’A« 3 e E)- ¢, (%,E) (5)

one can erte

H()ZZM()#)H (6)
3=1 k=1 R
where the matrix MH is called 'phantom response matrix'.

Now the phantom be replaced by a 'directionally
dependent spectrometer', the most general type of
detector considered in this paper. Its response RJ,K is
assumed to be distributed in two sets of discrete
variables J = 1,2..., Jgq and K = 1,2,..., Ky. The
variable J is related to the measurement of the radiation
direction j, and may, for instance, be substantiated by
turning the instrument to J, different directions. The
variable K is related to the measurement of the energy k
of the radiation, and may, for instance, be substantiated
by a pulse height spectrum. Even for fixed values of j
and k, the measured values Ry, x are allowed to be
distributed. Simplifications introduced below will allow
to consider less complicated detectors.

Defining corresponding quantities as in egs. (3)
and (5), the resgpnse of the detector can be written

R =}ZZ MR . R (7)
J,K #=1 R=1 J}K‘Q #,R

The detector response matrix MRJ ,k can be measured
using monoenergetlc' radiation w1£h energy k and
incident direction j. Inherent symmetries of usually
employed detectors will in practice reduce the number
of different matrix elements.

The inversion of eq. (7) is given by

T K,
R m m R
..o=2 X E ' R
¢},k U'=1 k’=l },jl,k,Kl JIIK: (8)

Insertion of eqg. (8) in eg. (7) gives

R
Z Z M,;Kh' Foe = &5 8 e

j=1 k=1 33 kK

It is assumed that this system of linear equations can
be used to express the pro&ection matrix P by the
measured response matrix M A necessary condition is
Im * Km 2 Jp * kg with Iy = Jp' and Ky = Ky'.
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It is further assumed that MH(a-of,E) and MR(a-aR,E) have
similar interpolation properties within the intervals.

Then
H R
CP = C#) = CF (10)
3R b P
The effective dose equivalent can be expressed by
egs. (6), (8) and (10):
J

Hia®) =2 2 My (o) - Ry (1)

where J=1 K=t '

M. T Bm M () P
<H) = . xH) . | (11b)
I K >£, ,%1 },k( EJ.k,K
As mentioned above, both matrices, MH and P, can be
considered to be known.

From eqgs. (11a), (11b) the construction requirements
can be deduced for four different types of detectors:
1. Requirement for the directionally independent

dosimeter: M is independent of J and K, i.e.

In Km
Ha) = M) -2 & Ry = M7 - R (12)

The dosimeter only needs to indicate one single value R

which is linearly proportional to H.

2. Requirement for the directionally dependent dosimeter:
M is independent of K, i.e.

T Kom Tom
HI) =2 M6 2 Ry = LMy () Ry )

This dosimeter only needs to indicate the values Ry.
3. . Requirement for the directionally independent spectro-
meter: M is independent of J, i.e.

K, I K
Hx") = L M(«)-) R, =2 M ()R~ Y
k=1 J=1 k=1

This spectrometer only needs to indicate the values Rg.
4. The directional spectrometer, the most general case,
has been discussed above. This instrument needs to
indicate the complete information Ry g (see

eq. (11a)).

OPERATIONAL QUANTITIES

In practice it may be advisable to simplify the con-
struction requirements based on egs. (11a), (11b).



In such cases a simplified phantom response matrix mH
can be determined such that

H(«") = TJE fo(ok - M- E) CPED((‘*,E) (15)
o 2w !

is an approximation to H(oH). The guantity H with the
corresponding response matrix MH may facilitate the pro-
blem of measuring H, and it is defined as 'operational
quantity'. Either one or both of the following
simplifications can be introduced in order to construct
an operational guantity:

(i) purely mathematical simplifications, for instance
fitting the phantom response matrix to a simplifying
analytical expression.

(ii) the phantom itself can be simplified and the
corresponding response matrix be used.

DISCUSSION

It is concluded that Monte Carlo calculations for
anthropomorphous phantoms are required as a pre-
requisite to construct the response matrix of the
phantom. If, in addition, the response matrix of the
detector is measured, then the effective dose equivalent
can explicitly be expressed by the measured detector
response. The extension of this concept to a three-
dimensional distribution of distant sources does not
pose any basic problems.

Regarding operational quantities, in the past, these
often have been defined as the maximum of the spacial
distribution of the 'dose equivaleni index' [1.,27, for
which, however, a response matrix M" (see eq. (15))
cannot be constructed because the corresponding
superposition properties are lacking. Within the frame-
work of the approach given here, such a quantity appears
to be unsuitable.
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BIOLOGICAL EFFECTIVENESS OF FAST NEUTRONS
Mario Coppola and Giovanni Silini
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Casaccia, Roma, Italy

The main difficulty in deriving human risk estimates for the purpose of
radiation protection lies in the lack of information on the radiation action at the
extremely low doses and dose-rates. In practice, this difficulty is overcome by
extrapolating estimates of risk obtained at whatever dose is available down to
the smallest dose levels, by making use of the hypothesis of non-threshold
linearity between dose and effect. In the absence of direct data, risk estimates
for high-LET radiations are usually derived from low-LET data through
conversion factors, such as the Quality Factor, Q. Quality factors are extremely
important in these procedures because they allow scaling of information relating
to different radiation qualities according to one family of variables, that of dose-
equivalent.

The above general procedure entails two main assumptions. Firstly, the
assumption of linearity, to which a great deal of theoretical and experimental
radiobiological work is and has been devoted in an effort to obtain supportive
evidence. Secondly, the assumption of a quality factor independent of dose and
dose-rate or, alternatively, the choice of quality factors applicable at the dose
levels and for the effects of interest, which remains a controversial matter.

The present paper is concerned with the influence that different shapes of
dose-effect relationships might have on the assessment of risk estimates and the
adoption of quality factors.

GENERALITIES

Before doing so, it is essential to recall notions that are quite clear in
principle, but often confuse such discussions. Firstly, the levels of dose and dose-
rates at which the following considerations apply are orders of magnitude below
the range where radiobiological effects are detectable. At these very low levels
of dose and effect the actual shape of the function linking the two variables may
bear little relationship to the experimental data observed at higher doses and,
therefore, the analysis must of necessity be speculative and inferential.
Secondly, there is a difference between the concepts of Relative Biological
Efficiency (RBE) and Quality Factor, Q, the first being an experimentally
determined relative quantity, applying to a given effect and exposure condition,
the latter a conventionally defined factor, which is intended to allow for the
influence of any given radiation quality on biological effect /5/, simply for the
requirements of radiation protection. The factor Q is formulated as a continuous
function of the collision stopping power, L _, alone /6/, an approximation which
is considered to be acceptable at the lev&P of accuracy required for radiation
protection /4/.

DOSE-EFFECT CURVES

Among all possible forms of dose-effect relationships for high-LET and
low-LET radiations compared for determining values of RBE, three examples will
be discussed hereafter. The first is that of two curves having the same form and

Publication n° 1644 of the Radiation Protection Programme of the Commission
of the European Communities. Contract n® 175-76-Bio |
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differing only for a dose-modifying factor. In this case the RBE would be
independent of the level of effect and risk estimates derived at high levels of
dose would be applicable down to the lowest exposures. This situation, which
includes the case of linearity generally used in radiation protection, is however
difficult to be verified experimentally.

Radiobiological experience shows, on the contrary, that for many
biological end-points the reference low-LET ra.giation has a more than linear
dose-effect dependence of the form I(D)=aD+bD“, while for the same end-point
the dose-effect relationship is more nearly linear in the same range of effect for
high-LET radiation, such as neutrons. The linear + quadratic relationships for
low-LET radiation has been examined by several authors for many radiation
induced carcinogenic, mutational and cytogenetic end-points /1, 11/. For many of
the end-points considered the linear term dominates the response up to a dose of
approximately 100 rad. Consequently, assuming a linear non-threshold
relationship could overestimate the risk at low doses and dose-rates of low-LET
radiation by about a factor of two. At the same time the value of RBE
corresponding to a given level of dose could still be used as an estimate of the
effectiveness of the high-LET radiation at lower doses, although the RBE would
become larger for low dose exposures. In fact, the RBE of the high-LET
radiation, would be given by the expression
ZaH
RBE =

2 0.5
ap + (aL + l}aHbLDH)

where the indices H and L refer to high- and low-LET radiation, respectively.
Thus, RBE would increase with decreasing dose up to a maximum equal to aH/aL,
which is reached when D aH/a & a /ubL, that is D RBF_max« aL/QbL. For
aL/b =100 rad and for RBE X:I[O (wkich Is very probably an Underestimate) the
cons%’ant RBE would be readhed for D,,<< 2.5 rad and, therefore, RBE would in
practice be increasing for absorbed J(l)ses down to very low levels. Actually,
neutron RBE values relative to X- or gamma-rays exceeding 100 have been
measured /9/. It should be pointed out that, under the present assumptions, the
increase of RBE at very low doses would not be caused by an increased
effectiveness of neutrons, but by a decreased effectiveness of the low-LET
radiation. Problems may arise when quality factors are based on RBE's which are
measured at much higher doses than required for human risk estimates, as it is
usually the case, and Q might thus be taken to be lower than it should.

A third ideal case would be one where the dose-effect relationship for the
low-LET radiation is linear through the origin, and that for the high-LET
radiationolgss than linear. Assuming, for instance, relationships of the type
I(D)=a;;D™*~ for the high-LET radiation and I(D)=a; D for the low-LET radiation,
the RBE would be of the form

a
RBE = e m—— ?3"
a; D’
L H
Essentially, the dependence of RBE on high-LET radiation dose would still apply,
as in the previous example, although no constant value would be reached at very
low doses. Under these conditions risk estimates made at any dose level would
apply to any low dose of the low-LET radiation, but using a constant Q would
underestimate the risk of very low doses of the high-LET radiation.

EXPERIMENTAL EVIDENCE

Here follow a few examples of biological effects where, irrespective of
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the level at which the effect is expressed (cellular, tissue, whole body), there is a
suggestion of an increasing RBE with decreasing dose. The first example is on
protoplasts of Nycotiana plumbaginifolia /8/, a biological system suitable for
studies at low doses for its high radiosensitivity and plating efficiency and for
the possibility of obtaining large amounts of synchronized cells. As shown in Fig.
1 the surviving fraction of cells decreases bi-phasically with increasing absorbed
dose of 16 MeV neutrons, which could be described by the superimposition of two
exponentials. At corresponding levels of effect the curve for the low-LET
radiation may be taken as a simple exponential within the experimental errors of
the data points. As a result, values of RBE increasing with decreasing neutron
dose are found in the low-dose region and a value of RBE larger than 70 would
apply to a neutron dose of about 1 rad. The shapes of the response curves suggest
that the increasing RBE is due to increased neutron effectiveness at low doses.

The case of mouse testis weight loss at 28 days postirradiation (see Fig.
2) /2/ is similar in that at low doses the curves would be interpreted as if a
consistent fraction of cells would show an enhanced response to high-LET
radiation giving rise to high values of RBE below about 5 rad.

Another example is provided by cataractogenesis in the mouse (Fig. 3).
Recent experiments /3/ have shown that in the dose region of up to few Gy the
dose-effect curve for 250 kVp X-rays is well described by a straight line through
the origin. Values of RBE increasing with decreasing neutron dose are found,
approaching 50 for about 1 rad of I MeV neutrons. Here again, the data suggest
that the increase of RBE results from an increased neutron effectiveness at the
low doses.

Neutron RBE values exceeding 100 have been derived at low doses for the
induction of mammary tumors in Sprague-Dawley rats /10, 7/. The very
important feature of these results for radiation protection is the sublinear dose
dependence at low neutron doses, with a dose exponent of about 0.5.

Similar results have been found from a comprehensive analysis of data on
life shortening in the mouse following acute irradiations. In the dose region up to
few Gy a linear non-threshold dose dependence is suggested by the data for X-
and gamma-ray exposures. For neutrons a sublinear dose dependence describes
the available results, with an optimum value of 0.5 for the dose exponent.

12| L m,1
2 82 e e
2 e y 5e
r\: MDUSE TESTIS
3 + a |-MEV NEUTRONS w
ke u e Z 25@-KVP X~RAYS o
w 2 -
q |z .

u 1) aa
z 1L 14
z 3
2% wanea e z®
£ RONS o LENS DPACIFICATION
g e & TS-MEV NEUTRONS
i - W

0.

L2 12 d
12 Er] ) 2 Er 2 2 128
FIG.1  DOSE (RAD) F16.2  DOSE (RADY FIE.3 DDSE (RADY
CONCLUSIONS

Although more-than-linear dose dependences generally apply to the
induction of biological effects by X- or gamma-rays, in several cases terms
higher than first order seem to play a negligible role in the region of importance

173



for radiation protection. However, in the same cases neutron RBE values show a
definite tendency to increase with decreasing neutron doses, which is compatible
with the assumption of an increased neutron effectiveness at low doses.

The above considerations are purely empirical and apply to effects
observed mostly on highly radiosensitive biological systems. They are by no
means to be generalized until sufficiently convincing explanations might be
provided to account for the increased neutron effectiveness at low doses or dose-
rates. Neverteless, these observations applying to a wide range of biological
effects make the matter sufficiently interesting for further investigation on
suitable materials and meaningful end-points. It is possible that following the
above and further evidence the values of the Quality Factor, Q, would have to be
reconsidered.

Finally, microdosimetric results suggest that quantities with a direct
influence on radiation effectiveness, such as y , have a large dependence on
radiation quality, ranging up to a factor of twd for neutrons between | and 15
MeV. Therefore, adoption of a unique value of Q for all fast neutrons might not
be the best choice for radiation protection, unless it were proven that in the very
low dose region the neutron effectiveness becomes sufficiently independent of
neutron energy /2/.
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HEALTH PHYSICS EVALUATION OF AN ACUTE OVEREXPOSURE
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Industrial radiography in South Africa has grown since 1948 to
the present use of, inter alia, 130 iridium-192 sources (up to 200 Ci)
by 29 firms. Although it remains the main cause of overexposure (1)
in the use of radioisotopes, only two persons have suffered clinical-
ly observable injury before this incident in 1977. The one person
who was here acutely overexposed, was followed-up by physical dosime-
try, chromosome studies and medical surveillance.

1. THE INCIDENT

During radiography at a construction site a 6,7 Ci 1921¢-source
fell out of its container on Saturday morning, 8 January 1977. This
was not noticed by the radiographer because of a faulty monitor, and
he subsequently left the construction site. About 3 h later a con-
struction supervisor, A, picked up the bright metallic object which
he assumed to be a component of a mobile crane, and placed it in the
left breast pocket of his shirt. Subsequently, he travelled home in
a small bus with 6 other occupants who alighted at various points
along the route, with A reaching his home after 40 min when he sat
down to watch a television program. About 40 min later he became
nauseous and vomited, and removed his shirt which was placed in a cup-
board, and went to bed. The next morning he removed some money and
the source from the shirt and placed it in the drawer of his bedside
table. The family spent the rest of the day away from their house,
retiring to bed at 20h00 with A immediately next to the bedside table
and his 6-year old son sleeping between him and his wife. O0On Monday
he left for work at 06h00 while his wife and son remained at home.

The loss of the source was discovered at 11h30 on the Monday
when a search was instituted by the firm with the aid of radiation
monitors. As the search proved fruitless, a replica of the source
capsule was shown to the workers on site with subsequent identifica-
tion and recovery of the source from A's bedside table at 15h45. 1In
the meantime, the loss of the source was reported to the Atomic
Energy Board, the South African regulatory body, at 13h45.

2.  HEALTH PHYSICS

Due to the magnitude of the accident, A was admitted to hospital
for observation and his family as well as his colleagues were imme-
diately placed under medical supervision. Subsequent dosimetric cal-
culations indicated that in addition to his family, only three col-
leagues (X, Y and Z) were to remain under medical observation, but
that at no stage was any member of the public exposed to a level
which warranted surveillance.
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Although statements were obtained from A, his superiors, col-
leagues and the industrial radiographer, it was extremely difficult to
reconstruct the accident in detail. It could, however, be derived
with a fair amount of accuracy that the source remained in his pocket
for 2 h 40 min, although its position in relation to his body (it was
a loose-hanging shirt) could not be determined accurately. For dosi-
metric purposes it was considered that 33 % of the time was spent in
the sitting position with the source approx. 60 mm from his body,
whereas the source capsule was considered to be in contact with his
skin in the standing and prone positions. Isodose curves were calcu-
lated using the shielding program PELSHIE (2), assuming a point source
irradiating the body, considered as a slab of water - as presented in
the following figure.
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Drastic assumptions had to be made for the calculation of the whole-
body dose, estimated as 133 rad.

Although the eventual biological effects were underestimated
during the initial clinical examinations, the physical dosimetry led
to A being kept under close medical observation as weil as the deci-
sion to request chromosome dosimetry.

3. CHROMOSOME DOSIMETRY

On 31 January 10 ml blood samples from 6 people were placed in
sterile heparinised specimen tubes and despatched by air to the Na-
tional Radiological Protection Board in England. Here lymphocyte
cultures were set up following a routine technique, incubated for
48 h and metaphase preparations examined for the presence of unstable
chromosome aberrations (3).

The aberrations found and the resulting dose estimated together
with their 95 % confidence 1imits based on scoring statistics, are
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presented in the following table.

No. Dicen- Centric Acen- Dose 95 % Confidence 1limits

cells trics  rings trics (rads) Lower Upper
A 1000 86 2 60 116 98 133
Wife 500 2 - 10 17 2 40
Child 500 1 - 3 10 2 34
X 500 - - 1 - - 26
Y 500 - - 3 - - 26
z 500 - - 5 - - 26

The estimates of dose were available on 4 February, 5 days after
the blood samples were taken, and were made by reference to an in
vitro calibration curve produced with cobalt-60 gamme rays (4).

The cytogenetic method provided estimates of whole-body dose in
agreement with the uncertain calculations, but did not permit quanti-
tative estimates to be made of the absorbed dose to specific parts of
the body. However, in the case of A, the distribution of the aberra-
tions was not Poisson, which provided a firm indication that his ex-
posure was not uniform.

4. MEDICAL OBSERVATIONS

The dosimetric evidence was confirmed by subsequent medical exa-
minations and only A showed any clinical evidence of radiation injury.

The patient developed a slight nausea and loss of appetite with-
in hours after exposure, that lasted only for about 24 h. ECG studies
done at 1 week, 6 weeks and 18 months after exposure did not reveal
any abnormalities. His blood pressure remained constant. Examina-
tions of his urine done at weekly intervals were normal. The pa-
tient's wife gave birth to a full-term normal baby about a year after
the incident. :

Mentally the patient became depressed, being unable to do his
normal work as a result of his injured left hand. No shortness of
breath or infection occurred during this follow-up period. Chest X-
rays done at monthly intervals, were within normal limits and no fi-
brotic changes were observed.

4.1 Laboratory Studies

Full blood counts as well as the sedimentation rate were deter-
mined, first at two-day intervals and then at weekly intervals. The
haemoglobin, white~cell count, as well as the differential white-cell
count remained within normal limits. The only abnormality was a
change in the sedimentation rate which was normal on day three and
rose to 50 (NV 0-9 Wintrobe) on day nine. Twenty-four days after ex-
posure it was back te normal.

Liver and kidney function remained within normal limits.

4.2 Llocal Reactions
The thumb and index finger of the right hand started with an
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erythema reaction on day 18, that developed into a wet dermatitis on
day 20, but eventually healed completely within the next 10 days.
Clinical estimation of the radiation dose was difficult but judging
by the reactions (5) about 1 000 rad was received.

The thumb and index finger as well as the middle finger of the
left hand started with an erythema on day four, which developed into
a wet dermatitis as well as blister formation after ten days. The
hand was very painful and on day 20 the full skin thickness was shed.
The healing of the fingers was very slow and incomplete and after
three months were covered with atrophic skin that tended to break down
repeatedly after minor trauma. This required amputation of the index
and middle finger after 24 months. The estimated dose equivalent is
over 5 000 rad.

Two days after exposure erythema developed over about 180 cm of
the anterior chest wall., This progressed to wet desquamation on day
six, followed by necrosis in the centre. Healing started from the pe-
riphery and two months after exposure there was a 60 cm? (8 cm x 15 cm
triangle) necrotic area surrounded by slightly atrophic depigmented
skin, which was very painful. The necrotic area remained unchanged
and excision and pedicle skin graft was required 18 months after the
incident. By means of the Strandqvist method (6) the central necrotic
part was estimated to have received between 5 000 and 10 000 rad.

The adjoining area received between 1 000 and 2 250 rad. This is in
remarkable agreement with the physical calculations, especially as
the source was not stationary.

5.  CONCLUSION

This accident has pointed out the inherent weakness of pneumatic
radiographic equipment and, consequently, the further use of such
equipment in South Africa has been prohibited. A system of log-
sheets has also been introduced whereby the compulsory monitoring of
a source inside its container must be recorded before storage.

The radiography firm as well as two of the employees have been
criminally prosecuted and convicted,

The direct physical evaluation of radiation exposure proved its
value in keeping the severely overexposed subject under medical sur-
veillance.
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CONTAMINATION OF PERSONS OCCUPATIONALLY EXPOSED TO NATURAL
RADTCACTIVITY IN A COAL FIRED POWER PLANT

Alica Bauman and Djurdja Horvat

Institute for Medical Research and Occupational Health,
P.0.B. 291. 41000 Zagreb, Yugoslavia

INTRODUCTION

On the premise that a study of a work population in a coal
fired power plant with a higher than average radioactivity and
sulphur content can be of value, this paper is presented to stimulate
investigations of practical means of assessing general exposure le-
vels of employees in basically nonradioactive industries.

Air samples were taken, surface contamination surveys of the
work areas were made, and urine specimens and blood specimens were
analyzed for radicactive contamination and mutagenic analysis.

METHODS AND EQUIPMENT

The personnel in the original study group were sixty employees
assigned to operations and maintenance activities in the coal fired
power plant. The operation was a continuous one employing three
shifts of operational personnel. During the study period the men
worked rotating eight-hour shifts, with a duty cycle of seven days
and a rest cycle from 24 to 48 hours. The environmental exposure
involved uranium, dust particles, 226Ra, 21Upb, 210po, mixed with fly
ash bottom ash and slag, with additional contamination from 222Rn in
ambient airJl;2) After coal combustion the concentration of these
radionuclides was increased tenfold(3.

The possibility of chemical synergims was not taken into
congideration. The major route into the body had to be by inhalation,
so 210pb in urine was expected to be present. 210p was sampled in
24 h urine. It was radiochemically separated (4). 219Pb concentration
in urine of a control group was taken as "blank level".

The chromosome analysis was performed in 48 lymphocytes
cultures. Two hundred cells were analyzed for each subject (5). A
control group was investigated at the same time with the test group.
The test group was chosen on the ground of good health and none
previous mining experience.

This paper is based on work performed under IAEA
contract No 2346/RB
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RESULTS
The results are presented in the following tables:

TABLE 1. CONTAMINATION OF WORKPLACES

WORKPLACE wg U/m?/24 h

Automatic control operator 360
. Conveyer belt operator 23
Steam turbine machinist 7.
Turbine operator 7
. Mechanical engineer 7
. Water controller 7

.

DU E W N

The ground 10 km2 distant from
the coal fired power plant 0.07

Around the place of the automatic control operator the
radiation at the time of sampling and measurement was 0.240
mR/h. The highest radicactivity ever registered at the ach hopper
was 0.5 mR/h. On the average the level of radiocactivity was lower
- 0.05 0.05 mR/h. The surveys have shown that the contamination
at the workplaces corresponded with the frequency of chromosome
aberrations in persons working in these same places as indicated
in tb 1. in numerical order. The same is valid for automatic
control operatorwith 230Pb in urine. 14,47 pCi 219pb/1 urine and
the turbine operator 7,15 pCi/l. All the workers had a higher
amount of 210pb in urine than the control group.

DISCUSSION

It is evident from the tables that the contamination with
low levels of radioactivity in the coal fired power plant can be
detected and that the the threshold is very low. This may be due
te synergism with chemical contaminants. The contamination of
workplaces correlates with urine and chromosome results.
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TABLE 2. FREQUENCY OF CHROMOSOME ABBERATIONS IN PERSONS OCCUPATIONALLY EXPOSED TO NATURAL
RADIOACTIVITY AND IN CONTROL SUBJECTS

oceup. exp. Age Yg;rs Structural aberrations Numerical aberrations Total

persons years exposure Dicentric Ring Invers. Break Gap Polyploid. Hypodiploid °

Automatic

control 39 3 3 1 1 7 3 - - 7.5

Conveyer

belt 35 7 0 0 1 6 5 - - 6

operator

Steam turb.

machinist 52 24 2 1 0 6 3 - - 6

Turbine

operator 39 20 3 0 1 8 6 2 - 10

Mechanical

engineer 26 3 1 0 0 5 5 1 2 7

Water

controller 33 2 2 1 0 8 Y 1 - 8

No Control
1. 48 - - - 2 1 - - 1.5
2. 35 - - - 3 4 - 1 4
3. 35 - - - 2 L - ~ 3
. 39 - - - T - 1 4.5
5. 24 - - - 2 5 - - 3.5
6. 28 - - - 3 2 - - 2.5




TABLE 3. FREQUENCY OF ELEVATED 2
PERSONS OCCUPATTONALLY EXPOSED TO NATURAL

10

Pb LEVELS IN THE URINE OF

RADIQACTIVITY
ccupationall Years of 210
xposed p y in CFP plant urine
Automatic control
operator 39 3 14,47
Conveyer belt
operator 35 3 1.89
Steam turbine
machinist 52 24 5.80
Turbine operator 39 20 7.15
Mechanical engineer
(shift supervisor) 26 4.31
water controller 33 2 2.29
No Control: 1. 48 - 1.06
2. 35 - 1.24
3. 35 - 1.10
4. 39 - 1.07
5 24 - 0.70
6 28 - 0.86

The mean concentration of all control samples was used as
blank level = 1.05 pCi 210Pb/24 h urine, and it was deducted

from all test samples.
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PERSONNEL DOSIMETRY SYSTEM BASED ON TLD AT PNC TOKAI VJORKS
Hideharu Ishiguro, Seiji Fukuda

Health and Safety Division, Tokai Works, Power Reactor and
Nuclear Fuel Development Corp, Tokai, Ibaraki-ken, Japan

INTRODUCTION

Power Reactor and Nuclear Fuel Development Corp. Tokai
Works develops thermoluminescent dosimetry and applies it
for routine personnel monitoring on a large scale in Japan.
More than 3000 personnels per 3 months who work at nuclear
fuel reprocessing plant, plutonium fuel fabrication plant
and uranium enrichment facilities have been monitored with
the PNC TLD badge and finger ring for past six years.

In order to measure the neutron dose which will be
recieved by the personnel handling the plutonium of the
order of kg at the plutonium facilities and also the B ab-
sorbed dose recieved by handling high radiocactive materi-
als at the reprocessing plant, we developed the PNC TLD
badge for whole body exposure and two types of finger ring
for partial exposure, which consists of some TL elements.
It is now possible to evaluate gamma, beta and neutron
doses on routine basis by using the
PNC TLD badge.

PNC TLD BADGE AND FINGER RING DOSI-
METER

The external view of the PNC TLD
badge and two types of finger ring is
shown in Fig. 1 and the composition
of badge in Fig. 2. The external
size 1is 46 x 76 x 11 mm and a materi-
al of the badge case is ABS plastic.

The TLD badge is composed of two
TL elements (CaSO4:Tm) for y-ray,; two
thermal neutron sensitive TL elements
(°LiF + CaS0,:Tm), one ther-
mal neutron insensitive TL

Fig.l PNC TLD badge
and finger rings

element ('LiF + CaSO4:Tm), {— _ )
six B-ray TL elements and (%f(i)(?
one In foil. N

-

products of Matsushita Elec-
tric Industrial Co. LTD.

METHOD OF DOSE EVALUATION
Y-ray dose T

N

@

]
All TL elements are | j
!
f

e

y-ray dosimeter (UD- roc it o
- Pt - in o
2008) with energy compensa= s22:|uo o ms s sosmers 25 R
tion shield around the TL o3 . P—10: Soae
~4 : TLD for the accidental dos:metry
element (CaS0,:Tm) COMPOSES P-5: 1LG for the reey dogmetry (UD 2605}
the PNC TLD badge. Though  pl5!}io er ve srey dosimery
the minimum detectable
Fig. 2 Composition of PNC TLD badge
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amount of this dosimeter is several mrem, 10 mrem per 3
months is employed as a recording level for the routine
individual monitoring.

When y dose 1s calculated, background dose of each
dosimeter is automatically substructed by computer system.

This dosimeter has the good energy characteristics,
the low fading effect, the high sensitivity and the ease
of handling for the routine individual monitoring.

B-ray dose

The TL elements (UD-100M8) consists of thin Al film
base of 30um and thermoluminescence material (CaSO,:Tm) in
thickness of 60um. Fig. 3 shows a composition of B-ray
dosimeter and two sets of this dosimeter composes the PNC
TLD badge.

The method of dose evaluation is the following.

Incident B and y-rays are absorbed by TLD-1 and TLD-2
and in the TLD-3, only y-ray is absorbed.

Consequently, the amount of thermoluminescence emit~
ted from each TL element can be given, in case of the
mixed B8 and y radiation field, by the following equations;

(1) = bl(E)DB+ g1(E)Dg + C o (D

L(2) = ba(E)Dg+ go(E)Dg + C v (D)

L(3) = g3(E)Dg+ C e (3D
where

L{i) amount -of luminescence emitted from TLD(i)

bi(E)= sensitivity of TLD(i) for R-~ray with Emax(MeV)
gi(E)= sensitivity of TLD(i) for y-ray with E(MeV)

DB = B-~ray dose
DY = y~ray dose
C = amount of noise luminescence
Accordingly, obtaining bi(E) and 1D hage
gi(E) previously, the y and § ray r .
doses can be calculated by the P
following equations A}vw'ﬂ“ ﬂ Ew >
in hkd
—— 2] so )|
?::ag»{gvxzr; T a "”D D ‘/
wytar shae TLO1 TLOZ Tr-ner /77 AL, ﬂ<n g US,, \
7 |
~n 1Y ‘ { CL
‘ L
s yra a. ELIF+00S0, (Tr 1363
" “J \J AX Film Base h ! e S0 famh (U136

No. 2 SLIFKRR0, () (UD~136X)

S ———— “_ element No. 3 TL{FsCAS0,(Tm)  (UD-137N)

Fig.3 Composition of B-ray Fig.4 Composition of
dosimeter neutron dosimeter
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D

¥ (L(3) - C)/gs(E) (mrem)... (&)

_ (L) -C)-[g i (E) /g5 (E) J(L(3)~-C)
B b (E)

Neutron dose

H

D (mrad)... (5)

Neutron dosimeter incorporated in the PNC TLD badge con-
sists of three TL elements and Cd Sn filters. Fig. 4
shows a compesition of this dosimeter.

In the mixed radiation field of fast neutron, thermal
neutron and y-ray, the amount of thermoluminescent re-
sponse of TL elements is interpreted by the following
equations;

L(1) = nO(E)¢th + G, ... (8D

L(2) = no(E)(¢‘th + ¢'f) + G2 e (7D

L(3) = G; .. (8)
where

L(i) = amount of luminescence emitted from TLD(i)

n = proportlonallty constant

o(E) = the ®Li(n,n)’H cross section

¢th = the 1nc1dent thermal neutron flux

¢'th = the backscattered thermal neutron flux

¢'f = the tissue moderated fast neutron flux, that

is albedo-neutron flux
G(i) = the luminescence caused by y-ray to TLD(1)

If the effect of Cd and Sn filter to y-ray 1s equal,
01, G2 and Gz are equal, and so the thermal neutron dose

) and the fast neutron dose(D ) are calcurated by the
fOETOWlng equations;

Table 1. The example of dose evaluation in
the mixed exposure of B & y rays

| dese ! daximom |
Source ! Calcuz.:t:zu‘————_.‘!ezs\;':_? Enjl;gy Zever ™
g-ray { Y-cay j(mrad)‘ vimem! 3y 3(arsd) «<mré;; ;;::7 ! j;:
905, ¥y | 2255, 163 37 1.9 206 100 t.a 6
Mgy ‘fggg et 344 2 10 wse 0 oz m
20upg  llSg, 46 97 sl aie 0 ! .2 3
M50y o w3 - 1m0 R B
I ‘ 61 °o ! - o0 i ta .
Wpm | - T £ o - | 1930 . 9 1 0.2 P
-] st o 10| - o} 10 1 - -
995c-20y | 80, | 322 ] 310 | 1.0 1 80 %o 1 1.1 | 48
Wi | 3o U 1000 | 0 ; 32l o | e g1 14
05r907 | 800 st ! 62 o | 80 | 60 La | 18
05c.30y | 60 | 165 | 62 |2 Lo R 25 | 2
204y 00 | 122 | 2 20 ' 60| 80 2.1 } 51
+ Error= (Colculated-Measured) oo

Caleulated
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_ L) - L(3) _ no(E)¢th
Diy = o = . (rem) ... (9
b, - [LILDIFILQLE] | 0@ (e
2 2 N GiD)
_ 9'th _ L(2) - L(3)
£ %m T oL S (1)

Where, ki1 and k2 are calibration constants to convert the
luminescence into the dose equivalent, and f is the frac-
tion effected by incident thermal neutron backscattered
to the TLD(2), that is albedo-rate of thermal neutron.

Thus, it became possibleto evaluate separately fast
neutron, thermal neutron and y-ray doses in the mixed
radiation field.

This neutron dosimeter was calibrated by PuO:, Cf
and AmBe neutron sources and paraffin phantom.

RESULTS

Exposing the B-ray dosimeter to the mixed field where
B-ray and y-ray doses are known by calculation, the dose
evaluation was practically done with the method described
above. The results are given in Table 1.

As seen from Table 1, the larger the A/Y ratio, the
evaluation precision for B-ray dose improve more. In the
routin monitoring, we think that minimum detectable amount
of f-ray dose is about 100 mrad.

The sensitivity ratio (b,/b,) to B~ray between TLD-1
and TLD-2 in R-ray dosimeter is shown in Fig. 5, using the
various f-ray sources. By this figure, we are able to
obtain the information on f-ray maximum energy and radio-
nuclide.

Table 2?2 shows comparison between Tersonnel monitoring
data and radiation dose rate by survey meter in plutonium
facilities. The ratio is almost the same, showing that
the neutron evaluation method is adequate. We think that
minimum detectable amount of neutron dose is 1lO0mrem for
thermal neutron and 20mrem for fast neutron in the routine
individual monitoring.

ol

1.0 2077 ¢ VA
1oce L L

- wp
Fioph

Table 2. Comparison between per-
sonnel monitoring data and radia-
tion dose rate
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MEAN AND INDIVIDUAL RADIATION EXPOSURES OF THE STAFF OF THE KARLSRUHE
NUCLEAR RESEARCH CENTER, 1969 - 1978

Winfried Koelzer, Hans Kiefer

Safety Department, Karlsruhe Nuclear Research Center,
D-7500 Karlsruhe, Federal Republic of Germany

INTRODUCTION

At the Karlsruhe Nuclear Research Center, radiation protection
monitoring of the staff by far exceeds the stipulations of the Radia-
tion Protection Ordinance of the Federal Republic of Germany. In order
to obtain an overall view of the radiation exposure of the staff due
to external radiation, for instance, not only occurationally exposed
workers, but all members of the staff are monitored with solid state
dosimeters (glass dosimeters).

AVERAGE ANNUAL DOSE

The aggregate dose including natural background, measured between
1969 and 1978, amounts to 50 man-Sv. Calculating the average of the
annual radiation dose of 0.82 mSv received by persons not exposed
occupationally as natural external background, a radiation dose of
approximately 26 man-Sv is obtained in ten years, which is due to
handling radioactive substances and ionizing radiation at the
Karlsruhe Nuclear Research Center. This is an average annual occu-
pational dose to radiation workers of 1.6 mSv.

Occupational external exposure follows a logarithmic normal
distribution (Fig. 1). The line determined by the least squares fit
indicates an average radiation dose due to occupational exposure of
1.59 mSv/a, which is in good agreement with the 1.6 mSv/a value cal-
culated from the total dose.

DOSE DISTRIBUTION OVER DIFFERENT WORKING AREAS

A detailed insight into the radiation exposure of the staff is
obtained by an analysis of the annual dose distribution according to
individual areas of work. Table 1 very clearly shows that the members
of services responsible for the treatment and final conditioning of
radicactive waste - the waste treatment plant of the Karlsruhe Nuclear
Research Center handles not only the radioactive waste of the Research
Center proper but also that of two prototype nuclear power plants
(D,0, 50 MWe; LMFBR, 20 MWe) and a reprocessing plant (40 t/a) - are
exposed to a higher radiation burden. The staff working in these
services, although they make up but 5% of the total staff, received
42% of the whole occupational radiation dose over the years 1969 to
1978. It is not very surprising that the Health Physics staff rank
second on this 1ist - 2.2% of the staff, 8% of the dose - since this
group of persons always work in the very front line. Further details
are given in a recent paper (1).
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cumulative frequency in percent

annual dose in mSv

" 1

0.1 1 10 100

Fig. 1: Log-probability plot of annual doses (without background)
Karlsruhe Nuclear Research Centre, 1969-1978

Table 1: Percent of dose and staff for different areas,
Karlsruhe Nuclear Research Center, 1969-1978

Occ. dose
Working area man-Sy Percent | Percent Dose

1069-1978 | of dose } of staff Staff

Waste Handling 10.8 42 5.0 8.4
Health Physics 2.0 8 2.2 3.6
Cyclotron 14 5 1.8 2.8
Reactor 5.7 22 9.1 2.4
Chemistry 4.2 16 9.1 1.8
Supply Service 1.4 5 8.9 0.6
Physics 0.5 2 16.4 0.1
Biology 0 (0] 2.1 0

Other 0 (4] 45.4 0
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ANALYSIS OF DOSES > 15 mSv/a

Analysis of all data for the decade from 1969 to 1978 indicates
a number of 29,578 persons monitored by personnel dosimeters at the
Karlsruhe Nuclear Research Center. 1903 cases had doses higher than
5 mSv/a, and only 349 cases had doses above 15 mSv/a. This means that,
under the Radiation Protection Ordinance, only 6.4 % of the total
staff of the Karlsruhe Nuclear Research Center would have to be clas-
sified as occupationally exposed persons, 5.2% of them falling under
category B - annual dose, 5 to 15 mSv - and 1.2% falling under cate-
groy A - annual dose, > 15 mSv.

The 349 cases of doses higher than 15 mSv/a in the period 1969
to 1978 are distributed over 124 individuals (see Fig. 2). On the
average, these individuals were employed at the Karlsruhe Nuclear Re-
search Center for 7.7 years. The mean annual occupational dose to
these individuals amounts to 12.7 mSv. The highest average annual
dose to anyone of these persons was 33 mSv (monitoring period:

5 years). In 19 cases involving 12 persons, annual doses were higher
than 50 mSv, with a maximum of 68 mSv. Most of these cases occurred
in 1972/73 during intervention and repair work at the facility for
handling liquid radicactive wastes.

= 100
=

2

gm °/o I
w\

Q >

°@  got
o E

- N

wn

[ 3
25

3

as 60F
28

- 0

©

a3 ]

40} —

-------- av.
i e I
20
0 i L I L 1
2 4 6 8 10

Years of occupation

Fig. 2: Ratio persons to cases with exposure > 15mSv/a
as a function of years of occupation,
Karlsruhe Nuclear Research Center, 1969-1978
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DATA OF BODY COUNTER AND LUNG COUNTER MEASUREMENTS

In addition to extensive personnel dosimetry all persons handling
unsealed radioactive meaterials are monitored on a routine basis at
six months intervals as the minimum either in the whole body counter
or lung counter or by excretion measurements for incorporations. In
the decade between 1969 and 1978, a total of 24,012 persons of the
Karlsruhe Nuclear Research Center were monitored for incorporation in
the body counter and the lung counter. Including multiple recordings
in successive measurements, incorporations were found in 1628 persons.
This is 6.8% of all persons measured. This figure includes the staff
of two experimental nuclear power stations and the reprocessing plant.
These facilities are Tocated on the premises of the Karlsruhe Nuclear
Research Center, but operated by independent companies. The 1628 mea-
surements with positive findings yielded a total of 2147 incorpora-
tions (incorporations of one or more nuclides). Cs~137, Co-60, Ru-106/
Rh-106, Co-58, I-131 and Mn-54 make up 90% and are the most frequent
radionuclides in body counter measurements. In 96% of all cases the
activity incorporated was below 1% of the MPBB values specified by
ICRP (ICRP Publication 2). Only in five cases values above 100% MPBB
were recorded. Incorporation monitoring by excretion analysis is per-
formed by the Medical Department. Results have been published in a
recent paper (2).

The radioactivity incorporated is not routinely converted into
the body dose and added to the personnel dose determined by personnel
dosimeters, since this is not generally required under the Radiation
Protection Ordinance of the Federal Republic of Germany. However, it
is evident from the data given that the dose statistics described in
the preceding chapter is not substantially altered by an inclusion of
the values of these measurements.

CONCLUSION

Our experience in radiation protection and monitoring at the
Karlsruhe NucTear Research Center and the data presented can be sum-
marized as follows:

- ICRP recommendations on dose equivalent limits for workers are met
in general.

- The average annual occupational exposure of radiation workers is
remarkably low, 1.6 mSv.

- The number of persons with annual exposures > 15 mSv is about 1%.
Only a few of these individuals exceeded the 15 mSv/a value re-
peatedly over the decade 1969 - 1978.

1. Koelzer, W. (1979): IAEA/NEA-Symp., Los Angeles, 18-22 June 1979,
paper TAEA-SM-242/04

2. Schieferdecker, H. (1979): KfK 2799 B, July 1979, Kernforsch. =«
zentrum Karlsruhe
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PERSONNEL HAZARDS FROM MEDICAL ELECTRON ACCELERATOR PHOTONEUTRONS®
R. C. McCall, T. M. Jenkins, R. A. Shore and P. D. LaRiviere®
Stanford Linear Accelerator Center, CA, U.S.A. and Varian Associatest
INTRODUCTION

For medical accelerators, neutron penetration through the room en-
try door is the major personnel hazard. Most therapy accelerator rooms
are designed with at least a rudimentary maze to avoid the use of mas-
sive doors. Often, however, the maze may be similar to thosc shown in
Fig. 1. 1In Fig. 1, scale outline drawings of some medical electron
accelerator rooms are shown where the authors have made neutron measure-
ments outside the doors which were of different thicknesses and com-
positions. The results are tabulated in Table I. It should be noted
that there can be significant dose equivalents (H) at the door when a
maze is inadequate, and that all three components - fast neutron, ther-—
mal neutron, and neutron capture Y-rays- can be equally important.
Also, these capture Y-rays are very penetrating; (TVL=5-7 cm of lead).
SIMPLE METHODS OF CALCULATING MAZE EFFECTIVENESS

For a good review of neutron penetration of mazes, the authors
suggest Chapter 4 by Selph of Ref. 1. Most of the extensive work on
mazes is not directly applicable to medical electron accelerators,
however, for various reasons. Monte Carlo or albedo computer calcu-
lations have been shown to correctly calculate neutron maze penetration.

We have explored several simpler methods of predicting neutron
penetration of a maze which do not rely upon computer codes or diffi-
cult calculations. Method 1 is an albedo method based upon the work
of French and Wells (2), and is described as follows: On a room
drawing, the portion of the walls, floor and ceiling that could be
directly irradiated by neutrons from the accelerator, and then scatter
the neutron directly to the door, are outlined, and their areas deter-
mined. An effective center, P, is chosen for each. The incident and
reflected angles are measured from these points. Next, the dose albedo
ag (2), is used;

ag = a(Ey) cosz/seo cos 8 Eq. 1
where 8, and 6 are the incident and reflected angles, respectively,
measured from the normal to the wall. For the range of neutron spec-
tra from medical accelerators, a single value for a(Ey) of 0.11 can be
used for concrete. Next, H is assumed to propagate according to the
inverse square law for the distances, Ra and Rb, from the accelerator
source to P and from P to the door, respectively. H at the door then
is the sum of the individual contributions from each of the n illumin-

ated areas; that is, n H, AL ad
H = z i X ___2_1'1_ Eq. 2
1 Rag Rbj

where H_ is the dose equivalent at 1 meter from the source, A, is the
area of the nth shaded wall, and og is the dose albedo from Eq. 1 above.
Method 2 is one due to Kersey (3) which appears to be an empirical
solution based on his measurements of several rooms. The details are
given in Ref. 3; essentially he calculates neutron H using inverse
squares at a mid-point in the maze which can ‘'see' the source, and
then applies a maze attenuation based on the center line length of the
maze and a value of 5 meters of maze length (irrespective of bends) to
reduce H by a factor of 10. That is;
Hy -Rb/2.17
RaZ © Eq. 3

* Work supported by the Department of Energy under contract number
DE-AC03-76SF00515.

H =
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where Ra and Rb are given in meters.

Method 3 is based on the "cookbook' approach of McCall, et al (4)
and more exact calculations which show that most of the neutrons at a
door have scattered from the wall directly opposite it. In essence,
the number of neutrons entering a maze is calculated by the cookbook
method. The area of the maze entrance is determined by the shaded
wall (A' in Fig. 2), and a current albedo, a,, from Fig. 7.9 of Ref. 4,
is used. These reflected neutrons then are propagated down the maze
according to inverse square, and the resulting current illuminates the
cross sectional area at the end of the maze (A" in Fig. 2). The re-
sulting fluence is then converted to dose equivalent. That is;

m
_ 3 A’ y aCA C

Ra'? Rb?
where ¢, is the fluence at a meter from the source, C is the fluence-
to-dose equivalent conversion factor and Ra' is the distance from
source to maze entrance. From Ref. 4, the average energy of the scat-
tered neutrons at the door is about 100 keV, which implies a value for
C of 2.4 x10% n/cm-rem.

Though there are many assumptions in the above three methods that
are difficult to defend from a physics standpoint, they do give
reasonable answers as shown in Table II where the results are compared
with measurements. For overall accuracy, methods 1 and 3 would seem
to be the best choices.

IMPROVING EXISTING MAZES

The simplest solution for improving an existing maze is to add
shielding to a door. Neutrons at the door will be attenuated by poly-
ethylene with a dose equivalent TVL of about 4 cm. The outer portion
should be borated to capture thermal neutrons. However, this will have
little effect on capture Y-rays which contributed about 1/3rd of the
total dose outside the doors of the rooms in Fig. 1.

Another solution is to improve a maze. From measurements made at
the door of Fig. 2, we have found that all components of H were pro-
portional to the area of the maze entrance, i.e., C-D. Once an accel-
erator is installed, a maze entrance can be reduced in size by hand-
stacked shielding to that necessary for bringing in patients.

A third solution is to add a second hydrogenous door in the maze.
An example is shown in Fig. 2 where a 5 cm polyethylene door was added
as an internal maze. This arrangement gave reductions in H to 0.12 for
thermal plus fast neutrons and 0.36 for capture Y-rays for a total
reduction in H to 19%.

Adding a door such that it extends the maze wall, but is illumin-
ated by the source is only about 507% as effective as adding the door
across the maze where it is shadowed from the source by the maze wall,
such as the doors shown in Fig. 2.

REFERENCES
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Fig. 2. Maze geometry showing various components described
in text.
Table I. Measurements outside doors shown in Fig. 1.
Dose Equivalent/Year (Work Load = 10° rads/week)
Rem ]
Thermal Fast Neutron Capture
Room Neutrons Neutrons Y-rays Total
1A 4.7 3.7 5.7 14.1
1B 1.0 2.5 Not Measured 3.5 + Y-ray
iC 1.8 2.3 1.4 5.7
1D 2.3 0.7 4.6 7.6
1E 1.4 1.4 1.5 4.3
Table II. Comparison of calculational methods and measurements.
Calculated Neutron Dose Equivalent
Measured Neutron Dose Equivalent
Room Method 1 Method 2 Method 3
1A 0.68 2.0 0.97
1B 1.4 5.5 1.4
ic 0.94 1.6 0.97
1E 1.7 4.5 1.8
1F (Cf) 1.0 2.0 0.74
1F (Cf/W) 0.71 1.4 0.73

196



INVESTIGATION LEVELS OF RADIOISOTOPES IN THE BODY AND IN URINE.
CONSEQUENCES OF THE RECENT RECOMMENDATIONS ON THE ANNUAL LIMITS OF
INTAKE

Y. Shamai, M. Tirkel and T. Schlesinger

Soreq Nuclear Research Centre, Yavne, Israel

The recommendations of Committee 2 of the International Commis-
sion on Radiological Protection (ICRP) concerning annual limits of
intake (ALI) for workers (1) have recently been published. These
limits differ in many cases from the maximum permissible annual in-
take (MPAI) recommended previously by the same committee (2,3). The
new recommendations directly influence the derived health physics
parameters, such as the acceptable total body burden and concentra-
tions of radioisotopes in the urine.

Radioactivity in the body can be monitored routinely either by
whole body counting or indirectly by urine analysis. Thus the
monitoring laboratories have to know the relation between the activi-
ty in the urine or the body and the committed dose for calculating
the latter from their measurements.

The activity of a radioelement in the body at any time t after
intake of a unit of activity is given by its retention R(t):

R(t) = F1

!/ -
exp{ Xt)iAigBij exp( kijt)
where Fi is the coefficient expressing the fraction of the intake
transferred to the transfer compartment; Aj are coefficients
expressing the fractions transferred from the transfer compartment
to the i-th organ; Bj; are the coefficients of the linear combina-
tion of exponentials with decay constants Ais representing the
retention in the i-th organ (1,4) and X is t%e physical decay
constant.

The amount of activity U(t) excreted in the urine at any time t
after the intake of a unit of activity, is given by the first deriva-
tive of the biological retention function, multiplied by Fy the
fraction of the excretion that is excreted through the urine (3,5):

U(t) = F Fu exp(-At)gAigkijBi. exp(—ki.t)

1 J J

When the decay constants A are expressed in days'l then U(t) is the
daily excretion. The average daily urine volume is 1.4 liters (5);
thus division by 1.4 yields the concentration of the radioelement
per liter.

The investigation level at any time t after intake was defined
as the concentration of activity in the urine arising from an intake
of 1/20 of an ALI (3). An analogous definition is used here for the
total body investigation level. A computer code was written which
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receives as input the various coefficients Fl,Fu,Ai,Bi',Ai-,X and the

ALY (1,4) and calculates the investigation levels.

Tables™1 and 2

list the investigation levels in the body and the urine of a few
commonly used radioisotopes, as a function of time after ingestion.

Different tables should be used for the case of inhalation.

TABLE 1. Total body investigation levels as a function of time after
ingestion.
Investigation level (uCi)
Isotope  Organ Ch;ﬁi;al days after ingestion
3 7 30 60
22Na T.B.* 14 12 4.0 0.97
b2k T.B. 0.51 2.2-1073 - -
Sler T.B. Trivalent 9.1 6.5 2.0 0.73
T.B. Hexavalent 91 65 20 7.3
57¢o T.B. Inorganic 8.4 6.5 3.3 2.5
T.B. Organic 26 20 10 7.9
60¢co T.B. Inorganic 0.52 0.41 0.22 0.18
T.B. Organic 1.2 0.92 0.50 0.40
59Fe T.B. 3.9 3.6 2.5 1.6
657n T.B. 8.5 8.1 6.5 5.3
67Ga T.B. 0.17 0.056 0.19.10"3 -
758e T.B. Elemental 5.4 4.2 2.1 1.1
T.B. Inorganic 30 23 11 6.2
990 T.B. Sulfide 1.1 0.39 0.96-10"3 -
T.B. Other 27 9.4 0.023 9.0-10-6
99mpe T.B. 0.66 3.5-1076 - -
1251 Thyroid 0.39 0.36 0.25 0.16
131y Thyroid 0.31 0.21 0.02 1.7-10-3
137¢g T.B. 5.0 4.7 4.0 3.3
lubce L.L.I.* 3.2.10°3 3.2.10°3 3.0.10-3 2.8.1073
226Rg B.S.* 4,8-10~3 2.9-10-3 1.5-10-3 1.2-10°3
2327y B.S. 7.3-10~6 7.3.1076 7.2-10"6 7.2-10-6
238y B.S. Hexavalent 13-10-3  9.6.10-3 3.4-103 1.6-10"3
T.B. Tetravalent 7.2-10-3 5.4-1073 1.9-10-3 0.9-10-3
239py B.S. 24-10~6  24-1076  24-10-6  24.10-6
241 py B.S. 30-10-6  30-10~6  30.10"®  30.10-6
* T.B. = total body; B.S. = bone surface; L.L.I. = lower large
intestine

The following assumptions are inherent in the calculations:
a) The activity build-up time in the organs is assumed to be
negligible compared to the decay time. Since the exponential
approximation is in any case too crude to use for calculations
for the first day no attémpt was made to insert the build-up
effect in the calculations. Therefore, this calculation should
not be used for the first day.

198



b) The urinary excretion fraction F, is taken as one constant for all
organs and at any time. It will be possible to insert better
approximations into the computer code when more biological informa-
tion is available.

The computer code and Tables 1 and 2 give the levels in the

urine and the body arising from an intake that corresponds to a

particular committed dose. 1In the future we shall use the same tables

and routines to reverse the procedure and calculate the committed

dose from a measured activity.

TABLE 2. Investigation level in urine as a function of time after
ingestion.

Investigation level (uCi)

Isotope Organ Chigi;al days after ingestion
3 7 30 60
3y T.B. Water 81 62 12 1.6
22Na T.B. 0.46 0.39 0.13 0.032
32p T.B. 0.49 0.18 0.017 1.3-1073
35g L.L.I. Elemental 0.37 0.068 0.025 7.2-1073
T.B. Other 9.3 1.7 0.63 0.18
36c1 T.B. 3.3 2.5 0.50 0.063
Y2g T.B. 7.1-10-3  31.10°6 - -
45ca T.B. 0.32 0.12 0.024 8.1-1073
Sler T.B. Trivalent 0.21 0.11 8.2-10"3 1.7.10-3
T.B. Hexavalent 2.1 1.1 0.082 0.017
57¢o T.B. Inorganic 0.37 0.17 0.019 6.0-1073
T.B. Organic 1.1 0.52 0.058 0.019
60Co T.B. Inorganic 0.023 0.01 1.2-10-3 0.42-10-3
T.B.  Organic 0.052  0.024  2.8-10-3 0.96-1073
657n T.B. 0.014 0.012 6.0-10-3 2.9-1073
67Ga T.B. , 2.2-1073  0.6-10-3 0.8-10"6 -
755e T.B. Elemental 0.12 0.039 9.3-10"3 3.2-1073
. T.B. Inorganic 0.67 0.21 0.05 0.017
855y T.B. Titanate 0.021 5.6-1073 0.32-10-3 0.11-1073
T.B. Other 0.42 0.11 6.4-10"3 2,2.10-3
905y T.B. Titanate 2.7°1073  0.76-10-3 55.10-6_ 27.10-6
B.S. Other - 4.8°10-3  1.3°1073 0.1-1073 47-1076
99Mg T.B. Sulfide 0.010 2.1-10"3 5.0-107 -
T.B. Other 0.24 0.051 0.12-10-3 -
ERUE T.B. 0.074 - - -
1251 Thyroid 3.2-10-3  0.8-10"3 0.54-1073 0.34-1073
1311 Thyroid 2.6-10"3  0.46-1073 57.107® 3.7-10-6
137¢g T.B. 0.055 0.026 0.014 0.012
20411 T.B. 0.87 0.58 0.059 3.0-10-3
226Ra B.S. 32-10°0 8.6-10°6 0.6-10-6 0.3-10°6
238y B.S. Hexavalent 0.18-10~3 86-10~6 16-10=6  4.3-1076
T.B. Tetravalent 0.1-10~3 48-107%® 8.9-1076 2.4-10-6
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HEALTH PHYSICS DGCUMENTATION

Gottfried Stdblein

Safety Department, Karlsruhe Nuclear Research Center,
D-7500 Karlsruhe, Federal Republic of Germany

When dealing with radioactive material the health physicist
gets innumerable papers and documents within the field of researching,
prosecuting, organizing and justifying radiological protection.

One group of documentation comprises the description and publi-
cation of scientific experiences. It is used to give directions and
obligations to health physics in international recommendations, natio-
nal ordinances and standards.

On the other hand a lot of measurements are registered in order
to prove the functioning of radiological protection itself.

Decisions when comparing scientific documentation with measured
values still produce more papers.

Book-keeping and storage of radicactive and fissile materials
cause more reports on stock, balance and modifications.

In consequence the German Radib]ogica] Protection Ordinance
requires from the 1icensee the following written documentation:

- license to handle radioactive material

- appointment of responsible persons

- radiological protection directions

- accident prevention

- instruction of exposed persons

- measurement results: personal dose
air
water
environment

- medical supervision

- radiation passport

- functional tests of radiation monitoring instruments

- inventory of radioactive material
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Some figures of the Karlsruhe Nuclear Research Center as an example:

Fixed data
occupied persons 4 000
occupational-exposed persons 2 500
health physics experts 150
registrars 10
institutes 40
atomic energy act licenses 300
fissile material balance areas 10

Annual amounts

scientific publications in the field

of health physics 70
measurements:
survey of persons - dosimeter exploitations 40 000
- incorporation controls 5 000
working areas - wiping tests 500 000
- contamination controls 175 000
environment - waste water 16 000
- other activity
measurements 45 000
book-keeping reports 2 500
Sum data per year 106

On the whole radiological protection has to cope with
106 data per year = 5 000 data per working day
500 data per hour
50 data per hour and expert
1 datum per minute and expert

The result of all data concerning occupational-exposed persons is

only 7 exceedings of personal dose limits
or 200 pecularities (= > 1.5 rem/a) within 10 years.

A11 data have to be recorded according to law.

Personal dose 30 years
radiation passport during the whole professional life
material referred measurements 5 years

The necessity of keeping these values should be examined
and all registration should be clearly arranged.
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As a good motivation for health physics documentation we assume

- distribution of health physics experiences
- check of an positive result of a planned operation
- responsibility for the public.

As a bad motivation for documentation we assume

- demonstration of work
justification of cost

- uncertainty of measurement results
- political reasons

More than 95 % of all data are useless and will never be used again
according to the following decisions:

- Is the measurement correctly made?
- Is a dose limit exceeded?
- Did radiological protection function?

Health physics need more confidence in expert decisions.

By contrentation of

Tonger periods of time
collective dose
risk areas

individual data can be omitted.

Modern administration technics are a real help, i.e.

- office machinery
- computer documentation
- microfilms.

In the Karlsruhe Nuclear Reseafch Center data of personal dosimetry
are already dealt with by computer documentation, for material refer-
red values this will be provided in the near future.

Summary:

- Health physics are practical work

- We cannot do without an accompanying documentation

- The scope of nowadays' used documentations could be
reduced by critical selection

- documentation is an instrument not a justification of the
health physicist.
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ANALYSIS OF MEDICAL OCCUPATIONAL EXPOSURE TO IONIZING RADIATION ON
TAIWAN DURING PAST TWO DECADES

Pao-Shan Weng and Shu-Ying Li

Health Physics Division, National Tsing Hua Univeristy, Hsinchu,
Taiwan 300, Republic of China

Analysis of the data was obtained from the very inception of the
centralized laboratory for persomnel dosimetry service operated by the
National Tsing Hua University on Taiwan of Republic of China from 1960
to 1979 for the yearly occupational exposure to ionizing radiation.
During the 20 yr monitoring period, analysis was performed with re-
ference to (1) medical occupational exposure, (2) maximum and average
yearly dose-equivalent, (3) range of dose-equivalent, (4) percentage
of maxmium permissible dose-equivalent, (5) number of workers inclu-
ding sex and age, (6) detailed quarterly analysis for the years 1977
v 1979, (7) types of radiation sources, (8) estimation of genetically
significant dose-equivalent, and (9) estimation of marrow and leuke-
mia significant dose-equivalents.

ESTIMATION OF GENETICALLY SIGNIFICANT DOSE-EQUIVALENT

The genetically significant dose-equivalent (GSD) can be calcula-
ted with the following formula:

(F)y, (F) S (F) , (M), (M), (M)
D= JZ 1Z< (Njk WB djk (Njk Wik dik ) n
T By (F) M0
X (N W N W)

where

D annual genetically significant dose.

N, = number of individuals of age-class k, subjected to class j
J exposure, i.e., either radiographic or fluorographic X ex-

posure or other sources.

Ny = total number of individuals of age-class k.

Wop = future number of children expected by an exposed individual
J of age-class k subsequent to a class j exposure.

Wk = future number of children expected by an average individual

of age-class k.

d.k = gonad dose per class j exposure of an individual of age-

J class k.

(F) = female.

M) = male.

ESTIMATION OF MARROW DOSE AND LEUKEMIA SIGNIFICANT DOSE-EQUIVALENT

The leukemia significant dose-equivalent (LSD) estimated here was
calculated according to a weighting factor. This factor takes into
account the shape of the time-incidence curve of radiation-induced
leukemia, and the survival statistics for the various age groups in
the population. The data for this factor were obtained from the leuk-
emia incidence among the Hiroshima A-bomb survivors located within
3000 m from the hypocenter at the time of the bomb (1).
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The population mean marrow dose equivalent and the leukemia dose-
equivalent are calculated by the following formulas;

LIN,, d, %% N.,d.,L.
D = _l_iijé%k__llﬁ_ D = nl_EiEJJSJﬂS;ﬂS_ (2)

b
P Tk * % Nk
where
Dp = population mean marrow dose-equivalent (MvD) .
Dy = leukemia signigicant dose-equivalent.
ij = significant factor of leukemia incidence for an average indi-

vidual of age-class k, subjected to a class j exposure.
d. mean bone-marrow dose-equivalent per class j exposure of an
jk o LTSN

individual of age-class k.

Jones (2) has made measurements with a phantom of the dose recei-
ved by critical body organs relative to the exposure at the conven-
tional position of a personal dosimeter. His experimental results
were used to calculate the GSD and LSD.

The average expected children census data released by our Na-
tional Health Administration are that for age 18+ 45 yr, the average
expected children are 2.30 for both sexes, and for age above 45 yr,
the average expected children are 0.015 for both sexes.

RESULTS AND DISCUSSION

The distribution of Tsing Hua film badge users in each county or
city is shown in Fig.l where the numeric numbers indicate the number
of hospitals or clinics being monitored. The results of film badge
monitoring expressed in terms of the ranges of dose-equivalents in
uSv's vs. nmumber of personnel monitored during the past two decades
(1960 ~1979) are shown in Fig.2; the majority is in the undetectable
range whether they are in diagnostic radiology (DR), radiotherapy (RT),
or nuclear medicine (NM). Taking into account the average expected
children for an average individual of age-class k subjected to a class
j exposure and the critical body ~gan dose-equivalent relative to the
exposure of film badge, we obtain .he GSD by Eq. (1) and the results of
calculation are shown in Fig.3. The LSD is shown in Fig.4 by Eq.(2)
where the MMD is not shown but it differs from LSD by a weighting
factor. The average annual dose-equivalents of all personnel being
monitored are shown in Fig.5 and the maximum dose-equivalents for an
individual ever detected are shown in Fig.6. Some of the results are
not shown in the figures such as sex of workers, detailed quarterly
analysis for the years 1977 ~1979, and the percentage of maximum per-
missible dose-equivalent due to space limit and next in importance.
The types of radiation source are mainly 602 qgéﬁnost%ﬁmé-rays 75~
250 kVp), 13 60Co units, a few LINAC's, and 1317 and 'c 4s the main
radioisotopes.

The dose-ecuivalents recorded by some of our film badges at the
early period such as in the years of 1964 and 1968 in diagnostic radi-
ology are questionable due to the uncertainty in dose evaluation at
very high dose level. It happened that a few minor incidents occurred
during those years. A good indication over the last decade was that.
the incidents of over-exposure were reduced though the number of radi-
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ation workers increased rapidly. Another good indication over the
last 8 yr was that the average year dose-equivalent received by all
medical radiation workers was decreasing and well below 1/10 of the
maximum permissible dose-equivalent.

In contrast to other countries experience, females were less than
10% of the total number of radiation workers monitored. The maiority
of radiation workers is in the ages 18~ 45. It is noted that signifi-
cant high exposure were found among diagnostic radiology. Radio-
therapeutic personnel were second.

The annual GSD and LSD were decreased though the number of radi-
ation workers monitored increased every year. This may be attribu-
table to the inplementation of a nationwide training program on radia-
tion protection for all radiation workers in the Republic of China.
Each session on the training course is formulated for one week and
several courses are held by the joint efforts of the Atomic Energy
Council and the National Health Administration every year. In addi-
tion, the promulgation of medical radiation control regulation in Fe-
bruary 1973 and enacted thereafter may also be an important factor to
reduce the exposure.
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RISK RATIOS FOR USE IN ESTATELISHZING DOSE LIMITS FOR OCCUPA=
TIONAL EXPOSURE TO RALCTATION

P.E. Metcalf, B.C. Winkler

Licensing Branch, Atomic Energy Board, Pretoria,

South Africa

1. Introduction

One function of the Licensing Branch of the South
African Atomic Energy Board is to establish authorised
limits for occupational exposure to radiation incurred at

nuclear installations. The approach adopted to establish
these limits has been described previously by ¥inkler and
Simpson (1). Briefly, this involves an investigation of

fatality rates e.perienced in South African industry in
order to determine a representative average industrial
fatality risk. From these investigations and considera=
tions of future trends an average level of risk has been
selected on which to base limits for occupational exposure.
This level of risk combined with an appropriate risk
coefficient enables one to determine an average annual dose
limit.

Figure 1. Average Fatal Accident Rate 1965 - 1970

Industrial Class Averase Annual Fatality
Agriculture and Forestry 3,28 E-04
Fishing 2,33 E=~03
Mining 8,35 E-04
Building and Construction 7,68 E=~04
Food, Drinks, Totacco 2,27 E-04
Textile 2,87 E-05
Wood 3,90 E-04
Printing, Paper 7,30 E-04
Chemicals 2,49 E-04
Leather 1,75 E-05
Glass, Bricks, Tiles 3,42 E-04
Iron, Steel 2,23 E-04
Diamonds, Asbestos 2,05 E-04
Trade, Commerce 1,73 E-04
Banking, Finance, Insurance 6,78 E-05
Transport 1,00 E-O03
Local Authorities 4,85 E-04
Personal Services 5,70 E-05
Entertainment, Sport 1,52 E-04
Professional Services 4,25 E-05
Medical Services 4,75 E-05
Educational Services 1,34 E-04
Charitable, Religious 1,15 E-04
Trade Organisations

TOTAL 3,03 E-04
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It was recognised that studies of industrial fatality
rates, as illustrated in Figure 1, do not provide informa=
tion on possibly elevated levels of risk experienced by an
individual or subgroup within a given occupation. It was
decided therefore to conduct an investigation of industrial
fatality rates in an attempt to identify the extent to
which the risk of fatality for a given occupation e.g.
electricians, varies throughout industry. From this inves=
tigation a ratio of maximum to average occupational fatali=
ty risk representative of industry in South Africa was de=
rived.

faving established an average annual dose limit the
risk ratio can be used to establish a maximum individual
annual dose limit. The average annual dose limit would be
applicable to the occupationally exposed population of a
particular installation whilst the maximum limit would be
applicable to individual employees on an annual basis. This
paper describes the results of initial investigations con=
ducted thus far.

2. Sources of lata

A report on accident statistics is issued annually by
the Workmen's Compensation Commission of South Africa. Al=
though this reports fatality rates by industry rather than
by occupations, such information is stored in the Commisg=
sion's data bank (2). The second source of data utilized
was the Manpower Survey No 11 (1975)(3) issued by the South
African Department of Labour.

A cursory examination of the data revealed only six occupa=
tions in which fatal accidents occured in six or more clas=
ses of industry in any one year. Figure 2 lists the parti=
cular occupations and the number of industries in which
fatal accidents occurred.

Figure 2. Occupations Selected Figure 3. Annual Deaths of

for Investigation Electricians by Industry
Occupation Number of Indus= Industry Average Number
tries Having Fatal of Deaths Annu=
Accidents ally
Watchman 7 Mining 1,33
Foreman/Super=
visor 7 Building and
Construction 2,67
Driver 13 Glass, Brick
Tiles 0,33
Labourer 19 Local Authorities 4,0
Electrician 6 Professional
Services 0,33
Fitter -8 South African Rail=
ways 2,0
Total 10,67

Although the two sources of data use different classifica=
tion systems it was possible to do a cross correlation so
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as to ensure the proper matching of the two sets of data.

Data on fatal accident rates taken from the Workmen's
Compensation Data Bank were available in sufficient detail
for the years 1971, 1972 and 1973. The data for these three
years was averaged and taken as representative of annual
occupational fatality rates. A typical example is shown
in Figure 3 which lists the average number of annual occu=
pational fatalities experienced by electricians in the
various classes of industry.

The data of industrial populations derived from the
Department of Labour manpower survey was tabulated for the
particular occupations in the industries concerned. Figure
4 shows the populations of electricians by industries. It
is recognized that the population data was obtained for
1975 whilst the fatality rates were obtained for the years
1971, 1972 and 1973. However, as the objective of the study
is to derive a ratio of occupational risk throughout indus=
try, using these two sets of data is acceptable since the
ratio of persons employed in various occupational groups
throughout the various industrial classes is not expected
to vary apprecially over such a short time.

Figure 4. Industrial Population Figure 5. Annual Fatality

of Electricians Rates for Electricians
Industry Popul ation Industry Average Annu=
al Fatality
Rate
Mining 4 253 - Mining 3,13 E-04
Building and Con=
struction 4 098 Building and
construction 6,52 E-04
Glass Brick Tiles 588 Glass Brick
Tiles 5,61 E-04
Local Authorities 3 942 Local Authori=
. ties 1,01 E-~0O3
Professional Services 208 Professional
Services 1,59 E-03
South African Railways 4 459 South African
Railways 4,49 E-04
All Industries 32 000 All Industries 3,33 E-04

3. Occupational Fatality Rates

Fatality rates for the various occupational groups e.g.
electricians, fitters etc., were derived for the industrial
classes using the three year average fatality figures and
the total industrial population for the particular occupa=
tional group. Figure 5 presents an example of the data, de=
tailing the average annual fatality rate for the occupatio=
nal class electrician in the various industries chosen for
investigation. The industrial class with the highest fatili=
ty rate for a particular occupation was identified as indi=
cated by an asterisk.
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4. Results

The maximum and average fatality rates experienced by
the various occup~tion groups are tabulated together with
the populations involved and the ratios of maximum to ave=
rage fatality rates for each occupation in Figure 6.

Figure 6. Fataljty Risk Rates and Maximum tg Avera Ratios
Occupation

Industrial Annual Annual risk ratio
Population mortalityMortality
risk risk

Watchman 29 000 6,21x10°4 7,83x1073 12,6
Foreman/Super= _
visor 64 000 1,41x10°% 1,03x1073 7,3
Driver 105 000 1,11x10 i 2,72x10"3 2,45
Labourer 1 507 000 7.25x10 3 5»32x10] -3 7,34
Electrician 32 000 3,33x10_4 1, 59x10_ 4,77
Fitter 10 000 2,66x10"% 7,33x1073 27,6
5. Discussion

Having derived ratios of maximum to average fatality
rates for various occupations within different classes of
industry, a method is needed to combine the values in order
to establish what ratio could be considered representative
of industry as a whole.

An examination of the values obtained displays quite a
variation from 2,45 for drivers to 27,6 for fitters. Exami=
nation of the data concerning the maximum risk groups, shows
the maximum risk rate for fitters was derived from a group
of only 45 persons in which only one fatality occurred in
the three year period. The validity of this figure as being
representative of a maximum risk rate is therefore3question=
able. The second highest risk for fitters 3,71x10 deaths
per person per year derived from a group of some 898 persons
is probably more representative and results in a ratio of
13,9.

Combining the ratios obtained by simply taking the mean
results in a value of 10,34. The mean of the risk ratios
derived using the reduced value for the occupational group
of fitters results in a value 8,06. If one combines the
ratios by deriving a weighted mean to take account of the
working population, the resulting values are 7,55 and 7,15.
6. Conclusion )

The study described appears to indicate that a ratio
of 7 is representative of the maximum to average risk of
fatal accidents whithin industry in South Africa. A postu=
lated interpretation of the result is that since persons in
a particular occupation move about in industry, apparently
accepting the variations in risk of incurring a fatal acci=
dent the occurence of similar ratios within one industry
would presumably also be acceptable.

References Winkler B.C., Simpson D.M., Dose Limits Associ=
ated With Huclear Installations, Regional Conference on Ra=
diation Protection (Proc. Conf. Jerusalem,
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COMPARATSON DES COUTS MARGINAUX DE PROTECTION DANS LES CENTRALES
THERMIQUES CLASSIQUES ET NUCLEAIRES

Oudiz A. X, Lochard J.=

% Association EURATOM/CEA-DPr, Cammissariat d 1'Energie Atomique,
BP N° 6, 92260 Fontenay-aux-Roses, France, »x Centre d'Etude sur
1'Evaluation de la Protection dans le Damaine Nucléaire, BP N° 48,
92260 Fontenay—aux-Roses, France

L'objet de cette camunication est d'évaluer les risques sani-
taires ( pour le public ) et les colts de protection relatifs aux
centrales thermiques classiques et nucléaires, puis de les comparer.

L'EVALUATION DES RISQUES SANITAIRES ET DES COUTS

Dans le but de déterminer les colits marginaux de protection,
nous allons évaluer les risques et les colits dans des situations
concrétes, autant que possible.

A - Le cas des centrales thermiques classiques

La cr@ation d'une zone dite de " protection spéciale " contre
la pollution atmosphérique dans la périphérie de Paris a entrainé
depuis l'année I979 l'obligation de recourir & du fuel résiduel
a basse teneur en soufre ( BTS ) dans les centrales thermiques
entre le 15 Novembre et le 15 Mars [1]

Pour les trois centrales concernées, Vitry-sur-Seine, Genne-
villiers et Saint—Ouen, la quantité annuelle de combustible BTS
( 2% S ) consamée est de 220 000 tonnes environ; le restant de
1l'année, 440 00O tonnes de fuel ordinaire sont brilées( 3,5% S ).

Le surcofit annuel 1ié 3 1'emploi du fuel BTS est de 9,4 IO6 F
(1978) [1] . A

L'impact en terme de réduction de la mortalité annuelle liée
a la pollution atmosrhérique a &té quantifié & l'aide de deux
modéles de relation exposition-risque. Cet impact a &té calculé
sur 1l'agglomération parisienne, dont l'effectif est d'environ
7.I06 habitants.

I1 faut souligner qu'il n'existe pas actuellement de relations
exposition-risque communément admises dans le damaine de la pollu-
tion atmosphérique par les oxydes de soufre et les poussiéres.

De nambreux auteurs ont suggéré des relations dont aucune n'échappe
en définitive & la controverse. Dans cette situation, il nous a paru
utile d'effectuer les calculs ad 1l'aide de deux modéles &laborés

aux Etats-Unis ,conduisant 3 des résultats sensiblement différents,
afin d'illustrer le caract@re incertain de telles &valuations.

a/ Le modéle de Liu et vu [2]

L'équation de base est la suivante :
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M=NxI0% x exp (1,25 - %éiéz;s )-exp (1,25 - géiég‘)
fond fond
avec Cfond : concentration annuelle SO, de fond
c : concentration annuelle SO; ajoutée par la centrale
M : mortalité annuelle supplémentaire attribuable a la
concentration ajoutée c
N : effectif soumis & la concentration c.

Dans le cas présent, la concentration annuelle ajoutée par les
centrales a été calculée en nous fondant sur une étude de diffusion
décrite dans 1'étude du CEPN (2] . On trouve que la concentration
annuelle moyenne apportée par les centrales est d'environ 1 ug/m3
sur la région parisienne. La concentration de fond est d'environ
110 pg/m3 d'aprds [17] . La mortalité annuelle associée aux trois
centrales ne brilant que du fuel 3 3,5% S est, vour un effectif de
7.107 habitants : 4 morts/an. Le passage au cavbustible BTS (2% S )
en hiver permet d'éviter 0,6 mort/an.

Un tel modéle implique que la mortalité est associée & la pollu-
tion atmosphérique de fond, exprimée en moyenne annuelle.

b/ Le modéle de Buehring et al. [2]

On peut supposer que la mortalité est imputable essentiellement
& des pointes de pollution et qu'il existe un seuil en-deca duquel
la mortalité est nulle. Dans le modéle 3 seuil considéré ici,
1'équation de base est F (i) = - 0,0404 + 76 1076 Sy, (1) avec

824(i) : concentration en SO2 sur 24 h pour le jour iZ;;S3C))mg/m3.

F(i) : fraction de la mortalité totale attendue au jour i qui est
associée a l'existence de S2d(i)"
En nous fondant ici encore sur 1*étude [2] , nous trouvons :
sans fuel BTS : 10 morts/an
avec fuel BTS : 5 morts/an.
On constate que le modéle de Buehring conduit a des valeurs

sensiblement supérieures.
¢/ Colit marginal dans les centrales thermiques classiques

Compte tenu des résultats précédents, le colit de l'effet évité
est situé entre 2,100 F et 16.106 F.

B - Le cas des centrales nucléaires

L'étude du CEPN [37] porte notamment sur un réacteur PWR de
1300 MWe situé en bordure de fleuve.

Le réacteur entrainerait, en l'absence de toute option de trai-
tement des effluents, une mortalité annuelle de 0,18 mort/an. Notons
que cette valeur ne refléte pas le risque sanitaire total 1ié au
réacteur dans la mesure ol 1'étude [3] ne calcule les effets que
dans un rayon de 100 km autour du réacteur. En réalité, quatre
options de traitement sont appliquées : TEG ( stockage des effluents
gazeux ), DR ( traitement des drains + effluents chimiques ) ,BR(pid-
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geage des iodes ), LV ( stockage effluents des laveries ).

TABLEAU 1. Performances et colits du traitement des effluents radio-~
actifs

Option Colit annualisé Normbre d'effets annuels
&vités par 1l'ontion

TEG 158 0,16
DR 740 0,01
BR 48 #0
v 130 #0

On constate qu'aux deux options BR et LV, correspondent des
colits de 1l'effet &vité pratiquement infinis. Ceci tient au fait que
ces options ont &té introduites essentiellement dans un but de mi-
nimisation des équivalents de dose regus par les individus du
groupe critique. Par contre, les deux autres options TEG et DR ont
une influence sur la réduction du risque collectif, lequel passe
de 0,I8 mort/an avant traitement, & 0,02 apré@s TEG et & 0,0l aprés
DR. On peut dés lors considérer que le colt du dernier effort de
protection collective est celui de DR. Le colt marginal est donc de

1
1l'ordre de 0,740 106

= I0. IO6 F/effet évité en arron-
0,01

dissant.
COMPARATISON ET CONCLUSION

Notons que ni la nature, ni la gravité des affections liées aux
deux types de nuisances ne sont directement comparables et par
conséquent 1'indicateur de risque gagnerait certainement & étre
exprimé&, par exemple, en années de vie perdues plutdt qu'en morta-
1ité annuelle supplémentaire.

"Il est cependant possible de procéder & une premiére compa-
raison des résultats obtenus plus haut.

TABLEAU 2. Comparaison des risques et des colits

Centrales thermiques au Centrale PWR
’ fuel 1300 Mle
production 2,8 TWh/an production 10,4 Tvh/an

Risque résiduel

avant protection 4 - TO morts/an 0,2 mort/an

Risque résiduel _ >

aprés protection 3,4- 5 morts/an 0,005 (?) mort/an

Cofit marginal de _ 6 6 P

protection 2 l6/I(_) g‘/mort 70 I0° F/mort évité
évité

Colt annualisé 9,4.10% F/an 1,1.106 F/an

de protection
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Compte tenu des incertitudes associées aux évaluations des coflits
et des risques, le tableau précédent suggére essentiellement que le
risque sanitaire et le colit annualisé de protection par kWh produit
sont plus élevés dans les centrales au fuel.

La comparaison entraine des conclusions moins nettes pour les
colits marginaux de protection, 3 cause des incertitudes. Si 1'on

- fixait le budget total de protection ( fuel + nucléaire ) au
niveau actuel, le principe d'égalisation des colits marginaux de pro-
tection conduirait & un transfert de ressources de protection du
nuclé&aire vers le fuel. Si 1'on devait é&valuer le budget total
de protection, la situation serait indéterminée : on pourrait aussi
bien accroitre le budget total afin que le colit marginal de pro~
tection dans le secteur fuel rejoigne celui du nucléaire, ou bien
diminuer le budget total de sorte que le colt marginal dans le
mucléaire soit réduit au niveau existant dans le secteur fuel.

L'application d'un autre principe, celui de 1'égalisation des
risques sanitaires résiduels par unité d'énergie produite,conduirait
( pour des raisons en fait contingentes) a des conclusions iden-
tiques aux précédentes.
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EVALUATION QUANTITATIVE ET COMPARATIVE DES RISQUES
LIES AUX CENTRALES NUCLEAIRES
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Malgré | 'ampleur des études sur |'évaluation du risque nucléaire
et sa comparaison avec d'autres risques, le monde scientifique et non
scientifique continue de s'intéresser a cette question, sans doute a
cause de |'extension envisagée du programme de production d'énergie
d'origine nucléaire. I est certain que ces comparaisons ont servi plus
ou moins implicitement de point de repére pour les experts chargés de
proposer les normes d'exposition. Mais en pratique, les industries
nucléaires exposent | 'homme a des doses bien inférieures aux limites
autorisées et il est utile de situer le risque calculé correspondant parmi
les autres risques auxquels | "Thomme se trouve chaque jour exposé.

BASES DE L'EVALUATION DU RISQUE

Rappelons que les organismes nationaux et internationaux autori-
sés, tels que la CIPR, |'UNSCEAR et le Comité BEIR, publient pé-
riodiquement des études, destinées soit & recommander des régles de
radioprotection, soit a faire le point des connaissances et a évaluer les
risques. Le caractere aléatoire des affections radioinduites retenues,
cancers ou anomalies génétiques, est reconnu par tous et un certain
consensus s'est dégagé sur le choix de | 'hypothése de la relation
lindaire entre dose et effet. La plupart des experts reconnaissent cepen-
dant que cette base de calcul est majorante aux faibles doses, la
surestimation du dommage pouvant étre de 2 & 4 selon certains, voire
de 10 pour d'autres [1, 2 ].

L'estimation moyenne du risque par mSv est actuellement de
10 cas de cancers par million de personnes (sur la durée de vie).
Lorsque la dose est répétitive (cas de | 'industrie nucléaire) I'estima-
tion est faite pour la dose cumulée, en ne tenant pas compte du mode
de distribution de 1a dose dans le temps, ce qui ameéne en général un
coefficient de sécurité supplémentaire dans | 'évaluation.

Pour un travailleur en centrale nucléaire, par exemple, qui serait
exposé de 18 & 65 ans & 5 mSv par an, et qui aurait ainsi cumulé en fin
de vie professionnelle 235 mSv, la probabilité qu'il aurait de faire un
cancer du fait de {'irradiation serait de 2,35X 107", & comparer & la
probabilité spontanée, qui est actuellement supérieure @ 2,2 X 10°

Ceci signifie qu'une exposition professionnelle répétitive d'un’
travailleur a la dose estimée comme la dose moyenne, amenerait théo-
riguement a une augmentation de !a probabilité qu'il aurait de mourir
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de cancer, dont la limite supérieure serait de 1%. 1 s'agit bien la,répé-
tons le, d'un calcul majorant, par suite des hypothéses de base retenues.

CAS DES TRAVAILLEURS

Les risques auxquels les travailleurs sont exposés peuvent étre de
deux natures : soit des risques d'accident, se soldant par un handicap
a long terme ou parla mort, soit des risques de maladies spécifiques
de la profession, pouvant ou non conduire & 1a mort, a plus ou moins
bref délai. La comparaison peut étre établie selon plusieurs critéres,
parmi lesquels le critére du risque de mort annuel rapporté a un miltion
de travailleurs et celui du nombre d'années ou de jours de vie perdus.

Si I'on considére les risques de mort par accident des différentes
professions, on constate que la moyenne a EDF est 1égérement infé-
rieure a celle de I'ensemble des industries et que les accidents de
cause purement électrique ne constituent qu'environ le quart de fa tota-
lité (tab. 1). Dans les centrales thermiques et nucléaires, la mort par
accident constitue un risque encore inférieur a la moyenne de toutes les
industries. Parmi celles-ci, les moins exposantes sont celles du tex-
tile et du vétement, les plus dangereuses étant celles des travaux
publics, des mines, des docks, de la péche en haute mer.

Pour 1'ensemble des accidents graves, |'8ge moyen de leur sur-
venue est aux alentours de 30 ans ; aussi, que |'accident soit mortel
ou non, les années de vie perdues ou altérées sont-elles nombreuses.

Il peut en étre tout autrement pour les maladies professionnelles,
dont la plupart demandent de nombreuses années pour se manifester.
Les risques spécifiques d'origine nucléaire appartiennent & cette caté-
gorie. Aussi pensons nous qu'il faille comparer ces risques surtout
& ceux des autres maladies professionnelles.

E. Pochin a donné des valeurs de risques de mort inhérents a di-
verses professions, d'aprés des statistiques britanniques ou américai -
nes| 3 ]. Le risque théorique nucléaire demeure inférieur & celui constaté
dans d'autres professions (tab. 2). Le risque de la silicose des mineurs
n'y est pas porté, or la prévalence de cette affection est estimée a
I Theure actuelle, en France, de |'ordre de80 000 par million de mineurs.

J. Reissland a récemment proposé de baser la comparaison sur
le nombre de jours de vie perdus| 4 ]. Le risque encouru par le travail-
leur du nucléaire, exposé depuis |'8ge de 20 ans et durant 45 ans a la
moyenne de dose de 5 mSv par an, serait ainsi 20 fois inférieur &
celui du mineur.

CAS DE LA POPULATION

Quant a I'individu de la population, soumis en moyenne a 10_?nSv
par an du fait de 1'énergie nucléaire, il recevrait en 70 ans 0,07 mSv
supplémentaire, ce qui se traduirait par un risque de cancer de 7 X 10~
qui représenterait, environ, le trois millioniéme du risque spontané.
Pour une personne du groupe "critique", supposée exposée en continu
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a une dose maximale de 0,05 mSv par an, elle aurait ainsi a la fin de
sa vie un risque surajouté de mourir de cancer de 3,5X 10_5, soit environ
le deux dixmilliéme du risque spontané. Approximativement,on pourrait
alors prévoir environ 1 mort annuel par cancer di au nucléaire dans la
population frangaise et environ 1 cas tous les tros ans, parmi les travail-
leurs, si ceux ci étaient 10000. Indépendamment du caractére spécutatif

TABLEAU 1. Comparaison des fréquences de morts par accidents
professionnels (par million de travailleurs et par an).

Moyenne toutes industries ~ 250 *
EDF (toutes causes) 190

" (origine électr. seule) 40
Vétement 16 (1968-72)
Papeterie et imprimerie 30 "
Textiles, cuirs et peaux 44 "
Metaux 115 "
Chimie 155 "
Agriculture 360 "
Carriéres 370 "
Batiment et travaux publics 490 "
Mines ) =~ 500 "
Transport, manutention 540 "
Aviation civile =~ 1000 (1974)
Docks ’ 1020
Chalutiers 1636

* accidents de trajet compris

TABLEAU 2. Exemples de risques de cancers professionnels (morts
par million de travailleurs et par an en France et a | 'Etranger) .

Professions Risque localis. descancers

Chaussure . 130 fosses nasales

Bois (machines) 700 fosses nasales

Amiante (filage, ~ 3 000 poumon, plévre

tissage,isolation)

Cadmium . 14 000 prostate

N ickel (raffinage)] 6 600 - 15 500 | sinus et poumons
Nucléaire @n 2000) | 50 (théorique) |cancersetleucémies

de ces calculs, de tels résultats n'ont de sens que dans la mesure oU
ils sont comparés a tous les autres effets cancérogénes et mutagénes
de l'environnement. Une tentative de comparaison est faite par les
recherches fondamentales sur la rad-équivalence des nuisances chimi-
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ques, qui doivent 8tre compietées par les enquétes épidémiologiques.
Celles-ci auraient permis de relever, par exemple, & Londres, de 1948
a 1962, plus de 7000 morts imputables & des accidents aigus de polltu-
tion soufrée et particulaire. Par contre, le nombre de décés qui serait
di a la pollution chimique et particutaire de fond ne peut étre évalué.
Par ailleurs, 1a pollution médicamenteuse provoque des morts en France
au nombre d'environ 5 par million de personnes et par an.

TABLEAU 3. Comparaison de quelques causes de mortalité en France
avec les risques théoriques.

Risque de mort Risque indiv.|Risque calculé
Causes de mort .
annuel (10 pers) relatif par mSy
Mortalité (toutes) 10 500 1
Maladies (toutes) 9 500 0,9 s
Cancers totaux 2 300 0,22 " 10 6
Bronch - pulm. 400 3,8 . ‘IO_3 2. 10_6
Leucémies 80 7,6 . ‘10_1 2. 10
Tabagisme 1 300 1,2 . 1O~2
Alcoolisme 400 3,8 . 10_2
Accidents totaux 950 9. 10_2
" de la route 240 2,3 . 10__3
Noyades 60 5,7 . 10_3
Incendies 40 3,8 . 10_4
Acc. médicaments 5 4.7 . 10_‘
Electrocution 4 3,8 . 10__5
Asphyxies (gaz) a1 ~9 . 10_5
Foudre 0,5 4,8 . 10—6
Chute d'avion ~ 0,02 ~1,9 .10

La comparaison a des risques d'activités volontaires serait encore
plus frappante, comme & celui du tabac (1300 par million), acetui des
accidents en vacances (environ 180 par millionde personnes) et enpartie
a celui des accidents de la route (240 par million) . Le risque inhérent a
la production d'électricité d'origine nucléaire en fonctionnement normatl
reste hypothétique et de toute fagon négligeable par rapport & tous les
autres risques auxquels | '"homme se trouve exposé dans le vie courante.
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RADIATION AND THE PERCEPTION OF RISK IN THE U.S.A.
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A complete approach to radiation protection must take into
account perceived risk--the subjective judgment of the risk involved
in the technology which may produce an exposure to radiation. The
necessity for including consideration of perceived risk is briefly
outlined below.

Calculated risks, sometimes called objective risk estimates, are
almost always associated with uncertainties and therefore usually
require subjective judgments about probabilities, consequences, and
their distributions., Gaps in knowledge about the technology and its
impacts and interrelationships within the total environmental system
are often large, making evaluation of radiological consequences a
difficult and speculative art. Lack of specific experience with a
technology makes assignment of probabilities especially difficult and
speculative. Multiplying these uncertainties makes their product even
more suspect.

The point being made is not the obvious one, namely that risk
assessment is a challenging enterprize, but rather that the bases of
risk calculations are often founded on expert perceptions of
technological hazards. Thus, when dealing with discrepancies between
"perceived" versus ''calculated" risk, it is vital to recall that more
correctly we are talking about 'lay" versus "expert'" perceptions of
risk. To be sure, the basis on which each group forms perceptions
may be quite different, and that some approaches may be more
defensible than others, but the two sets of perceptions probably obey
the same psychological laws since we are all human beings.

Understanding of the processes which control perceptions of risk
is largely lacking and research efforts are still only in a formative
state, The notion of "acceptable risk''--that is, the establishment
of absolute levels of risk acceptable to the public~~may well be a
will-o'-the-wisp. We say this based on clear evidence that comparable
risks (in terms of expected value) are rarely equally acceptable.
Risk is measured not only by its own value but also by the value of
what the risk is taken for, or in other words, the benefit. Thus,
people make an integrated judgment to answer the question: "Is this
risk worth taking?"

With respect to nuclear power, people can and have made this
judgment, In the United States, approval and disapproval levels have
been surprisingly constant over the years. This can best be illus-
trated by opinion poll data taken from Harris and Cambridge Reports
(1, 2). These two major and long term studies have over the years
1975-79 shown a majority or plurality of Americans supporting nuclear
power plants (Fig. 1). However, the accident of March 28, 1979, at
the Three Mile Island Nuclear Generating Station (TMI-2) appears to
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Figure 1. Percent of respondents favoring or opposing continued
nuclear power plants in two surveys over time (1975-1979).
have had a strong effect on public opinion: polls taken shortly after
the accident showed for the first time nearly equal opposition and
support for nuclear power. Clearly, the extensive publicity given to
the event coupled with the appearance of poor institutional response
had a pronounced effect on the judgment of risk worth taking.
However, a curious effect is seen in the post-TMI-2 data of Harris: a
rebound effect, There appears to be movement toward previous levels
of approval (and disapproval) as a more realistic assessment of TMI-2
(and its risk) is made. The rebound is not seen in the Cambridge
data but may yet appear.

This difference in the two studies may be attributable to slight
technical differences between the two studies. The Cambridge data
generally show a lower level of approval and a higher level of
disapproval than that of Harris. Cambridge asks, "Do you favor or
oppose the construction of more nuclear power plants?'" Harris asks,
"In general, do you favor or oppose the building of more nuclear
plants in the United States?" The slight wording differences in
these essentially identical questions may be highly significant.

The first question could well be taken as specific to the community,
while the second is clearly non-specific and in general. Moreover,
as noted, it is possible that the rebound effect will be seen in the
Cambridge results at a later date. If so, the lag may reflect a
different threshold evoked by the different wording of the question.

There are also curious differences in the data between male and
female respondents. In general, women in the United States have bern
much less supportive of nuclear power. This difference may have bheen
exaggerated by the TMI-2 accident. Figure 2 shows the level of
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Figure 2. Male vs. female opposition or support for continued
nuclear power over time (1975-1979).

nuclear power support and opposition for men and women as obtained by
Harris. For women, the TMI-2 incident has led to majority opposition
to nuclear power and the rebound has not occurred with sufficient
vigor to return support to previous levels. Whether this effect is
permanent is yet to be seen. The point is that there are likely
important differences in the perception of risks worth taking, not
only between sexes, but across other demographic groups as well.

This may reflect different emphasis placed by various groups on widely
held human values such as economic security or a world at peace rather
than.a differing ability to accurately perceive risk.

The usual approach to risk assessment, as taken by technical
persons including health physicists, is to look at risk associated
with a specific technology (nuclear power generation, for example)
along with associated benefit and make a judgment on the basis of the
"evidence" or available data that the risk is or is not worth taking.
This approach is logically defensible as a self-contained problem.
However, members of the public may approach the problem differently.
They may ask about calculated risk, but go further yet. They likely
place the proposition in the context of their own lives, asking these
kinds of questions: 1Is the new benefit proposed (or probable benefit)
desirable to (or, perhaps, advantageous to) me? 1Is the new risk
additional to other risks I'm already bearing? The cumulative risk
and benefit may be the important risk calculus. The marginal or
incremental value of risk and benefit is probably more relevant to
the protection of the public than an absolute level. :

The foregoing discussion of nuclear power and public perception
of risk leads logically to the question: What are the implications
for radiation protection? There are, of course, serious and
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significant implications and practical lessons for the health
physicist., The first of these might be termed the small increment
problem, a situation in which any one small risk (or increment of
dose) may be acceptable in isolation but not in a cumulative sense or
when considered in conjunction with other risks. Thus, the first
incremental dose may be of no concern, while the nth increment may be
totally unacceptable. Thus it is the cumulative dose or risk that
must be considered, and this may or may not be perceived as time
related.

The second implication might be termed the last technology in
problem, in which a new and "unproven" technology (such as nuclear
power) may have to bear a greater burden for the increment problem
than "o01d" familiar technologies. Applying historically acceptable
risk levels or evaluations may simply be not acceptable for this new
technology. To some extent, this may be underlain by a fear of the
unknown, or by a lack of experience on the part of the general public,
or by a desire to avoid recently perceived errors in risk evaluation
made with the "o0ld" technology. Whatever the reason, the net effect
is to require less risk for comparable benefit.

An important lesson lies in the area of standards setting: the
radiation protection standards setting process needs to be sensitive
to demographic differences in valuing risk and benefit. Broad
representation of these groups in the standards setting process would
be ideal, but, failing that, awareness of the differences is essen-
tial. Thus, national standards can logically and realistically differ
among countries and from international recommendations; indeed, if the
small increment problem is fully considered, there might even be
regional and local standards which differ from national or inter-
national recommendations. An interesting example of the demographic
differences in risk perception is the generally higher level of
acceptance of nuclear power plants by the communities in which they
have been located.

Finally, there needs to be a differential application of stan-
dards to those technologies whose benefits are trivial versus those
whose benefits are great. Clearly, this is a scientific and political
judgment, cutting both broadly and deeply, and including many consid-
erations beyond the scope of the typical standards setting body. 1If,
however, compelling scientific evidence could be presented that a
safe (i.e., nonzero) or threshold level exists, then this differential
approach could be avoided.

In summary, the radiation protection standards setting process
should ideally consider not only hard scientific data but also
perceived risks and benefits of the technology under consideration.

In addition, the demographic character of the affected group needs to
be factored in as well. Public opinion data can provide useful and
otherwise unobtainable information to the standards setting body.
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Physical Characteristics of the Japanese in Relation to Reference Man
Gi-ichiro Tanaka, Hisao Kawamura and Etsuko Nomura

Division of Radiocecology, National Institute of Radiological Sciences
Nakaminato Laboratory, Nakaminato, Ibaraki 311-12, Japan

Introduction

Quantitative description of physical and other characteristics
of the human body is one of the basic data for estimating dose equiva-
lent and calculating annual limit on intake of radionuclides in line
with the ICRP Recommendations(l,2). ICRP Reference Man is practically
based on the data reported for populations the habitat of which is
Western European and North American areas although it is stated that
"it is neither feasible nor necessary to specify Reference Man as
representative of a well-defined population group'"(3). In order to
be more realistic and quantitative in the dose equivalent estimation
and ALI calculationin Japan populations of which are different from
those of European and North American countries in physical dimensions
and other aspects, standard or reference values for the Japanese, i.e.
mass and dimensions of body and organs, and the daily intake, distri-
bution, and metabolism of elements have been being studied particu-
larly on the basis of more recently obtained data(4). These values
that has been obtained are compared with those of authorized ICRP Re-
ference Man(3) with the intention of establishing "reference Japanese
man" and contributing to improvement of models of man used in radi-
ation protection. A calculation of dose equivalent commitment and
annual limit on intake of radioiodine using the obtained data for the
Japanese adult is referred. The present approach may be of importance
regarding the demographic contribution of Asian populations to the
world population.

Methods

The weight and size of the body and organs were measured in
autopsy for subjects who died of sudden death, mostly from traffic
accidents. Autopsy was carried out 12-24 hr after death at the Tokyo
Medical Examiners Office, Otsuka, Bunkyo-ku, Tokyo. From protocols
of 10,598 cases recorded during the period 1971-1976, 2,880 cases
were selected, using as a criterion those individuals who had been
physiologically normal. Data for subjects having pathological change-
s in any single organ which tend to cause a change in the normal
weight of organs were rejected in the statistical study carried out
at the National Institute of Radiological Sciences. The obtained
results, therefore, are considered to represent the normal Japanese
in the strict sense.

Separate from this, bone and other autopsy tissue samples were
collected from a few districts including Tokyo during the period
1961-1976. Chemical analysis are being carried out using techniques
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of trace analysis developed for the present purpose, including vacu-
um drying and plasma-dry ashing of autopsy tissues, atomic absorption
and emission spectroscopy and also partly employing rooms specifical-
ly designed for use in trace analysis, and, in some part, being as-
sisted with simultaneous multielement analysis techniques.

A low dose of 74 nCi of I-131 were orally administered as sodium
iodide to two voluntary, normal adult male subjects and the uptake
and retention of ingested radioiodine in the thyroid gland was meas-
ured using the N. I. R. S. 8 in.-dia. NaI(Tl) Human Counter in a col-
limation mode.

Results and Discussion

The total body weight and length as presently studied was in
good agreement with the published data for the Japanese of different
ages reported by the Ministry of Health and Welfare and the Ministry
of Education for essentially the same period. The data(5,6) is plot-
ted as a function of age and compared with the data used for ICRP Re-
ference Man in Fig. 1. Average total body weight of the Japanese
adult male and female was approximately 59 and 51 kg, respectively
being comapared with approx. 75 and 58 kg for the European and Ameri-
can counterparts, respectively. Average length of the total body was
approx. 165 and 155 cm for the male and female, respectively which
are compared with approx. 175 and 164 cm for the Caucasian counter-
parts, respectively.

The mean weight of twelve organs for males and of eleven organs
for females were obtained as a function of postnatal age as well as
the relative weight of organs with respect to total body weight.

Mean organ weight of the normal Japanese adult is shown in Table 1
along with the literature data for the Europeans and Americans being
referred to in the ICRP Publication(3) for comparison. Remarkably
lower weight of the spleen was noticed in the Japanese male, and,
however, comparable values were seen in children between the data.
Apparently higher values were found for the thymus and pancreas in
the Japanese adult as compared to those referred to by ICRP(3). The
80
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Fig. 1. Total body weight of Japanese as compared to that of
Europeans and Americans.
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weight of the spleen in the Japanese adult male was 127 g which is
compared with the literature value of 192 g(3). The mean weight of
the thymus and pancreas was 31.7 and 135 g in the Japanese adult male
which are compared with those referred to by ICRP, 19.7 and 96.1 g
for the European and American counterpart, respectively. Comparative
weights were observed for other organs, e.g. adrenals, hypophysis or
pituitary gland, testes, thyroid gland, heart, kidneys, brain and
lungs. The mean liver weight in the Japanese was smaller than that
referred to in Reference Man(3). These may be explained by a possible
correlation between the weight of some organs and the total body
weight. Similar results were seen for the Japanese adult female as
also shown in Table 1. Relative weight of a given organ to the total
body weight found in the present study was apparently larger than
that given in Reference Man for most of organs studied except spleen.
This should be stressed because it suggests that estimating weights
of organs of a certain population using relative weights reported for
different populations is not necessarily valid.

Table 1. Weight of organs and total body weight proposed for reference
Japanese adult as compared with ICRP Reference Man values.

Japanese adult ICRP Reference adult
Organ Male Female Male Female
(g) () (8) ) (g) (%) (g) (%)
Adrenal glands 13(0.026) 13(0.028) 14(0.020) 14(0.024)
Brain 1400(2.6) 1300(2.8) 1400(2.0) 1200(2.1)
Heart 350(0.66) 280(0.61) 330(0.47) 240(0.41)
Kidneys 330(0.59) 280(0.60) 310(0.44) 275(0.47)
Liver 1600(2.9) 1400(2.9) 1800(2.6) 1400(2.4)
Lungs 1100(2.1) 900(1.9) 1000(1.4) 800(1.4)
Pancreas 135(0.24) 100(0.24) 100(0.14) 85(0.15)
Pituitary gland 0.6(0.0010) 0.6(0.0013) 0.6(0.00086) 0.7(0.0012)
Spleen 130(0.23) 120(0.26) 180(0.26) 150(0.26)
Testes 33¢0.058)- —_ 35(0.050) —_—
Thymus 30(0.054) 25(0.053) 20(0.029) 20(0.034)
Thyroid gland 19(0.034) 17(0.035) 20(0.029) 17(0.029)
Total body weight 60000 51000 700000 58000

The present data for most of organs studied exceeds that report-
ed for the normal Japanese in 1952(7). Improvement in the general nu-
tritional condition may have had possible influences. Differences
between the reported data for pathological cases and normal cases are
also pointed out.

A comparison of per capita daily consumption of principal nutri-
ents and categorized foodstuffs between Japan, and European countries
and the United States. Calcium as well as fat is factor of two less
consumed in Japan than in the latter countries, even on the unit body
weight basis., Fourty-eight per cent of the total fat comes from vege-
tables and other plants. Consumption of dairy products, meat and milk
is factor of two to four lower in Japan and, however, fish meat is
consumed at a rate approx. four times larger than in European and
American countries. Consumption of many kinds of sea algae and their
products is regarded also characteristic to the Japanese population.
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For the elemental composition of the human body and daily intake,
data is being accumulated and, in the present paper, strontium is re-
ferred in relation to calcium, Strontium in bone has been extensively

studied using samples of

Table 2. Skeletal content and daily various ages including ges-
intake of Ca and Sr in adult. tational stage and the mean
strontium to calcium con-
Present work ICRP(3) centration ratio in the
Skeletal content: adult(20-49 yr) bone was
Calcium 840 g 1000 g found 0.51 mg Sr per g of
Strontium 430 mg 320 mg Ca. Skeletal mass was esti-
Daily intake: mated tentatively using the
Calcium 0.54 g 1.1 ¢g ICRP assumption, 0.14 of
Strontium 2.3 mg 1.9mg the total body weight until

a valid data for the Japa-
nese will be available. Apparently larger skeletal strontium content
in the Japanese adult male than the ICRP estimate for European and
American counterpart. This may be due to the dietal Sr/Ca ratio which
was found factor of two higher in Japan and this may be related to the
characteristically low consumption of milk and dairy products.

Regarding the remarkably high level of natural iodine intake in
the Japanese up to between 500 and 1000 pg per day per person which
has been reported, an isotope dilution effect is expected. Fraction of
I-131 incorporated in the thyroid gland, K,(8) was found 0.1l in one
subject taking normal meals containing a kind of kelp and other marine
algae and their products throughout the experiment. In the other sub-
ject for whom the intake of these kinds of foodstuffs had been re-
stricted as far as possible for two weeks until the oral administra-
tion of I-131, K, was found 0.33. Biological half-life was estimated
to be 29.9 and 40.4 days for the former and the latter subject, re-
spectively. It is suggested that the thyroidal uptake rate can be
estimated as 0.15 to 0.20 and that the biological half-life is proba-
bly estimated as 35 days in the Japanese adult. The data is consider-
ably smaller than that adopted by ICRP(8).

Establishment of reference Japanese man data will be useful for
one to calculate more realistic dose-equivalent commitment and also
annual limit on intake for radioactive isotopes. A result of such cal-
culation employing a unique transformation method developed to apply
the MIRD absorbed dose fraction data to an individual of an arbitrary
physique and the weight of organs and other data obtained in the pre-
sent study(9) shows a lower annual limit on intake for I-131 in the
Japanese adult as compared with that calculated for the MIRD phantom.
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COMPETING RISK THEORY AND RADIATION RISK ASSESSMENT
Peter G. Groer

Institute for Energy Analysis, Oak Ridge Associated Universities,
Oak Ridge, TN, U.S.A.

The paper presents a summary of the research in competing risk
theory during the last decade and applies some new statistical pro-
cedures to estimate cumulative distribution functions (c.d.f.), force
of mortality, and latent period for radiation-induced malignancies.
It is demonstrated that correction for competing risks influences the
shape of dose-response curves, estimates of the latent period, and of
the risk from ionizing radiations. We show the equivalence of the
following concepts: force of mortality, hazard rate, and age or time
specific incidence. This equivalence makes it possible to use pro-
cedures from reliability analysis and demography for radiation risk
assessment. Two methods used by reliability analysts - hazard plot-
ting and total time on test plots — are discussed in some detail and
are applied to characterize the hazard rate in radiation carcino-
genesis. C.d.f.'s with increasing, decreasing, or constant hazard
rate have different shapes and are shown to yield different dose-
response curves for continuous irradiation. We point out that the
absolute risk is a sound estimator only if the force of mortality is
constant for the exposed and the control group. Dose-response rela-
tionships that use the absolute risk as a measure for the effect turn
out to be special cases of dose-response relationships that measure
the effect with cumulative incidence. We explain how life tables —
a popular demographic tool — should be used to calculate the risk to
a population from a risk estimate obtained from another exposed popu-
lation.

INTRODUCTION

The basic idea of competing risk theory was first outlined by
Daniel Bernoulli in his 'Memoir! published in 1760 (1). In this
publication he attempted to answer the question: Is mandatory vac-
cination against smallpox beneficial, and what are the quantitative
effects of vaccinations on the survival experience of a population
(1)? Each individual was considered as exposed to two risks: death
from smallpox and death from other causes. The analogous ''modern'
question is: |s exposure to a certain dose of ionizing radiation
detrimental, and what are the quantitative effects of a radiation
exposure on the survival experience of a population? Each indidivual
is again subject to two competing risks: death from radiation-
induced cancer and death from other causes not related to the radia-
tion exposure. During the last few decades competing risk theory
developed rapidly because of the need to answer very similar questions
in reliability analysis. There a device can fail due to different
failure modes, and it is desired, for example, to estimate the prob-
ability that the device will fail due to one particular failure mode
not later than a certain time t. The 1ife of a person or a device is
therefore a non-negative random variable T [P(T <0) = 0]. In the
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field of radiation risk assessment, we are interested in the estima-
tion and comparison of Fy(t,D), the cumulative distribution function
of T for a control population radiation dose (D = 0) and an exposed

population (D > 0). T is the life length from exposure to death or

diagnosis of a radiation-induced malignancy. In the following sec-

tion we will introduce some concepts related to Fr and discuss their
estimation and connection with dose-response curves.

CUMULATIVE HAZARD, DISTRIBUTION FUNCTIONS, AND DOSE-RESPONSE CURVES

| f FT(t,D) or, for short, F is the c.d.f. for the life or in our
context synonymously the tumor appearance time (1atent period) after
exposure then

} - F = survival function

dfF/dt = F' = probability density function

f/F = hazard function or age (time) specific tumor rate
oft dt'h(t') = cumulative hazard

x> - i

The arguments t,D have been suppressed for brevity. One easily sees
that

F=1-exp (-H) (M)

Intuitively h(t,D)At can be interpreted as the conditional prob-
ability that an individual will die from a tumor in the interval
(t,t+At) having survived to age t. For this reason h is sometimes
also called the force of mortality. Every c.d.f. of tumor appearance
times has a corresponding force of mortality h{t). If F = l-exp{-it),
the force of mortality is X = constant. This is a unique characteri-
zation of the exponential c.d.f. These probabilistic concepts and
the different relationships among them are well known and very simple.
The difficult aspect is the estimation of F, F, or H from observed
quantities. To understand why this is so, consider the following
situation: Groups of N; individuals are exposed to doses Dj

(i =0,1,2...5 Dy = 0). The exposure is instantaneous and takes
place at t = 0. As t increases, we observe for each dose group Di a
sequence of N; indicators like

0,0,1,0,1,1,0,1,1,0,1,1,1,0,0,0,1,0,0

A "1'" means in our context that the individual died from cancer pos-
sibly induced by radiation. A "0'" means that the individual died
from another cause, was lost from the study, or is still alive. Each
0 or 1 has associated with it the time when the event occurred. All
the times where a 0 occurred can be considered as observations of a
random time variable L. ''L" stands for loss to indicate that the
0 — events represent lost information for the estimation of Fy(t).
The problem of estimating F if losses (0 — events) occur was solved
by Kaplan and Meier (2) under the assumption that T and L are sta-
tistically independent. An estimator for H is also available in the
literature (3,4).

A dose~response curve at a fixed time tg for instantaneously
exposed individuals (e.g., atomic bomb survivors) can be defined as a
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plot of Fr(tg,D;) versus Di on linear graph paper (5). This replaces
the plotting of the ratio, number of tumors, nj/umber of individuals
exposed, N;. The magnitude of nj/Nj is clearly influenced by the
number of 0 — events (e.g., accidents) and does not measure solely
the effect of the radiation exposure. The same dose D; can therefore
produce different effects — measured by n;/Nj — depending on how many
other deaths occur. Since Fr(ty,D;) differs from this ratio, the
shape of Fr(ty,D;) versus D; will differ in most cases from n;/N;
versus Dj [see (5) tor more details]. Most of the time the ratio
ni/Nj is used to measure the effect of Dj in exposed animals. In
human epidemiological studies the fraction, nj/total number of person-
years, is used instead, and sometimes the difference AX or ratio p of
these fractions for an exposed and an unexposed group are plotted
versus Dj [see e.g. (6)]. The fraction o = AX/D; is the absolute
risk, and the ratio p is the relative risk (6). Both are incorrect
measures of the radiation risk because of hidden and unwarranted
assumptions. To see the mistake, consider Equation 1. For H <<1,
one cbtains

F:H (]')

For the exponential distribution — cf. the earlier remark —H = Jt,
where A, the force of mortality, is constant. |If F is exponential,

X can be estimated by nj/total number of person-years (7), but the
assumption of exponentiality (i.e., A = constant) is incorrect for
both the unexposed and the exposed group for time periods longer than
two to three years [see e.g. (8)]. For spontaneous and radiation-
induced cancer h = h{t). This fact can be demonstrated by graphical
techniques-hazard plotting (3,4) and total time on test (TTT) plots
(9). If Equation 1' holds and the force of mortality is time de-
pendent, then only AH = H(ty,D;) - H(ty,Dg) and H(ty,D;)/H(ty,D,) are
meaningful measures of the radiation effect at tg;. The net radiation
risk RN(tO,Di) at time tg due to an instantaneous dose D; should be
defined as the difference of the cumulative incidences:

CRN(tgsD;) = Fr(to,Di) = Fr(ty,Do) (2)
This definition assumes that cancer is the only risk acting. If

Equation 1' holds, hy(t,D;) = A; = constant and hT(t,DO) = i, = con-
stant, then Equation 2 becomes

Ry(tosDi) = Hr(tg,Dj) - Hy(ty,Dy)

(3)
= (Ai-25) to = AAtgy
If in addition AX = aD;, then
RN(tO’Di) = OLDitO (4)

The derivation of Equation 4 shows that the absolute risk concept and
linear dose-response curves based on this concept are valid only under
very special circumstances.

For continuous radiation exposure, the dose D(t) is an increasing
function of time. |If Fp(t) has been estimated, Gp(d), the c.d.f. for
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the random variable D, can be obtained by a simple transformation (10).
For D = 8T — the simplest case with constant dose rate § — one ob-
tains Gp(d) = Pr {tumor for D < d} = Fy(d/8). If Fp = Hr, then Gp
increases like Hy. A plot of Gy versus d is a possible definition of
the dose-response curve for continuous irradiation. The shape of Gy
depends on the behavior of HT(t) and will be different for increasing
(decreasing) hazard rate hy(t). A serious problem with this defini-
tion stems from the fact that one does not know up to what time after
first exposure dose effectively induces cancer. The dose delivered
after this time is ''wasted.'"' A deeper understanding of radiation
carcinogenesis is necessary to solve the ''wasted' radiation problem.

The general relationship F = exp(-H) can be used to calculate
the potential crude radiation risk from Dj at ty to a so far unex-
posed population, if AH has been estimated from data on an exposed
population. The survival function S(t) for the actual life of the
population can be found in a life table. The crude radiation risk
can then be defined as

Re(to,Di) = S(ty,) [1-exp(-aH)] (5)

The crude radiation risk in Equation 5 is the additional risk from
radiation exposure in the presence of all other competing risks.
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A SYSTEMATIC APPROACH TO PERSONNEL NEUTRON MONITORING
Richard V. Griffith and Dale E. Hankins

University of California, Lawrence Livermore Laboratory, Livermore,
California, 94550 U.S.A.

Introduction

A good personnel dosimetry program requires an integrated
approach to personnel dose assessment. No single measurement
technique or information source can be relied upon solely to provide
accurate dose measurement. This is particularly true for personnel
neutron monitoring, because the problem of accurate measurement is
so difficult and the personnel dosimeters currently available have
severe limitations greventing a wide range of applications for any
one dosimeter type(l . Neutron monitoring requires detection and
measurement of neutron doses at 1/10th the level for the
accompanying gamma rays. The range of neutron energies generally
spans at least nine decades (thermal to 10 MeV), and, in some
accelerator facilities at least another decade of energy may be
involved. The usual dosimetric problem of angular dependence and
body orientation effects add to the difficulty of proper dosimeter
interpretation.

It is clear that the information provided by the response of the
dosimeter must be used in conjunction with other sources of infor-
mation to provide the most accurate interpretation of the neutron
environment. Other information sources that may provide information
necessary for accurate dosimeter interpretation include gamma
dosimeter response, instrumental measurements of the gamma and
neutron dose rates in the environment, worker stay times, etc. Most
dosimeters have a very poor energy response - that is the neutron
response does not adequately mimic the dose equivalent conversion
curve across the wide range of neutron energies encountered in
personnel monitoring. Therefore, a piece of information that is
important for accurate neutron dosimetry is the spectral quality of
the worker's environment. This information not only improves the
accuracy of the dosimeter interpretation, through more accurate
assessment of the calibration data, but also serves as a basis for
acceptance or rejection of new dosimeters based on their ability to
measure the important portion of the dose equivalent spectrum
through a radiation facility.

Current Neutron Dosimeters

Before discussing monitoring techniques that can be used in
support of a dosimetry program, it is important to review the
characteristics of currently available dosimeters. We will place
emphasis on the detecting element rather than the system as a whole,
because the detector characteristics are the primary limitation of
the dosimetry system.

Photographic neutron detectors - NTA film - have ?gen used for
operational dosimetry longer than any other dosimeter »3),

Briefly, the neutron interacts with a proton in the emulsion of a
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small piece of film, causing the proton to move some distance
through that emulsion. When the film is developed, the track of the
proton is revealed as a thin trail of silver grains in the film.
Dosimetry is done by optical measurement of the number of tracks per
unit area using a high magnification optical microscope. In
practical use, NTA film has a threshold at about 0.5 to 1 MeV, which
is equivalent to a 3 or 4 grain track in the developed emulsion.

NTA film is also capable of detecting low energy neutrons from the
(n,p) reaction with nitrogen in the emulsion. However, practical
experience indicates a poor sensitivity for such low energy
neutrons. The energy response of NTA film compared with the ICRP
dose equivalent conversion curve for neutrons is shown in Fig. la.
One of the most s§rious criticisms of NTA film has been its rapid
fading property(4 . Although some investigators have had success

by packaging the film in hermetically sealed wrapping(5 , fading,
sensitivity to low energy gammas that fog the film, and the tedious
counting involved, are all negative characteristics of NTA.
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Figure 1. Comparison of the Relative energy responses of personnel
neutron dosimeters with the ICRP Dose Equivalent Conversion.
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Albedo detectors, which depend on interaction with the human body
to thermalize fast neutrons, have had the most rapid, increase in use
of any of the dosimetry systems used in recent years( 2739, The
detecting element is a TLD crystal, having normal or enriched levels
of neutron sensitive °Li. The two distinct advantages of albedo
dosimetry are high sensitivity (particularly for low energy neutrons)
and the wide availability of automated TLD readout systems. By far,
the most significant disadvantage of albedo detectors is a very poor
dose equivalent energy response simulation (Fig. 1b). Of all of the
dosimeters in use, the albedo system is the most sensitive to
spectral variations in the working environment and requires the most
supplemental monitoring information. However, for highly moderated
neutron environments such as those in nuclear power reactors, albedo
dosimeters may be the only real choice.

Two additional dosimeters, which rely on dielectric track etch
techniques have been adopted on a much more limited scale than either
the NTA or albedo systems. Fission track detectors require the
combination of a fissionable radiator and a track_registration
material. The radiator material (237Np, 232Th, 235y or 238U)
is chosen because these nuclides have n,fission cross sections that
duplicate all or part of the dose equivalent conversion curve.
Fission foil - track etch systems have been used at various
laboratories in the United Kingdom, %witzer1and United States, and
other countries for about ten years 9’10’11’123. 0f these
systems, 2 7Np dosimeters most faithfully reproduce the dose
equivalent conversion curve (Fig. lc). The biggest drawback of
fission foil dosimeters is that the wearer must carry small but
significant amounts of radioactive material in the dosimeter.
Therefore, they are often issued to personnel only on a limited and
controlled basis. Of the nuclides used for this purpose, neptunium
has the highest external gamma dose rate from a dosimeter having
enough radiator mass to provide sufficient neutron sensitivity. In
addition to the disadvantage of having to use radicactive material,
the sensitivity of many fission track systems is marginal for
routine personnel dosimetry and would probably become unacceptable
if higher, more stringent neutron quality factors are adopted.
Unlike the NTA type of track detector, the fission track detectors
suffer Tittle from the problem of fading(3).

Some laboratories have adopted ?rack detect?r systems which do
not require fissionable irradiators 13,14,15,16) These detectors
rely on direct interaction of the neutrons with 1light nuclei in the
plastic (C, N and 0). The charged nuclei recoil, Teaving damage
tracks that can be revealed by various etching methods. The
sensitiyity of these systems for fast neutron spectra such as that
from a 252Cf fission source is of the order of 50 to 500 mrem,
depending on the etching techniques, plastic and the definition of
sensitivity used. One of the major problems with direct recoil
plastics for routine dosimetry is the relatively high energy
thresholds associated with the reactions. It is, however, possible
to enhance the low energy response of these detectors using the
n,alpha reactions from non-fissionable 6Li or 108 r?di tors.
Unfortunately, Tittle experience, save that of CERN 16 , has been
obtained with this technique. The manual counting required for
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dosimeter evaluation is also a limitation. Certainly automated
optical systems could be used for this purpose, but they are
generally too expensive for small-scale dosimetry programs.

We should point out that the discussion to this point has con-
sidered a dosimetry system based on only one detector or one
detecting element. In fact, however, it may be necessary, particu-
Tarly in facilities that have a wide range of neutron spectra to use
a multi-element system. Such systems have been used 16,17,18) and
generally involve the combination of an albedo detector w1th a
threshold detector. The responses of the detectors can be combined
to synthesize a better simulation of the dose equivalent conversion
curve. Moreover, combination systems are, in effect, simple
spectrometers. They add to the complexity of the dosimetry, but the
improved accuracy and information available may well justify the
added effort.

Dosimetry Developments

Perhaps the most prom1s1ng new detestor now being widely investi-
gated is CR-39 plastic. CR- 39(1 is a carbonate, and has
physical properties similar to that of glass. The processing of

CR-39 for electrochemically etching requires 7 to 10 hours of a
combined pre-etch and electrochemical etch. Unlike polycarbonate,
the threshold for neutron detection with CR-39 is about 100 keV

(Fig. 2), and is capable of detecting less than 20 mrem of fast
neutrons. High sensitivity can also be obtained by conventional
etching only, however the optical counting of the much smaller tracks
is more tedious than when electrochemically etching is used.

Although it does not provide as good a replicate of the dose
equivalent curve as one would Tike, it represents a significant
potential improvement over other track etch base systems. A
personnel dosimetry service with CR-39 is now commercially available.

~

E 1077 1073 ¢
= i ICRP dose =
) 10—8 ﬂvalent ]0_4 §
3 &
& 109 1075
€ 8
S ~10 anlnl3 9976
< 10 00101 1 1 10

Neutron energy — MeV

Figure 2. Comparison of the energy response of electrochemically
etched CR-39 (after pre-etching (22)) with the ICRP
dose equivalent conversion.

A number of other neutron detectors have been and are being
investigated for potential personnel dosimetry applications, but each
appears to have one or more deficiencies that, for the present,
prevent use in operational dosimetry programs. Such detection
methods in 1uge a super heated drop detector investigated at Yale
University , 1yo-luminescence ?osimetry that has been investi-
gated by a number of laboratories(24,25) “the deve]opTenS of TLD's
having hydrogenous material built into their crystals , TSEE
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(now pursued with much less interest than at one time), and others.
One of the more promising TLD based techni?uei makes use of LET
dependent differential glow-peak formation 27}, This system
continues to be investigated and may be commercially available in
some form in the near future.

Neutron Surveys

Neutron dosimeters are interpreted on the basis of calibrations
that normalize detector response to dose equivalent, Traditionally,
we use unmoderated fast neutron sources - 52Cf, 241AmBe, 238PuBe,
etc. - with known neutron emission rates to provide calibrations.

We now realize there are usually large differences between the
calibration and exposure spectra, making those calibrations
inaccurate and uncertain. In recent years, the need for in-field
measurements to provide a correction factor to these calibrations
has become evident.

The concept of in-field calibrations is that measurements are
made with instrumentation having an energy response Tike the
personnel dosimeters. These measurements are then normalized to
dose equivalent measurements made at the same locations in the
working environment. The normalizations provide the basis for
correcting neutron source calibrations. In-field calibrations are
necessary only because of spectral differences between the
calibration source and working environment. As long as the working
area spectra do not change, the measurements need be done only once.

The most traditional and straight forward approach is the survey
of a facility with a remmeter (Anderson Braun, spherical moderator,
etc.), followed by long-term (hours to days) exposures of personnel
dosimeters placed on phantoms at the same locations. This technique
is technically sound, but takes a long time and may be severely
limited if the dose rates are Tow. Moreover, the necessary
information is not available until the dosimeters are processed,
often resulting in the need for resurveying.

A more rapid ec?nique has been developed for facilities using
albedo dosimeters A BF3 detector placed in a 3-inch
diameter polyethylene sphere has been shown to have an energy
response very similar in shape to that of the albedo dosimeter. The
use of phantoms in an initial survey is replaced by a one- or
two-minute measurement with the 3-inch moderator. If we use a
9-inch remmeter, a single location can be surveyed in less than 5
minutes, even at millirem dose levels. Additional information on
the thermal neutron contribution can be obtained by taking counts
with a bare BF3 probe.

We use the sphere response ratio to identify locations that
represent the range of spectral variation in any facility. The
survey can then be completed by exposure of a few phantom mounted
dosimeters, with the confidence that the proper locations have been
selected. We can also sample many more positions in a short time,
with a minimum of phantom deployment.
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Neutron Spectrometry

The measurement of neutron spectra has, for the most part, been
regarded as a laboratory concept, useful in high energy physics, but
without practical application in health physics. However, moderated
multisphere detector measurements with computer unfolding can now be
used to augment conventional survey techniques. The instrumentation
required is much less sophisticated than the detectors and
electronics used for experimental physics applications, and well
within the capability and budget of a health physics program. As an
extension of simpler survey methods, multisphere measurements yield
spectral and dose equivalent information over the full range of
occupational neutron energies. This information can then be used to
estimate the error in response of portable remmeters, as well as
allowing the health physicist to predict the spectrum weighted
response of any personnel monitor in use or considered for use at
the facility. The spectra give the health physicist the most clear
view of the facility neutron environment.

Health physicists have used Bon?er §€heres for 20 years(zg),
but recent c?mggter unfolding codes 30,31) and response
calculations(32) contribute to making simple, accurate spectral
measurements. New generations of commercially available portable
pulse height analyzers make in-field use of multisphere much more
mobile. At LLL, we use a portable analyzer, a 6LiF scintillation
detector and 3, 5, 8, 10 and 12 inch spheres of polyethylene to make
the necessary measurements. The detector is used, in turn, in each
of the spheres together with bare and cadmium covered measurements.
The detector pulse height responses from the 6Li(n,a]pha) reaction
in each of the seven detector-moderator configurations are used as
input for the unfolding code. The spectra determined have poor
resolution qualities, but high resolution is not essential for
neutron health protection.

In practice, we make spectrum measurements at key facility
locations identified during the detector-remmeter survey described
above. We choose these locations to represent the range of spectral
variation implied from the range of 3/9 inch ratios. Usually only
about three or four locations are measured with this system.
Although we use a computer to fully unfold the spectra, the
responses of the 3, 8 and 12 inch detector measurements can be used
as input for simple matrix inversion programs available on
programmable hand calculators, to obtain dose equivalent estimates
that are within 15% of the fully unfolded calculations. This gives
us an immediate comparison with the remmeter results before leaving
the area. O0bvious errors in the data can be detected, allowing
remeasurement without having to return days later.

We have used the 3/9 inch sphere ratio technique, with
multisphere spectrometry to survey our own facilities (a high flux
14 MeV neutron generator, transuranic isotope storage vaults and
glove box facilities, a 3 M4 pool type reactor and our own neutron
calibration facility), as well as a number of power reactors through
the United States. The survey technique has significantly improved
dosimeter calibrations. The spectral information has been used
(even at dose equivalent levels as low as 0.1 mrem per hour) to
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predict the poor performance of certain threshold detectors in
heavily moderated environments, as well as determining the effective
over-response of moderated remmeters used in the facilities.

Summary

NTA film and albedo detectors represent the major portion of
personnel dosimeters now used for occupational neutron monitoring.
However, recent attention to the spectral response of these systems
has demonstrated the need for detectors that have a better match to
the fields being monitored. Recent developments in direct recoil
track etch dosimeters present some intriguing alternatives, and
careful use of Np fission fragment detectors offers the
advantage of a good dose equivalent spectral match. Work continues
on a number of other new detector mechanisms, but problems with
sensitivity, energy response, gamma interference, etc. continue to
prevent development of most mechanisms into viable personnel
dosimeters. Current dosimeter Timitations make a systematic
approach to personnel neutron monitoring particularly important.
Techniques have been developed and tested, using available portable
survey instruments, that significantly improve the quality of
dosimeter interpretation. Even simple spectrometry can be done with
modest effort, significantiy improving the health physicists ability
to provide accurate neutron monitoring.
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THE PRESENT STATE OF NUCLEAR ACCIDENT DOSIMETRY
Benny Majborn

Health Physics Department, Rise National Laboratory,
DK-4000 Roskilde, Denmark

1. INTRODUCTION

During the last two decades various types of nuclear accident
dosemeters have been developed and tested. Important contributions
to this development have been made through a series of intercom-
parisons organized by the Oak Ridge National Laboratory in the USA
(1), and a co-ordinated research programme, including four inter-
national intercomparisons, established by the IAEA (2). The IAEA
has issued a compendium of neutron spectra in criticality accident
dosimetry (3) and is now preparing a comprehensive technical manual
on nuclear accident dosimetry (2).

By "nuclear accident dosimetry" is usually meant criticality
accident dosimetry, since it is for this purpose that special acci-
dent dosemeters have been developed. For other types of radiation
accidents, involving, for example, contamination or sealed radioac-
tive sources, the dosimetry methods used routinely for low-level
personnel monitoring are usually adequate, provided that dosemeters
are worn.

The primary purpose of nuclear accident dosimetry is to pro-
vide, in case of an accident, a rapid assessment of radiation doses
for the guidance of the medical services in the appropriate treat-
ment of more heavily exposed persons and for reassuring personnel
who have been only lightly exposed. A rapid dose assessment is also
desirable for public relations reasons. Furthermore, reliable esti-
mates of dose are important for record purposes and of scientific
value in studies of the effects of acute radiation exposure in man.

In this paper the present state of nuclear accident dosimetry
is discussed on the basis of a critical review of nuclear accident
dosemeters prepared by the author (4).

2. NUCLEAR ACCIDENT DOSIMETRY METHODS

Nuclear accident dosimetry systems are generally based on a
combination of personnel dosemeters and area dosemeters and, in
addition, the induced activity in the body of the exposed person
will usually be measured after an accident involving a neutron ex-
posure. Installed neutron dosemeters can contain more components
than it is practicable to use in a personnel dosemeter, so area
dosemeters can provide more detailed information on the neutron
spectrum and consequently a more accurate neutron dose estimation.
However, area dosemeters may be subject to recovery difficulties
following an accident, and information from personnel dosemeters
is generally needed for the transfer of the results obtained with

This paper has been prepared in connection with a study spon-
sored by the Commission of the Buropean Communities (4).
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area dosemeters to the positions of the exposed persons. Simple per-
sonnel dosemeters can provide a fairly rapid dose assessment after
an accident, but the use of a simple dosemeter means that greater
emphasis is to be placed on the methods of interpretation.

As in low-level personnel dosimetry, a basic problem in cri-
ticality accident dosimetry is that generally no single neutron
detector is availlable which adequately covers the whole energy range
of interest. Therefore, the determination of the neutron dose re-
ceived by a person involved in a criticality accident generally re-
quires a knowledge of the neutron spectrum incident on the body.
Several nuclear accident dosimetry systems have been designed to
provide some spectral information by including at least two neutron
detectors with different energy responses.

2.1. Neutron dosemeters

In existing nuclear accident dosimetry systems the measure-
ment of neutron doses is usually Dbased on activation detectors or
to a smaller extent on fission fragment track detectors. The main
advantages of activation detectors are that they are normally in-
sensitive to beta- and gamma-radiation, and most activation detec-
tor foils are inexpensive. Generally, a combination of fast-neutron
(threshold), intermediate-energy neutron (resonance) and thermal-
neutron detectors is used, and the neutron dose is derived from the
induced activities using assumptions on the neutron spectrum,

Like activation detectors, fission fragment track detectors
are normally insensitive to beta- and gamma-radiation. A further
advantage is that their information content following an accident
is not subject to radiocactive decay. On the other hand, fission
fragment track detectors are more expensive, and the radiotoxicity
of the fissile material is a disadvantage which in some countries
excludes thelr use in personnel dosemeters.

Silicon diodes may be utilized for fast-neutron detection in
the energy range from about 0.2 to 15 MeV. Their main advantages
are a relatively flat energy response, easy and fast evaluation and
negligible response to other types of radiation. Their main disad-
vantage is a limited overall accuracy.

Albedo dosemeters are being increasingly used for routine per-
sonnel monitoring, but so far their use in nuclear accident dosim-
etry systems have been very limited owing to their wide variation
in response as a function of neutron energy.

2.2, Gamma dosemeters

The measurement of doses from gamma-rays following an accident
will generally be made with the same types of dosemeters as are
used for routine personnel monitoring,i.e. film,thermoluminescence
and radiophotoluminescence dosemeters. In some systems gamma-ray
detectors are incorporated into the nuclear accident dosemeter
badge, whereas in others the gamma dose is determined using a rou-
tine personnel dosemeter.
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2.3. Special nuclear accident dosimetry methods

A chemical nuclear accident dosemeter has been developed by
Dvornik and co-workers (5). The dosemeter measures the total (neu-
tron + gamma) absorbed dose.

Analysis of chromosome damage produced in human blood lympho-
cytes following over-exposure is a useful biological dosimetry tech-
nique. In a mixed gamma and neutron radiation field, the gamma and
neutron dose components can be estimated from the chromosome aber-
ration yields if the ratioc of the gamma to neutron doses is known(6).

If a person who is not wearing a dosemeter is accidentally ex-
posed, the dose may be estimated from chromosome aberration analy-
sis, from the induced activity in the body (e.g. Na-24 in blood or
P-32 in hair) or from reactions in items carried by the exposed in=-
dividual. Chromosome-gberration analysis and the measurement of body
sodium activity are well-established methods, but in mixed radiation
fields additional information is needed in order to derive gamma and
neutron doses. More unusual methods (measurement of induced activity
in coins ete.) may provide some information, but difficult interpre~
tation problems are to be expected if methods that are not in rou-
tine use or have not been designed and tested for nuclear accident
dosimetry must be relied on.

2.4, New possibilities

A recent promising development in fast~-neutron dosimetry, which
may find application in nuclear accident dosimetry, is the registra-
tion of fast-neutron-induced recoil~particle tracks in polycarbonate
foils or in other plastics using electrochemical etching.

Further developments in albedo neutron dosimetry could result
in an increased application of albedo dosemeters in nuclear accident
dosimetry.

Self-irradiation of thermoluminescence phosphors containing
elements which form radiocactive isotopes after neutron capture could
also be utilized in nuclear accident dosimetry, and the use of lyo-
luminescence dosemeters (7) is a further possibility. However, lyo-
luminescent materials are still too insensitive to be used for rou-
tine personnel monitoring.

3. DISCUSSION AND CONCLUSIONS

The experiences gained at national and international inter-
comparisons (1,2), and from experimental studies (8) show that even
simple personnel criticality dosemeters perform satisfactorily in
neutron spectra that are not too degraded from an uncollided fis-
sion spectrum., For spectra rich in intermediate-energy neutrons, on
the other hand, the performance of simple dosemeters is generally
not satisfactory when routine methods of interpretation are used.

Installed neutron dosemeters containing several activation
and/or track detectors can provide an estimate of the general shape
of the neutron spectrum, so usuazlly they can give a reasonable
determination of the neutron dose at the position of the dosemeter.
However, in well-moderated spectra, the commonly used activation
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detectors (In,8,Mg etc.) may be insufficient. The performance may

be improved by adding a neptunium track detector to the activation
detector set. However, even for this combination the neutron dose
may be underestimated by a factor of about 2 in particularly diffi-
cult cases (8). Threshold detector systems that include a set of
fission~fragment track detectors contained in a B-10 shield can usu-
ally give a satisfactory determination of the neutron dose. However,
such thresghold detector systems are expensive so they are used to
only a very limited extent.

Accidental gamma doses can usually be measured with an uncer-
tainty of less than 25%, using the same personnel dosemeters (film,
TLD,RPL) as are used in routine personnel monitoring. However, the
uncertainty may be increased in a mixed radiation field with a
heavily moderated neutron spectrum if appreciable corrections have
to be applied to the reading of the gamma dosemeter for the re-
sponse to thermal neutrons and to the radiations from activated
foils in the vicinity of the dosemeter.

The present state of nuclear accident dosimetry is satisfac-
tory in the sense that several nuclear accident dosimetry systems
are now available that perform within the criteria proposed by a
panel of experts convened by the IAEA in 1969 (9). However, the
proper interpretation of the responses of existing nuclear accident
dosemeters may require a high degree of expertise, so, in the
authors opinion, there is a need for a further development that
should aim at simplification. It would be desirable if accidental
neutron doses, as is usually the case for the gamma doses, could be
measured with the same dosemeters as are used in routine personnel
monitoring. Whether or not this simplification will eventually be
achieved 1s dependent on further research and development in per-
sonnel neutron dosimetry.
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PHOSPHATE GLASS DOSIMETRY: A POTENTIAL ALTERNATIVE IN PERSONNEL
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Gesellschaft fiir Strahlen- und Umweltforschung mbH Miinchen, Institut
fir Strahlenschutz, Neuherberg, F.R.G.

INTRODUCTION

Radiophotoluminescent phosphate glass was the first solid state
dosimeter in personnel monitoring produced in millions of species al-
ready in the middle of the fifties. Later on, however, it decreased in
importance as compared to TLD due to unbalanced efforts of researchers
and manufacturers on these subjects, particulary in USA. This trend
may be explained by somehow emotional reasons as well as by the dosi-
metric imperfections of the early glass generation with respect to
background luminescence (predose), non-reproducibility and energy de-
pendence of reading. The new generation of low-Z glass dosimeters that
meanwhile has been developed in Japan remained rather disregarded in
spite of remarkable improvements of the dosimetric properties such as
sensitivity, batch uniformity and precision.

Mainly in Germany this type of glass dosimeter found application
in personnel monitoring and, to a limited extend, replaces or backs up
the so far official film dosimeter. From review, the predose and the
energy-dependent detector material may be considered the main reasons
that prevented a major break-through of glass dosimetry. The missing
development of appropriate automatic readers is only a consequence of
this situation.

Contrary to glass dosimetry there are at least 12 automatic TLD
reader versions commercially available. But inspite of promising ear-
lier prognosis also this dosimetry method does not easily penetrate
into personnel monitoring since a number of institutions concerned
rejected or postponed to replace the film by TLD. To a certain extend,
this may be expiained by the high financial investment for a system
at a state of technology, which is characterized by considerable mal-
functioning and not yet elaborated standard of dosimetric reliability.

Under these aspects and on the basis of Tong-term experiences
with both TLD and glass dosimetry we feel encouraged to draw the
attention again to glass dosimetry as a so far neglected but potential
alternative in personnel monitoring. This holds the more since essen-
tial physical and technological advance has recently been achieved.

RECENT TECHNOLOGICAL ADVANCES

For better understanding of the essential advances of nlass do-
simetry the following properties are compared with LiF TLD-systems.
New glass composition: A new glass type FD-7 [11 or DOS8 2] offers
a Tower energy dependence with an oversensitivity of a factor 3.6
related to 5°Co which hitherto was a factor 7 for the still used FDI
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(Toshiba) or D0SZ (Schott) glass. Both glass types show a high batch
uniformity of <20.5% compared to the TLD response which may vary up to
+30% calling for individual calibration. Individual predose values of
20 mR to 250 mR depending on the reader type can be determined repro-
ducibly. The zero dose reading of TLD detectors, on the other hand,
may scatter by one order of magnitude due to batch quality and radia-
tion/annealing history of the single detector.

.~ . . THERMOLUMINESCENT DOSIMETER
3*3:09mn BEHIND SOmg /cm? FOR <06 Mev
e — | 500mg/em? FOR >06 Mev .
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2 PHOSPHATE GLASS DOSIMETER . Fig.1 Energy dependence
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g o T T e e i €41 and the spherical
. KARLSRUHE DOSIMETER SYSTEMS | ©0JS 2 31 glass dosinme-
uzL - - -
t ; : ‘ ter system compared to
” o e o TLD systems

PHOTON ENERGY IN keV

In RPL dosimetry perforated filter are used to improve energy
dependence. This is shown in Fig. 1 for the routinely used DOS 2 in
the spherical capsule [3,113 and for a new automatic RPL system on
DOS 8 basis (431 resulting in energy independence within +20% above
25 keV. The RPL characteristic is similar to LiF for low energies and
differs mainly for high energy ohotons above some MeV. Sophisticated
combinations of glass and filter may be chosen such that the reading
is proportional to specific depth doses [51 or fits new quantities
such as dose equivalent or dose equivalent index r[61.

REPRODUCIBILITY OF DOSE READING
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Automatic readout: At Karlsruhe a glass dosimeter system with automa-
tic readout device has been developed which uses a glass plate of
14x15x1.5 mm® and a perforated energy compensation filter resulting in
an energy independence within +20% above 25 keV (Fig.1l) r41. In addi-
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tion, dose fractions in the energy ranges E <30 keV, 30 keV<E <100 keV
and £>100 keV can be assessed by applying movable screens during read-
out. The reproducibility of the automatic glass dosimeter system (Fig.2)
is characterized by a relative standard deviation of s = 1% above 1 R
and due to predose influences s = 15% at 40 mR. According to these fi-
gures the automatic glass system is comparable to automatic TLD sy-
stems [123. Present readout frequency is around 250 h=! which figure
can still be increased.
Multi-directional scanning: An experimental setup for automatic scan-
ning along the three axis of a glass cube of 8x8x8 mm® has been reali-
zed for a microprocesser assisted estimation of radiation quality and
direction of radiation incidence [71. In addition to dose assessment
this technique offers the advantage to identify unidirectional expo-
sures above 1 R and to discriminate between penetrating and nonpene-
trating radiation by means of the directly measured depth dose pro-
file in glass.
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Laser pulse excitation: The conventional readout technique of glass
dosimeters provides a refined cleaning of the glass with detergents
before readout which procedure probably does not fit to automation.
Recently, the fluorescence phenomenon of predose was found to follow
an intrinsic mechanism different from radiation induced fluorescence
(RPL) £81 and was correlated to surface contamination. It decays
rapidly after UV pulse excitation with time constant of t <100 ns,
i.e. 10 times faster than RPL. This effect was successfully elabora-
ted for a general predose suppression using laser pulse excitation
(FWHV 10 ns). Fig. 3 compares results of conventional DC with laser
pulse excitation for a heavily surface contamined glass detector
without any cleaning procedure applied. The new readout technique is
gaod for exposure assessment as low as 10 mR or even down to 0.1 mR
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when using the time constant ¢ itself as a measure for dose [93. Pre-
sent improvements at Neuherberg concern the application of a compact
nitrogen Taser, electronic noise suppression and computer assissted
signal processing and data interpretation rC101.

CONCLUSION

Large-scale application in personnel monitoring apparently by-passed
phosphate glass dosimetry in the past. The reason for this evolution
seems rather random, retrospectively. Definitly, glass dosimetry com-
bines the capabilities for repeated evaluation, long-term documenta-
tion and analysis of radiation field parameters appreciated from film
dosimetry, with the advantages of solid state dosimetry, i.e. the
accuracy of dose measurement, the long-term stability of the stored
RPL signal and the ability to perform intermediate evaluations during
long-term exposure. Unlike other solid state dosimetry methods, glass
dosimetry lends itself to automation because of the simple and straight-
forward reader calibration and read-out procedure. Reading time can be
a fraction of a second. Based on known fluorescence centers that are
not distroyed by readout and an extremely good batch and inter-batch
uniformity, detector readout is by far independent of the reader.

This enables, with the same dosimeter, repeated or even frequent read-
out during the monitoring period, e.g. for exit controls in power
reactors, and subsequent control reading at a central dosimetry ser-
vice if necessary.

These capabilities may truely simplify and improve the organiza-
tion of operational radiation protection. Another aspect 1is the per-
manent availability of information on a person's accumulated dose
without any further data processing. Last not least, the energy depen-
dence may be adjusted by change of glass composition and filters such
that it fits the energy function of the guantity of interest, e.q.
exposure or absorbed dose, organ dose or deep dose equivalent index.
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TRACK STRUCTURE CALCULATION OF THE THERMOLUMINESCENT YIELDS
OF HEAVY CHARGED PARTICLES*

Yigal S, Horowitz and John Kalef-Ezra'

Department of Physics, Ben Gurion University of the Negev, Beersheva,
Israel

Extensive cffort is currently being invested in the investigation
of the use of LiF thermoluminescent dosimeters (TLD) in exotic radia-
tion fields, such as mixed neutron-gamma and high LET particulate
radiation fields. For this reason it is important to investigate the
relative TL response, n, to various radiation fields (n is defined as
the TL signal/imparted energy by the radiation field in question/TL
signal/imparted energy by Co-60 y rays, both at low absorbed doses of
the irradiated mass). The question of the universality of the TL-LET
behaviour is especially pertinent to the use of LiF-TLD's in mixed
n-y or charged particle radiation fields. For example, large discre-
pancies exist among published fast neutron sensitivities and high
energy electron sensitivities even in the cases when the problem conn-
ected with the determination of the imparted energy are claimed to be
solved. Unfortunately, the possibility of non-universality of the TL-
LET response has been generally overlooked, perhaps, because it has
been proposed (Tanaka et al., (1) and many others) that, indeed, the
relative TL-LET response curve is universal, i.e., the stopping power,
S, of the directly ionizing radiation is the dominant factor that
influences the relative TL response and that there is a unique curve
n = n(S) common to many TLD materials. Our purpose is to show that the
situation is far more complicated than the simplistic picture propo-
sed by Tanaka et al., and others.

In the first instance many groups have reported data that illus-
trate that the n of a particular type of radiation depends on the
type of dosimeter (e.g., LiF, Li,B,07, BeO, CaF,, quartz, etc...).
Furthermore, we have carried out extensive studies (2,3) irradiating
various batches of LiF and Li,B;0; (Harshaw TLD bulb dosimeters) with
13.54 meV neutrons and 3.8 MeV alphas, which showed that purchase of
a particular type of TLD even from the same supplier and with the same
nominal dopant concentrations (Mg, Ti in LiF, Mn in Li,B407) does not
guarantee identical or even similar TL-LET response characteristics
(Table 1).

___ Another question in the application of the dependence of n on
LET of a particular dosimeter is whether the LET of the ionizing
radiation is the only parameter of the radiation field that influences
n, or whether other parameters of the radiation field (e.g., the
velocity of the directly ionizing particles) have to be taken into
account. We have therefore studied the TL induced in LiF-TLD's by
fission fragments using a 5 um mylar degraded flux from a Cf-252

*Partially supported by the U.S,-Israel Bi-National Science
foundation Contract 1517.
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source in vacuum (4), Approximately 1/3 of the imparted energy arises
from fission fragments with average specific LET in LiF-TLD of approx-
imately 3+10% MeV g~lcm?. Most of the remainder of the imparted energy
arises from a particles emitted from Cf-252.

Table 1. Relative Response of LiF and Li,B,0; to neutrons and alphas

13.54 meV Neutrons 3.8 MeV a particles
Type Batch n Type Batch n
LiF 1-TLD-100 0.34020.007 LiF 1-TLD-100 0,170+0,024
LiF 2-TLD-600 0.420+0.007 LiF 2-TLD-600 0.210x0.007
Li,BL07y 1-TLD-800 0.775+0.007 LiF 3-TLD-700 0.290+0,013
Li,By0;  2-TLD-800  1.105%0.017

All the models predicting the dependence of n orn LET and the
experimental data on n versus LET indicate, to the best of our know-
ledge, a decrease of n with increase of LET in the region of high LET.
For example, the one and two trap model (5) usea by Jihnert predicts
relative TL efficiencies (fission fragments to 5,4 MeV alpha parti-
cles) in LiF-TLD's of 0.05 and 0.23 respectively. We have measured a
value of ngg/ng = 1.26 + 0.28 in serious contradiction to these pred-
ictions (the statistical error comprises only a small part of the
indicated total error of ngg/ng.). This result together with other
published experimental data hint at the multiplicity of the TL-LET
function, i.e., the type of the directly ionizing particle must be
taken into account in the study of n versus LET and that at least in
the high LET region n increases with particle mass for a particular
LET.

THEORY

The reduced relative response of LiF-TLD to high LET radiations
is widely explained to arise from the recombination of the liberated
charge carriers by the primary heavy charged particle, or from satur-
ation of the activator sites (which depends on the concentration of
locally available activators) or from both effects., The influence of
these effects on n must be treated in a three dimensional model which
takes into account the delta rays, which escape from the heavily irr-
adiated column around the path of the primary particle and produce TL
signal with high efficiency. The radial distribution of absorbed dose
imparted by the ejected electrons around the path of the heavy charged
particle determines the track structure and is believed to be a rele-
vant parameter to describe the radiation end effect. In the theory of
track structure (6) the dose-response function of a system to gamma
rays is coupled with the spatial distribution of dose from secondary
electrons to yield the response of the detector to the heavy ion,
Information about the ability to produce TL signal of the heavily
irradiated volumes around the track can be arrived at using electron
dose-TL response.

Such calculations require the knowledge of the dose-TL response
dependence of the particular dosimeter under study. We define a dose
response function, £(D), to be the ratio of the TL response (TL
signal/imparted energy) at a particular absorbed dose from a radiation
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field to the TL response at low dose from the same radiation field.
Since f(D) is quality dependent and the mean energy expended per ion
pair formed is energy dependent for low energy electromns, the dose-
TL response must be generated by electrons of initial spectrum (as
far as this is possible) similar to that of the initial electrons
ejected by the heavy charged particles, HCP, and not by y rays as is
usually applied in the theory of track structure (6,7). Since the
maximum energy of ejected free electrons by a 4 MeV a particle is
about 2 keV, it is therefore improper to generate and use a f(D)
function using electrons with initial energies two orders of
magnitude greater.

If the heavy irradiation in the wake of the densely ionizing
HCP is the only effect that governs the dependence of n on the LET
of the radiation and there exists cylindrical symmetry on the radial
distribution of the absorbed dose, D(r,£,W), imparted by the ejected
particles around the track and along the path of the HCP (with average
path length R in the TLD) the n of the radiation will be given by

R «
[ | £(D)D(r,L,W)2nrdrde
n
a 00
n R )
®  f f b(r,2,W)2rrdrdt
00

The radial distribution of absorbed dose in nanometric scale for
various HCP (protons, a particles, I-127 ions etc... ) D(r,W) have
been calculated by W. Baum and collaborators (8) based on their meas-
urements of the ionization current produced by a monoenergetic beam
of particles within a small movable ionization chamber of transpa-
rent mesh located in a large cylinder filled with tissue equivalent
gas at variable low pressure.

The radial distance in LiF-TLD from the data in tissue can be
simulated using the relation

) - Qﬁe’t é_Iie,LlF @
LiF t|dx dx

where (dE/dx)e’t/(dE/dx)e’LlF is the average ratio of the stopping
power of the ejected electrons in the two media, and the radial
distribution of absorbed energy in LiF, Dyir(rpiF.W) by

- 2 .
b - §E§CP,Li;/§é§cp,t of PLir 7 QEF,LIF ggg,t -
LiF‘'LiF’ de dg de de e

Peis
HCP,LiF HCP,t

where (dE/dg) / (dE/dE) is the ratio of the mass stopping
power of the heavy charged particle at energy W in LiF and tissue and
PLip’ Pp 2Te the densities of the two materials.

RESULTS AND DISCUSSION

Preliminary results were obtained via H-3 irradiation of LiF
(TLD-100) . The mean energy of the emitted beta particles after appro-
priate backscattering corrections was calculated to be 6 keV. Beta
particles were preferred over ultra-soft X-rays and lower energy

255



electrons in order to assure that similar volumes of the TLD's were
irradiated by the electrons and the HCP employed,

The calculations for 3,8 MeV alpha particles stopping in the TLD
lead to values of n about two to three times greater than those we
measured with the same TLD's (even allowing for a factor of two error
in the dose determination, n changes by only 20%). In addition we
have calculated the ratio of the TL response of 33 MeV 1-127 ions to
the TL response of 3 MeV a particles to be approximately 0.25, while
we have found experimentally that the ratio of the TL response of
degraded Cf-252 fission fragments (with mean energy of the light and
heavy fragments 49 and 31 MeV respectively (4)) to the TL response of
5.4 MeV o particles (both stopping in the TLD) is five times greater.
Unfortunately radial dose distribution data for I-127 jons at lower
energies are not available, so that the.calculation could not be
carried out over the entire range of the fragments, These results
were obtained with dosimeters annealed in air and there exists the
possibility of surface contamination altering the TL response to
HCP's and to beta particles. We are therefore repeating these exper-
iments using more sophisticated techniques to eliminate such a
possibility (10).

Tochilin et al., (9) measured the dose response function of Be0
to X-rays with effective energy = 9 keV and found for 10,4 MeV/amu
C-12 and Ne-20 ions n = 2.06 * 0.14 and 2,25 = 0.38 respectively.
Application of our method using data for 9 MeV/amu 0-16 ions leads to
n = 1.5.

These results indicate that the main (if not the only) effect
that governs the values of n is the local concentration of the
imparted energy around the track of the HCP and point to the possi-
bility of calculating the TL response of any dosimeter to any ionizing
radiation field (e.g., epithermal and fast neutrons) by measuring
only the dose response function to electrons. Further investigations
we are carrying out in our laboratory will explore the extent and
accuracy of the applicability of Track Structure Theory to
thermoluminescence.
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EVALUATION DE LA DOSE COLLECTIVE A L'ECHELLE SUROPEENNE DUE
A DES REJETS ATMOSPHERIQUES

Alain Després, Jacagues Le Grand, André Bouville,
Jean-Marie Guézengar

Département de Protection, Institut de Protection etde Slreté
Nucléaire =~ Commissariat & 1'Energie Atcomique,B.D. n® 6
F 92260 - Fontenay aux Roses.

Le orogramme de calcul DOSCOL a pour objet la détermi-
nation de la dose collective délivrée a 1'ensemble de la
population d'Europe de 1'Ouest, par irradiation externe et
par inhalation, due & un rejet continu et & débit constant
d'un gaz ou d'un aérosol radiocactif, en un point quelcomue
du territoire européen.

Ce calcul nécessite la mise en oeuvre du programme
TALD (1), (2), gui calcule les concentrations atmosphérigues
intégrées annuelles, et les données démographicques relati-
ves a l'ensemble de 1'Europe de 1'Ouest, disponibles sur
une bande magnétique élaborée antérieurement (3). Sur cette
bande, 1'Europe de 1'Ouest est divisée en carrés d'environ
10 km de cOté. Pour l'application au code DOSCOL, et afin
de ne pas multiplier les calculs, i1 a &té décidé&, dans un
premier temps, de regrouper ces populations sur une grille
dont la maille est d'environ 104 km2. Cette population est
supposée concentrée au centre des mailles.

Les éguivalents de dose effectifs collectifs, pour une
concentration unitaire, pour 1l'inhalation et l'irradiation

externe, sont tirés de (3). Ils sont rappelés dans le
tableau 1.

1. UTILISATION DU PROGRAMME TALD

1.1. - Présentation

Le calcul comporte deux étapes successives :

£'8tablissement des trafectoires suivies par le polluant,
a partir de données météorologiques réelles ;

- Le calcul des concentrations dans le nuage associé 3 ces
trajectoires. Le modéle de diffusion adopté est un modéle
"panache".

Le rejet est décomposé en rejets élémentaires bi-guo-
tidiens. Une trajectoire est tracée pour chacun de ceux-ci;
elle est supposée représentative de 1l'ensemble de celles
guil pourraient étre tracées durant les douze heures de
rejet.

Le tracé des trajectoires est effectué a partir des
données météorologiques. Pour les années 1975 et 1976, la
vitesse et la direction du vent moyen entre les surfaces
isobares 850 mb et 1000 mb, & O h et & 12 h chague jour, en
400 points de la grille de prévision météorologique ont été
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fournies par la Météorologie Nationale. Cette grille est
approximativement limitée par les méridiens 20°W et 20°E,
et par les paralléles 30°N et 65°N.

I1 faut connaitre d'autre part la direction et la
vitesse du vent aupoint d'émission durant les années 1975 et
1976. Ces vents sont répartis en huit classes en fonction de
leur direction.

Les trajectoires sont tracées par segment, en suppo-
sant les conditions météorclogiques constantes durant 6 h,
Durant les 3 premiéres heures, on utilise le vecteur vites-
se du vent au point d'émission, et ensuite le vecteur vitesse
moyen entre 850 et 1000 mb fourni par la Météorologie Natio-
nale.

Le calcul des concentrations repose sur un certain
nombre d'hynothéses dont les plus importantes sont celles
qui permettent 1l'emploi d'un modéle de panache gaussien
(vent constanten vitesse et direction; diffusion longitudi-
nale négligeable devant le transport par le vent).

On suppose que l'épaisseur de la couche de mélange
est de 1000 m sur 1l'Europve Occidentale et que le rejet est
effectué au sol.

Les écarts-types o, eto_ de la distribution de la
concentration dans les erect%ons perpendiculaires a 1l'axe
panache sont calculés a4 l'aide de relations de la forme :

g = (At)k
oll t est le temps de transfert, A et k sont des paramétres
dépendants du temps de transfert.

L'apnauvrissement du panache dfi au dépdt sec et a la
décroissance radioactive est pris en compte. Par contre le
dépdt par temps de pluie ne l'est pas.

Le programme DOSCOL a ete appll ué a des regets hypo-
thétiques de 1 Ci par an de 85Kr, 311 et de 3
partir du Centre d'Etudes Nuclealres de Saclav, pour les
années 1975 et 1976, années pour lesquelles nous nossédons

les données météorologiques nécessaires a l'exploitation du
orogramme TALD.

1.2. - Résultats
1.2.1. - Ingluence du dépit -

Alors que le rapport des facteurs de dose irradiation
externe du 85 Kr/23%pu est de 28,1, le rapport des doses col-
lectives est de l'ordre de 100, Il s'ensuit que la prise en
compte du dépdt sec (vg = 5.10 BHLS'H diminue, poun Le site
considiné, les doses collectives,d'un facteur voisin de 3.
1.2.2. - Influence de La décroissance radioactive

Cette influence apparait lorsque 1l'on compare les résul-
tats pour l'iode et le plutonium. Le rapport des facteurs
de dose irradiation externe I/Pu est de 4890. Le rapport
des doses est de 4260. Pou% 1'inhalation, le rapport des
facteurs de dose est 9,2.107°; il estde 8.10° pour les doses
collectives. Ceci 51gn1f1e que,pou& Le site conadidéné, laprise
en compte de la décroissance radiocactive de 1'iode (T 1/2 =8 )
ne modifie pas sensiblement les doses.
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2. UTILISATION D'UN MODELE A TRAJECTOIRES RECTILIGNES

Le modéle & trajectoires rectilignes utilisé est dé-
crit dans (3). C'est un modéle de panache gaussien qui prend
en compte les phénoménes d'appauvrissement de décroissance
radiocactive et les phénoménes de réflexions sur le sol et
sur le sommet de la couche de mélange. Les conditions de
diffusion sont celles du schéma de DOURY (3), etdéfinies
par les conditions de stabilité et la vitesse du vent. On
tient compte de roses des vents différentes par temps sec et
par temps de pluie. Les probabilités d'occurence des diffé
rentes conditions de diffusion ont été calculées a partir
des données observées sur le site et fournies par le
Centre d'Etudes Nucléaires de Salcay.

Les données relatives & la population sont celles
présentées dans (3), mais réparties en 104 secteurs de
couronne (8 secteurs et 13 rayons de couronne), & partir de
la grille de 10 km de cbté.

3. RESULTATS - COMPARAISON DES DEUX MODELES (Tableau 2)

a) Examen global des anndes 1975 et 1976 (indépendamment de La direc-

tion de £'émission) - Les doses collectives obtenues avec
DOSCOL sont 2 & 4 fois plus faibles que celles obtenues
avec le modéle & trajectoires rectilignes. Par ailleurs, la
variation d'une année a l'autre est au maximum de 20%, les
écarts les plus grands é&tant obtenus avec le modéle a trajec-
toires rectilignes. Il faut toutefois remarquer que, bien que ces
différences ne soient pas trés significatives, les valeurs de
1976 sont inférieures dcelles de 1975 avec le modé&le 3 tra-
jectoires rectilignes, alors qu'elles sont supérieures avec
le modéle DOSCOL.

b) Etude de £'année 1976, par section d'émission - Le maximum, pour le
modéle d trajectoires rectilignes, est obtenu quand le vent
vient du Sud (influence de 1'agglomération parisienne) et du S-W (vents
dominants & Saclay). Avec le modéle DOSCOL, ce maximum est atteint
lorsque le vent vient du N et du N-E.Cette anomalie est due au fait
que d'une part dans la grille population utilisée dans le
code DOSCOL, la povulation parisienne est regroupée enun point
situé au Sud du point d'émission, et d'autre part que les
trajectoires sont rarement rectilignes aux échelles de
distance considérées,
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85 239
RADICELEMENT Kr Pu
4 _5 _
Irradiation externe 3,74.10 1,33.10 6,5.10
1
Inhalation 0 8,48.10 7,82 :
S
-3
Tableau 1 - Facteurs de dose utilisés, exprimés en rems par Ci.s.m

OTAL OTAL

N NE E SE s sw w NW T T
- - -6 -6 -6 -6 6 -6 -5 -5

8 1]1,36.107}1, 54.107°]3,09.107%{1,3.107° |1,0.107° | 3,82.107° |5,94.10 ° |5, 64. 10 4,97.10 4,1.10
d.ext. -6 - -6 -6 -5 -5 -5 -5 -5 -5

Imad.ext. , 13,07.10°% 3, 63.10°% |4,27.10°% |5, 24.107% | 2,87.10 %1, 90.107% |1,23.107% | 2,62.10™° |5, 16.10 8,4.10
4 B 4 B - 4 4 -4 3 3

116,96.107*|7,07.107%|1,74.107* |4,30.107° | 2,68.107°|1,04.107% |2,33.107% | 2,4.107% |2,22.10 1,8.10
Irrad, ext. 4 -4 W -4 3 3 4 -4 3 -3

131 Tad. eXt. 5 l2,41.10 % [2,80.107%|2,85.10 " |6,81.107" [2,91.10 °(2,20.107° | 6,33.10 " |2,65.10 " |7,42.10 7,8.10
I -2 -2 -2 -3 -3 -2 -2 -2 -1 -1

Inhal 118,37.10718,5.107° |2,1.107° |5,17.107° |3,22.10 °1,25.10"° | 2,8.107° |2,9.10 2,68.10 2,2.10
: 2 2 2 2 2 2 2 2 1 -1

212,01.10 “|2,26.10 °[1,88.10 “|4,26.107° | 2,20.107“| 1,74.107"| 5,40.107%| 2,23.10™° |s5,83.10 6,2.10

-7 -7 -8{ - -9 - - -8 -7 -
tmad exe. M[1:6.1077 11,66.1073,97.107 |1,06.10 816,54.107]2,6.10°% | 5,5.108 | 5,7.10° |5,21.10 4,3.1077
SExE -8 -8 -8 -7 -7 -7 -7 - -6 -6

239p, 24,98.107 |5, 75.107%[5,70.107% |1,23.1077 | 5,94.10"7|4,46.10"" | 1,32.107] 5,43.10°% |1,51.10 1,6.10

tohal. 1| 1020 1060 253 67,3 41,2 166 351 363 3320 2740

2| 226 254 212 477 2536 1920 612 248 6488 6860

Tableau 2 - Distribution des équivalents de dose effectifs collectifs, par secteur d'émission pour 1'année 1976,

et globalement pour les années 1975 et 1976

1 - Par le mod2le DOSCOL
2 - Par le modele a trajectoire rectiligne,

exprimés en homme-~rem pour un rejet de 1 Ci/an,




THE STATUS OF RADIOACTIVE WASTE MANAGEMENT: NEEDS FOR REASSESSMENTS

Merril Eisenbud

Institute of Environmental Medicine, New York University Medical
Center, 550 First Avenue, New York, New York 10016

The purpose of this paper is to examine severa]iaspects of
the radioactive waste problem in the hope that so doing may
emphasize the need for a fresh examination of not only the examples
to be given, but the entire multifacited subject.

Wastes from Biomedical Clinics and Laboratories

It has been estimated that U.S. biomedical Taboratories
shipped a total of 2487 curies of radioactive waste to the burial
grounds in 1978 (1). Relatively short-lived nuclides such as P-32,
I-131, I-125, and S$-35 contributed appreciably to the total.
Because these nuclides have half lives measured in days, the
reported annual shipment must be corrected for decay. Assuming
that the wastes are generated at a uniform rate throughout the
year, and allowing for decay, the total accumulation at year end
would have totaled about 1300 curies. Seventy-two percent of the
radioactivity would be due to two nuclides, tritium (720 Ci) and
carbon-14 (221 Ci).

These quantities of tritium and carbon-14 are insignificant as
a potential source of public exposure. Both nuclides are produced
in nature by the interaction of cosmic rays with the atmosphere and
both have been produced in even greater amounts in the testing of
nuclear weapons. The worldwide steady state inventory of natural
C'* is estimated to be 230 x 10° Ci, which delivers a dose of about
0.7 mrems per year to the world's population (2). It is estimated
that by 1972 a total of 5.8 x 10° Ci were injected into the atmos-
phere as a result of weapons testing. This one source was equivalent
to more than 2000 years of natural C-14 production.

If all C-14 used in biomedical laboratories in the United States
were incinerated to '“C0,, the steady state environmental inventory
would eventually increase the dose from C-14 by less than 0.007
millirem per year.

Tritium accounts for about 55% of the waste radioactivity
produced in 1978 by the biomedical facilities, a total of about 720
guries. This nuclide is also produced naturally by cosmic ray
interactions, and the worldwide steady state inventory is estimated
to be 34 x 10% Ci (2). The dose from naturally-occurring tritium
1s estimated to average 0.001 mrem per year. Tritium released
without restriction by biomedical clinics and laboratories would
gradually diffuse into the environmental hydrogen pool and its
contribution to the human dose would be proportional to the amount
present. The increase in dose would be about 0.002% of the tritjum
background dose of 0.001 mrem/yr.



Tritium, like C-14, was also produced copiously in tests of
thermonuclear weapons, which resulted in injection of an estimated
4500 x 10° Ci into the environment. This was more than 100 times
the steady state inventory from natural sources. The nuclide is
also produced by nuclear reactors, which discharge between 0.1 and
1 Ci per megawatt electric (MWe} per year.

The figures given are of course applicable only to the wastes
generated in the U.S. However, if the amounts were to be multiplied
tenfold, which would be more than sufficient to account for wastes
generated by all countries, the global impact of the incinerated
emissions would still be negligible.

There remains the problem of evaluating the potential for
exposure to individuals who live close to the incinerator and may
therefore be exposed directly to the incinerator plume.

For purposes of estimating the potential magnitude of such
exposure, it is assumed that a single large facility discharges 1%
of the total quantity of radioactive wastes generated by the
medical facilities and universities in the U.S. The wastes are
incinerated, and the gaseous products are discharged at a uniform
rate for 200 days per year, 8 hours per day. The exhaust gases are
discharged from the incinerator stack at a rate ~ 1 m® s"', For
planning purposes, it is specified that members of the general
population should not be exposed to more than 10% of the limits
recommended by the International Commission on Radiological
Protection and the National Council on Radiation Protection and
Measurements.

The concentration of tritium and C!'* would, under these con-
ditions, be 62 and 3.2 times the target level of 0.1 MPCa at the
point of discharge from the stack. Even under the most adverse
meteorological conditions, the effluent would be diluted within a
few meters to concentrations well below the target level.

From the above, it appears that the biomedical and clinical
laboratories could be permitted to dispose of most of their radio-
active waste with no regulatory requirements other than those
applicable to the wastes because of their chemical or physical
characteristics. Instead, procedures established for management of
these wastes are of themselves a waste; they waste time, money and
resources. The elaborate record keeping, the careful packaging,
the shipment for long-distances and the burial practices themselves
are an unnecessary ritual.

Some Perspectives on High Level Wastes

The problems associated with the management of high level
wastes are of course far more complicated than disposal of low
level wastes from biomedical facilities. Apart from the fact that
the subject is more complicated technically, a rational approach
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to high level waste management has become'entang]ed in a morass of
political and quasi-scientific considerations to such an extent
that the future of nuclear development in several countries is in
jeopardy because of what I believe is a widespread mispercept1on
that a feasible way of managing high level radiocactive wastes has
not been demonstrated. We should not at this point become involved
in the question of whether nuclear power development should be
encouraged or discouraged. That question is beyond the scope of
this paper and, in any case, should be settled independently of the
question of how to manage radiocactive wastes generated by nuclear
power.

One of the most pressing questions is whether high level
wastes can be isolated from the biosphere for a sufficient period
of time by emplacement in geological repositories. In the debate
over this issue, we have lost sight of the fact that mineral
deposits in a wide variety of chemical forms remain isolated in
nature for hundreds of millions of years under many environmental
conditions. Perhaps we have been negligent until now in not
having studied the many opportunities provided by nature. The
mobilization rate of a deposit, and its rate of entry into the
biosphere, should be quantifiable in terms of the properties of the
deposit and hydrological and geochemical parameters that are
capable of description. We should develop models that describe the
physical and biological transport of trace elements from deposits
found in nature. Studies of this kind have only recently begun and
are few in number.

The natural reactor at the Oklo mine in the West African
country of Gabon is one excellent example of what we can learn from
nature (4). A study of the Morro do Ferro in Brazil is of more
recent origin, having begun early in 1979 (5,6). The Morro do
Ferro is a hill in the State of Minas Gerais, near the surface of
which is an estimated 12,000 metric ton deposit of thorium that is
believed to be as old as 80 million years. Because the deposit is
in an advanced state of weathering, and because of the close
chemical similarities between thorium and plutonium, studies of the
rate at which the thorium is being mobilized from the deposit
should provide useful information about the behavior of plutonium
in a geological repository that has been breached.

~ Any conclusion that high level wastes can be isolated from the
p1osphere requires agreement as to the length of time for which
isolation will be required. Pigford and his associates (7) have
argued that after only 1,000 years, the potential risk is no greater
than that from the ores from which the uranium was originally
obtained. This approach is subject to the criticism that the
relative hazard of the various nuclides depends on their chemical,
physical and biological properties so that, curie for curie, the
hazard indices may not be equivalent. Nevertheless, this analysis
does serve to drive home the message that although some of the
nuclides in high Tevel radioactive wastes may have Tong half-lives,
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they are present in relatively small quantities after a relatively
short period of time. Storage times of a few thousand years are
well within the range of human experience. There is a need to
achieve a consensus as to the length of time during which the
wastes must be isolated from the biosphere. It would help to
resolve the contemporary controversy if there could be agreement
that we are in fact concerned only with the need to isolate the
wastes for about 1,000 years.

What Should Be the Role )
of the Marine Environment in Radioactive Waste Management

I will now turn to the oceans as an example of a neglected
environment that deserves a role in any program of radiocactive
waste management. The oceans cover 70% of the earth's surface and
are the recipients of vast quantities of organic and inorganic
debris carried into them by the rivers of the world.

More than two decades ago (8,9), the National Academy of
Sciences began to examine the problems that would be encountered if
the ocean were to be used for disposal of radioactive wastes.

These and other studies estimated that huge quantities of radio-
nuclides could be placed in the ocean deeps without hazard. However,
a great prejudice has developed against using the ocean for waste
disposal of any kind (non-radiocactive as well as radioactive) and

the U.S., along with many other countries, has stopped ocean
disposal, even for Tow level wastes.

Society must be careful that the oceans as an ecosystem are
not damaged by indiscriminate dumping of wastes. We must be
careful that we don't allow accumulation of chemicals such as PCBs
and DDT that degrade slowly and are known to be toxic to aquatic
biota. But if we can find a waste form that can be deposited in
the oceans subject to some common sense restrictions that will
avoid ecological or cosmetic injury to the ocean environment, then
why should we not take advantage of the opportunity.

Testing nuclear weapons has resulted in widespread dissemina-
tion of a broad spectrum of radionuclides in the oceans, particu-
larly the Pacific. The total explosive yield of these tests is
estimated to be about 366 megatons (MT) of TNT equivalent {10). Of
this total, an estimated 72 MT was exploded under ground and can be
neglected for the purposes of these discussions. The yields of all
ngla;ions conducted above ground (or under the oceans) thus total

Sources quoted by Miskel (11) estimated that 41% of the total
yields were due to fusion and the remainder to fission. Using
these ratios, it can be estimated that the fusion component of
atmospheric explosions through 1978 totaled 122 MT and the fission
component totaled 172 MT. As noted earlier, the bombs produced an
estimated 4.5 x 10° Ci of H® and 5.8 x 10° Ci of C!“.
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The fission and activation products produced by the explosions
have been disseminated throughout the world, have entered the
biosphere, and have been the subject of intense study by rqdio-
ecologists from many countries. The data have been summarized
elegantly in the periodic reports from the United Nations Scientific
Committee on the Effects of Atomic Radiation (UNSCEAR). However,
reference to these reports shows that the dose estimates to human
populations has been estimated from studies of the terrestrial food
chains. This, despite the fact that the oceans cover 70% of the
earth's surface and that many of the larger tests were conducted on
Pacific atolls where fallout in the vicinity of the tests con-
tributed additional radioactive debris to the Pacific. The dose
commitments from marine food chains have not been taken into con-
sideration presumably because they do not add significantly to the
dose commitments estimated from terrestrial foods.

More than 95% of the total explosive yields of the tests took
place between 1954 and 1962, at which time a limited test ban
agreement was consummated which prevented atmospheric testing among
the major nuclear powers. Deposition of the principal nuclides (H-
3, C-14, Sr-90, Cs-137, and Pu-239) has been well documented and
most of the debris has by now deposited on the earth's surface.

Despite the fact that the oceans have been the recipient of
enormous quantities of radiocactivity, marine sources of food have
not contributed significantly to the dose received from fallout in
those countries of the world for which data are available. The
UNSCEAR emphasis has been on the terrestrial food chains because
most food is derived from land sources. For example, in San
Francisco, where representative diets have been monitored for
strontium-90 for many years, fish and shellfish account for no more
than about 0.2% of an annual strontium-90 intake that has ranged
between about 1,000-3,000 pCi/yr. Similar data have been reported
from diet studies in New York.

The Tifetime dose commitment to endosteal cells of persons in
the tomperate zones from all strontium-90 produced in nuclear
explosions up to the end of 1975 is estimated to be 116 mrad (13).
Based on the San Francisco and New York data, the contribution of
marine foods to this dose commitment would be about 0.1%, or 0.116
mrad. Note that this is the dose commitment, i.e., the dose that
will accrue to an individual over his lifetime. The dose would of
course be higher in populations which consume more seafood than
people in New York or San Francisco.

Measurements of Pacific albacor during the period 1965-71
showed an average Cs'®” concentration of 74 pCi Kg~! wet (14). If
a person consumes 1 Kg of albacor per week, the dose commitment
will be about 1 mrem for each year of fish consumption. This would
amount to total dose of about 30 mrem for a lifetime of fish
consumption--a dose that is approximately 0.4% of the lifetime dose
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received from nature. The dose from consuming albacor is
probably representative of the dose to individuals who subsist
on a high proportion of Pacific fish. It is the dose that has
resulted from deposition {without precautions) of an estimated
27 million curies of Cs!®7.

The British have set a unique example by the rational
manner in which they have utilized the marine environment for
disposal of radiocactive wastes from windscale. They used
critical pathway analysis to identify the limiting nuclides and
the ecological pathways by which the nuclides can reach humans.
Their preliminary studies began nearly 30 years ago, and a
10,000 Ci experimental release of wastes took place in 1952
over a period of about six months. Based on studies of the
ecological behavior of the radiocactivity releases during this
and subsequent experiments, the quantities released were
gradually increased, so that during the period 1955-65 the
releases ranged from 3742 Ci to 7659 curies per month. The
critical nuclides in these releases was shown to be Ru'’®,
which has a half 1ife of 1 year (15).

Summary

Policies that dictate the procedures for management of
radioactive wastes are being influenced by superstitions and
prejudices that have no place in modern society. Even innocuous
low level wastes are subject to absurd regulations that should
be re-examined. For example, the recent problem encountered by
biomedical facilities in the U.S. because of the closing of low
level burial grounds could have been avoided in the first place
since most of the wastes could be disposed of safely by onsite
incineration or other methods applicable to the nonradioactive
wastes from the laboratories.

Many forms of wastes can be safely emplaced in the marine
environment where an inadvertant experiment resulting from the
fallout of massive quantities of radioactive debris has pro-
vided us with information about the ecological behavior of the
individual nuclides.

Several aspects of the high level waste management problem
requires reexamination. Perhaps most important is the question
of how Tong it is necessary to isolate the wastes from the
biosphere. Plans for waste management would be greatly simplified
if, as some believe, an isolation period of 1,000 years will be
sufficient. If longer periods are required, we should look to
nature for guidance. There are many mineral deposits that have
remained in place for tens of millions of years under a variety
of environmental conditions. Knowledge of the factors that
influence the mobilization rates from those deposits should
greatly assist construction of models to predict the behavior
of Tong-lived nuclides in a geological repository.
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Projections of Organ Doses from Diagnostic Radiology in
Radiation Protection and Control

John J. Fletcher and Herman Cember

Ghana Atomic Energy Commissiom, Accra, Ghana

Northwestern University, Technological Institute,Evanston,
Illinois, U.S.A.

"Quality assured' means that we can expect a good image from
a given x-ray machine; it does not necessarily mean that the dose
from a given procedure is minimized. Since diagnostic x-rays
contribute the largest fraction of manmade readiation exposure to
the public (1,2), all practical measures should be taken to
minimize organ doses while achieving the best possible film image.
This implies integration of quality assurance and technique with
organ dose estimation. Procedures for diagnostic quality assur-
ance are described in numerous publications (3,4,5). However, the
estimation of organ doses may be more or less laborious, depending
on which of several methods (which may give different estimates)
is used (6,7,8,9,10,11). For integration into a quality assurance
program, we found the data in Rosenstein's Handbook on Selected
Organ Doses (12) to be useful. These organ dose estimates are
based on a combination of the handbook data with measured operat-
ing paremeters of the x-ray machine. The work presented here is
based on measurements under typical operating conditions of two
quality~assured "identical" x-ray machines, and demonstrates the
incorporation of the estimated dose to the ovaries from these
operating conditions into "minimum~ d ose' quality assurance.

Materials and Methods: The setup used is shown in the diagram
below. All exposure measurements were made

|

! — D
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with an MDH Industries model 1015C x-ray monitor (D-detector,
M-digital readout in the diagram). The detector had an air-wall
chamber whose energy response was relatively uniform over the
range of energies used in diagnostic radiology, and the chamber
diameter and length were comparable, thus minimizing directional
dependance (8). Measurements were made on 2'identical'' Picker
single-phase full wave rectified x-ray machines with 0.5 mm Al
inherent filtration and 2.0 mm Al added filtration, which
resulted in x-rays whose HWVL was 2,3 mm Al when the machines were
operated at 85 kVp. TFor a given projection and view,; SID, field
size, mAs, and kVp, the entrance exposure, E, , was measured in
mR. For kVp values other than 85, the HVL of the beam was
determined from data in NCRP 33(1l4). The data in Rosenstein's
handbook were used to estimate organ doses for several different
diagnostic techniques.

Results: The entrance exposures from the 2 "identical' quality
assured units were found to differ considerably. In a series of
9 measurements at kVp's of 40 to 120, one machine was always
higher than the other; the mean ratio of the x-ray outputs was
1.72 +0.22!

As an example of dose estimation from a given diagnostic
procedure, consider the dose to the ovaries from an AP projection
of the lumbar spine on 14" x 17" film, when the measured en-
trance exposure was 224 mR, and the machine paremeters were:

85 kVp, 50 mAs, SID = 40", and HVL = 2.3 mm Al. From Table 9 in
Rosenstein's handbook, which deals with the lumbar spine, we find
the dose to the ovaries from a normalized skin exposure of 1000
mR, under the given operating paremeters, to be 168 mrads. The
estimated ovary dose, therefore, is

224 x 168 = 38 mrads.
1,000

To account for field sizes and SID values different from those in
the handbook, the estimated dose, ED, is given by

2
SID)
X ( h X A

(sID 2 A
) h
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where E, = measured entrance exposure, mR

(SID)h = SID value in handbook

SID = measured value

Ah = field size in handbook

A = measured field size

Doh = normalized handbook value of organ dose.

When the HVL value differs from those listed in the handbook,
as in the case illustrated here, then the value for D is
obtained by interpolation between the handbook values. The
second x-ray machine, which was operated under conditions iden-
tical to the first one, produced a skin entrance exposure of
only 152 mR, which leads to an estimated ovarian dose of 26
millirads.

Discussion: The results of this studv confirm the findings

of other investigators that there may be large variations in
exposure rates from apparently "identical' machines. Thus, while
quality assurance leads to good films, the actual patient dose
may be questionable. Since the dose to any organ of concern,
such as the ovaries in the illustrative example, is a function
of the operating parameters, those parameters should be chosen
not only to produce a good image on the film, but also to
minimize the radiation dose to critical organs or tissues that
are incidentally irradiated during radiographic examinations.
Incorporating projected organ doses into a quality assurance
program should contribute significantly towards attainment of
this objective.
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COMPUTER AIDED DESIGN OF FAST NEUTRON THERAPY UNITS
A. E. Gileadi*, H. J. Gomberg and I. Lampe, M.D.
KMS Fusion, Inc., P. 0. Box 1567, Ann Arbor, Michigan, U.S.A.

During the last decade several radiotherapy centers all over
the world used fast neutrons with considerable success to treat cer-
tain types of cancer. Randomized clinical studies have shown that
at least some groups of cancer respond better to fast neutrons than
to megavoltage X-ray therapy. Correspondingly, there exists a strong
demand to develop and to construct more and better fast neutron ther-
apy machines to make this therapeutic modality available to more
patients.

In an effort to help meet this continuously increasing demand
and at the same time to reduce design costs significantly, a novel
approach has been used at KMS Fusion, Inc. laboratories: A computer
code, TBEAM, has been developed that can determine the physical char-
acteristics of the neutron beam generated in a machine of given geo-
metric configuration and materials' composition.

Neutron flux, energy flux, spectral composition of the inci-
dent beam, collimation and shielding efficiency, activity induced
by the interaction of fast neutrons with various components of the
equipment are among the design parameters determined by TBEAM. These
and several other parameters indispensible to the evaluation of
patient dose, scattered dose, occupational exposure of personnel
are furnished by TBEAM, without the cost and effort involved in the
actual construction of a candidate design. By the same token, TBEAM
is eminently applicable to parametric studies as well as to compar-
json of the effects of various construction materials and geometric
configurations used in candidate designs, and thus to optimization
of design.

Required physical characteristics of the beam are to be deter-
mined by criteria set by the clinician. To be therapeutically use-
ful, the fast neutron beam should have sufficient penetration to
treat deepseated tumors, the biological shielding of the facility
should protect personnel and patients. Collimation should be ad-
justable so as to restrict the beam to the size of the area to be
treated, i.e., the penumbra around the edges of the beam resulting
from stray radiation between the treated and shielded zones should
be high. Beam intensity should be sufficient to permit relatively
short treatment times, Induced radioactivity in various components
should be shortlived to avoid both long waiting times between treat-
ments and potential occupational hazards to the operating personnel.
Neutron beams with narrow spectral width are conducive to faster,
more accurate dosimetry.

*Present Address: Detroit Edison, Nuclear Engineering Divisijon,
Generation Engineering Dept., 3331 Big Beaver Road, Troy, Michigan,
U.S.A.
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It appears that due to its unique space, time and energy char-
acteristics, a neutron source generated by laser fusion could be
used in a therapeutic facility with considerable advantages. Such
a source, being mgnoenergetic at 14.1 MeV, has approximately the same
penetration as Co®¥ gamma rays; being a point source collimation is
simplified; and since the neutrons are delivered in very short bursts,
the dose can be spread over several pulses spaced into time so that
the integrated dose, in a given treatment session, can be accurately
controlled.

A typical treatment schedule of 1560 rads, administered in 12
sessions requires 130 rads per session., Assuming a source-skin dis-
tance of 120 cm, and emission of 4x1014 neutrons at 14.1 MeV in each
pulse, the average dose absorbed by a superficial tissue layer facing
the incident beam is approximately 18.35 rads per pulse. Two pulses
per minute would provide a convenient 3 - 4 minute irradiation time
per session.

Laser fusion experiments are being performed at several labor-
atories on a routine basis. There is considerable experience at
hand that is applicable to the development of a therapeutic facility
that could satisfy all design criteria dictated by clinical consid-
erations. Conceptual design of a therapeutic facility of this kind
is under consideration at KMS Fusion, Inc.

The basic mechanical design of such a fast neutron therapy unit
would consist of a spherical shell-shaped shielding structure at the
center of which is located the point source of fusion neutrons. The
therapeutically useful beam exits through a conically shaped colli-
mating aperture. The opening angle of the collimator could be
varied, according to instructions of the therapist by insertion or
removal of appropriately shaped collimator liners. Should it prove
necessary, remote control of collimator placement can be used to
protect the operator from excess exposure to radioactivity that
might have been generated due to previous exposure of structural
components to the neutron field.

No attempt is made here to describe details concerning the
optical path of the laser beam nor the fuel {pellet) injection mech-
anism, although these problems are being considered. The patient
to be treated could be positioned as comfortably as possible on a
bed-1ike treatment table and could be rotated isocentrically around
the source if the clinical situation thus requires.

TBEAM has been developed as part of the effort toward a viable
conceptual design. The input file of TBEAM contains, among others,
the following design data describing the facility: relative config-
uration of source, shield, collimator and irradiated area, materials'’
composition of the shield collimator assembly and of related compon-
ents, source strength, source geometry and possibly other parameters
of the facility. Materials' composition data are entered as appro-
priate number densities. "One Hundred Group Neutron Reaction Cross
Section Data Generated by SUPERTOG from ENDF/B" {published by ORNL-
RSIC. DLC-24) is used as cross section input file.

TBEAM uses the method of statistical sampling (Monte Carlo) to
solve the space, time and energy dependent neutron transport equation
associated with the configuration and materials' composition of the
design specified by the design engineer. The code traces the indi-
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vidual source neutrons as they propagate throughout the shield colli-
mator assembly and determines the energy and the position of each
neutron at the instance of incidence. Those results, in turn, serve
as input to a set of subroutines which compute spatial flux distri-
bution, activation and spectral distribution, as requested by the
user. The TBEAM library also contains a graphical package that puts
out diagrams of spectral composition, incident flux vs position,
energy flux vs position, and also a multicolored diagram of neutron
traces, labeling points of incidence of uncollided and of scattered
neutrons on the various regions with differently colored symbols.

Comparison of TBEAM generated narrow beam attenuation results
show good agreement with published measured data. The TBEAM design
code, due to its built-in flexibility, can accommodate energy dep-
osition in homogeneous and heterogeneous media including such heter-
ogeneous phantoms as, e.g., the standard reference man, along with
the isodose curves required in treatment planning.

To make TBEAM applicable to accelerator or cyclotron driven
fast neutron machines, an option has been included to deal not only
with point shaped, but also with plate shaped sources; not only with
monoenergetic sources, but also with sources of any given spectral
composition. In a sample problem, the results of which are presented
in Table 1, TBEAM has been used to compare physical characteristics
of fast neutron beams emitted from two facilities having identical
design except for the source geometry which was a point in Case A
and a circular plate in Case B.

Results of the sample problem and of various other design
studies performed with TBEAM, favor the point neutron source gener-
ated in laser. Fusion. They suggest that, with all other design
characteristics being identical, the point source compared to a
plate source generates a beam having a harder incident spectrum on
the field of irradiation (conducive to better penetration); better
collimation (i.e., penumbra/umbra contrast); better shielding (i.e.,
Tess scattered and leakage energy flux per unit energy flux on tar-
get and a softer spectrum of the scattered and Teakage flux).



Table 1. COMPARISON OF PHYSICAL CHARACTERISTICS OF FAST NEUTRON
BEAM A (POINT SOURCE) VS BEAM B (PLATE SOURCE)

CASE A CASE B
Point Plate
Source Source

Relative Energy Flux Incident on

Field of Irradiation 192 : 100
Fraction of 14.1 MeV Neutrons in

Total Number Flux Incident on Field

of Irradiation 85:100 72:100
Ratio of Energy Flux Incident on

First Penumbra vs That on Field of

Irradiation 1.7:100 10:100
Ratio of Energy Flux Incident on

Second Penumbra vs That on Field of

Irradiation 0.17:100 4:100
Ratio of Energy Flux Incident on the

Total Body Area vs That Incident on

Field of Irradiation 0.07:100 83:100

The above example is meant to illustrate the capacity of TBEAM
to evaluate and compare a wide variety of candidate designs at a
fraction of the cost that would be involved in actual construction
and experimental testing.
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MEASUREMENTS OF THE EFFECT OF "THYROID BLOCKING" IN PATIENTS INVESTI-
GATED WITH '23I-FIBRINOGEN

Lars Jacobsson, SOren Mattsson and Bertil Nosslin

Departments of Nuclear Medicine and Radiation Physics, Malmd General
Hospital and Lund University, S-214 01 Malmd, Sweden.

The diagnosis of venous thromboses with around 4 MBq of *2°I-
labelled fibrinogen is today a routine nuclear medicine investigation.
At the degradation of the '?°I-fibrinogen, !2°I" is released and is
available for thyroid uptake. The biological halflife of fibrinogen is
around 4 days. To reduce the uptake of '2°1  in the thyroid stable
iodine is given.

At Swedish hospitals the patients normally receive 100-300 mg KI
per os daily for 1-2 weeks. The aim of the present work is to study
the effect of such a blocking regime on the '2°I uptake in the thyroid.

MATERIAL AND METHODS

The measurements were carried out on 25 female patients over 50
years of age, who were given '2°I-fibrinogen for thrombosis detection
in connection with gynecological surgery. The patients were given
300 mg KI daily mostly in 10-12 days after the injection of !2°]-
fibrinogen. The first tablet of KI was given 1 h before injection.

The measurements of the !2°I content in the thyroid were made by
means of a 124 mm (diam) x 1.5 mm NaI(T1)-detector placed in the Malmo
low background iron room. The detector was fitted with a brass colli-
mator (100 mm length, 100 mm diameter) which was centered to the neck
between jugulum and larynx with a neck-to-collimator distance of
10-20 mm. A171 patients were measured 9-12 days after the injection. At
this time 80-90% of the !?°I was released from the fibrinogen.

The activity remaining in the plasma and tissue was found to give
a background countrate over the neck which was 4-5 times higher than
the countrate caused by the activity in the thyroid itself. This makes
it imperative that the background correction is accurate.

An individual determination of this background was made for 14
patients by means of additional measurements over the arm and over the
heart during the first two days. At this time the circulating activity
almost completely makes up the countrate over the neck and therefore
the relation between the countrate from circulating activity over the
arm, the heart and the neck can be determined.The background on day
9-10 was then calculated by this relation from measurements over the
arm and the heart on the actual day. The value of the background
became somewhat different depending upon whether it was based on the
arm or the heart measurements. The mean difference was 6%.

The reason is the difference in proportions of blood and tissue
within the field of view of the detector. In the results the mean
value of the two measurements was used.

For the group af patients who were measured only on day 9-12 the
subtraction of the background was made by means of a mean value of
the relation calculated from the 14 patients. This value was:

(neck countrate/arm countrate) = 3.5:0.4. The uptake was measured a
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second time on 13 patients, 38-59 days after the injection of '2°I-
fibrinogen. At that time the background activity was negligible.

The data of countrates were transformed into activity in the
thyroid by means of calibration with an IAEA standard neck phantom.
Because of the great attenuation coefficient in tissue for the '?°I-
photons, this calibration is not very accurate for individual patients.
An accurate way to determine the activity of '?°1 is to use the summa-
tion peak in the pulse height distribution (1). This could be done
on the 10 patients who were measured day 38-53% when the background
was negligible.

RESULTS AND DISCUSSION
For the 14 patients for whom an individual background subtrac-

tion was carried out the uptake of '*°I in the thyroid on day 9-12 is
given in figure 1 as a fraction of the total injected '?°1 activity.

Number

. Mean: 0.064 %
of patients

S.D.: 0.037%

L
!

2 F E%é[
Y

0 1 m 1 m
0 0.05 0.10 0.15

Uptake (%)

Figure 1. The content of 251" in the thyroid on day 9-12 as a frac-
tion of injected !?°I activity. The shadowed areas indicate uptake
values calculated with the sum coincident method. The uncertainty
due to counting statistics was 5% (S.D).

The mean value was found to be 0.06% with a standard error of
0.01%. If the 11 patients for whom no individual background subtrac-
tion was made is included in the result the thyroid uptake was 0.07%.
Thus the blocking regime usedreduces the thyroid uptake by a factor
of around 200.

It is of special interest to follow the '2°I content in the
thyroid after the cessation of the blocking the 251 activity in the
thyroid of the 13 patients measured between day 38 and 59 after the
1251-fibrinogen injection is given in fiqure 2. The mean value of the
uptake was 0.5% with a standard error of 0.1%. This is around a
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factor of 10 higher than at the end of the blocking. This means that
after the withdrawal of the KI about 3% of the available !?°I” has
been taken up by the ‘thyroid.

Number

. Mean: 0.53 %
of patients

S.D.: 0.30%

L}

2 F

0 16 i L s 1
0 0.5 1o 1.5

Uptake (%)

Figure 2. The content of '2°I7 in the thyroid on day 38-59 as a frac-
tion of injected '2°1 activity. The cessation of blocking was made
on day 10-12 for 12 patients and on day 16 and 17 for two patients.

Two of the patients with low uptake values have got 300 mg KI
daily for 16 and 17 days respectively instead of 10-12 days after
injection.

SUMMARY AND CONCLUSION

A thyroid blocking using 300 mg KI daily for 10-12 days after
injection of '25I-fibrincgen gives a very efficient reduction of the
thyroid uptake.

After cessation of the blocking the uptake increases.

Studies of the effect of longer blocking periods with smaller daily
amounts of KI are in progress.
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REDUCING OCCUPATIONAL RADIATION EXPOSURES AT LWRs
D. Lattanzi, C. Neri, C. Papa, 5. Paribelli
C.N.E.N.

V.le Regina Nargherita 125 - 00198 Roma - Italia

Abstract:

The paper reviews briefly the occupational radiation
doses received by nuclear power plants personnel, during a
period of several years of operation. Comparisons are made
between the data for BWRs and PWRs in order to identify the
more "critical" reactor type, from a radiological point of
view. Attention is devoted to GCRs too.

Furthermore the areas which contribute most to person
nel doses are considered and briefly reviewed. The main
actions to be carried out in order to reduce occupational
radiation exposures at LWRs are discussed.

1. INTRODUCTION

The problem of occupational radiation exposures in
nuclear power plants has been receiving increased attent
ion in the latest years. Light-water reactors, in particu
lar, are affected by high radiation levels in areas with
high occupancy factors, what results in high occupational
doses, as compared with doses absorbed by workers in other
reactors, e.g. GCRs.

This fact highlights the importance of controlling,,
limiting and possibly reducing the radiation detriment to
personnel during the operation and the maintenance of LWRs.

In order to reduce occupational doses we must have a
realistic picture of the existing situation; in this pap-
er we shall examine such a picture of the occupational ra
diation exposures at LWRs, with also the aim of identify-
ing the reactor type that is more "critical" from a radio
logical point of view.

Attention is briefly devoted to the occupational do-
ses in gas-cooled reactors, as compared with LWRs,

In addition we shall try to identify the factors
which affect the doses at LWRs, on which it is possible
to act in order to reduce them.
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2. ANNUAL COLLECTIVE DOSES

The dose data examined refer to 29 BWRs and to 40 PWRs
of the western world, ranging from 150 to 1150 MW(e). Such
data were obtained from about 100 reports and from informat
ions directly collected by the Authors in 20 plants. -

The reported values refer to the mean collective doses;
variations in the doses, observed in different plants, may
reflect either basic differences in the plant design or par
ticular operational problems. Anyway if the differences in
occupational exposures among similar LWRs could be traced
to differences in plant design, rather than to accidental
causes, it would help in designing better plants in the fu
ture.

The examination of the average annual radiation detri-
ment allows to make a first evaluation of the radiological
risk connected with the operation and maintenance of the
plant; the time trends of the average collective dose equi
valents are of particular interest.in assessing the influ-
ence of plant age on the occupational hazard.

2.1. Light-water-cooled reactors

The general trend, during plant life, of the mean va-
lues of man-rem/year, man-rem/year-MW(e) and man-rem/MWy
per reactor unit is examined. The two latest variables were
considered in order to evaluate the radiological cost of
the produced energy and of the installed power. The results
are reported in fig. 1 and in table I for all the 69 LWRs..

Moreover, the 56 LWRs with electric power greater than
400 MW(e), which belong to newer generation, are examined
(tab. I), in order to make an intercomparison between the
radiological hazard in them and in all the LWRs.

2.1.1. Man-rem/year

The annual collective dose per reactor unit has a mean
value, calculated over all the years of operation of the
plants, equal to 370 man-rem/year in BWRs and to 315 man-
-rem/year in PWRs.

The behaviour of the average dose as a function of
the plant age shows that, after an initial upward period
of about four years, it seems to reach a levelling off va
lue of about 600 man-rem/year in BW#WRs and of about 450
man-rem/year in PWRs (fig. 1). These data refer to about
300 reactor-years.
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2.1.2. Man-rem/year-MW(e)

In order to consider on the same basis the nuclear pow
er plants with a different electric power, we examined the
annual mean collective dose normalized at the installed el-
ectric power.

The average values, for all the years of operation,
are about 0.93 man-rem/year-MW(e) at BWRs and 0.75 man-rem/
/year-MW(e) at PWRs.

The time trend shows that, after an initial increase
in the first 4 years of operation, the mean annual collecti
ve dose per electric power unit increases slightly from -
1.5 to 2.0 man-rem/year-MW(e) in BWRs and from 0.8 to 1.3
man-rem/year-MW(e) in PWRs, during the following six years
(figo l) .

2.1.3, Man-rem/MWy

The behaviour in relation to age of this variable (fig.
1) shows that, after the remarkable increase during the
first 4 ¢+ 5 years of operation, there is a levelling off at
a value of ~ 2.4 man-rem/MWy in BWRs and of ~ 1.3 man-rem/
/MWy in PWRs.

Table I describes the situation of occupational doses
at BWRs and PWRs, It is possible to see that the LWRs with
electric power greater than 400 MW(e), which are also of
new type, present a more favourable situation from a radip
logical point of view.

For what concerns the difference between occupational
doses at BWRs and PWRs, at present time PWRs are responsi-
ble for lower doses: the difference between all BWRs and
PWRs ranges from 16 % to 87 %, while for BWRs and PWRs of
the new generation the difference ranges from 41 % to 108%,.
as far as the annual collective doses are concerned.

2.2 Gas-cooled reactors

In order to make a comparison between occupational
radiation exposures in LWRs and in GCRs we considered the
average annual collective doses also in these reactors.

Figure 1 shows the remarkable difference between the
doses at LWRs and at GCRs: the mean values in GCRs, after
about three years of operation, are about 100 man—rem/year
per reactor unit and about 0.3 man-rem/year-MW¥(e). These
values are calculated over 18 plants ranging from 150 to

590 MW(e).
286



L82

TAB. I : Comparison between the mean values of annual collective doses in BWRs and PWRis

011 L¥Rs LWRs 2 400 live
(new generation)
BUR R | A *|| B PR At

- Man-rem/year (for all the years of

operation) 370 320 16 < 510 340 50
- Man-rem/year (after 4 + 5 years of

operation) 600 450 30 4 1000 480 108 ¢
- Man-rem/MWy (after 4 + 5 years of

operation) 2.4 1.3 85 4 2.2 1.1 100 ¢
- lan-rem/year-Nwe (for all the years

of operation) 0.93 0.75 24 % 0.72 0.51 41 4
- Man-rem/year-lle (after 4 + 5 years

of operation) 1.5%2 P.8-1.3 [87+54% 1.5 0.8 87 4
- Rem/year per individual (for all the

years of operation) 0.74 0.70 6 % 0.71 0.65 9 %
* The percentage difference [& ig referred to the dose value in PWRs :

A\ = [Dose(BWR) - Dose(PWR)]/Dose(PWR)




3. ANNUAL INDIVIDUAL DOSES

Achievement of low collective doses is a desirable objec
tive but it is not sufficient, as it could be achieved by
having available a number of well-trained and skilled work-
ers who could accumulate high individual doses.

On the contrary, the control of individual doses alone
could be achieved by having available a large number of work
ers 8o as to share the dose among them; but in this way the
total dose to personnel might be increased.

Only an adequate balance between the two requirements,
individual doses reduction and collective dose reduction,
can reduce the detriment to workers due to the operation and
maintenance of the nuclear plant; for this reason, in addit-
ion to the collective doses, the individual doses also must
be controlled and reduced. So our survey was extended to the
examingtion of average annual individual doses at BWRs and
PWRs: in this case also the situation is more favourable to
the pressurized reactors. The mean annual individual dose,
for all the years of operation, is about 0.74 rem/year at
BWRs and 0.70 rem/year at PWRs, as reported in table I.

4, REDUCING OCCUPATIONAL EXPOSURES AT LWRs

As the ALARA criterion is difficult to be applied in
the practice, mainly owing to the lack of a methodology
for assessing the economic impact of the man-rem, another
approach might be attempted; this process includes a review
of the occupational doses with the aim of ensuring that the
design and operating methods are such that the exposures
are reduced.

A comprehensive program to reduce occupational radiat
ion exposure at the new plants should be made of several
measures that should act on various areas (fig. 2). The mea
sures to be taken during the design stage should regard lay
out, ventilation, structural materials, monitoring, radio-
protection program, and so on, while some of the action areas
for consideration are:

1) reduction in maintenance and inspection time;
2) reduction in radiation fields;

3) reduction in failure rate of components;

4) contamination control.

The first area would include improved accessibility,
which can be obtained by acting on the layout, and careful
maintenance planning.
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The layout of the plant, that is the arrangement of
the buildings, of the working areas in them and of the com
ponents and equipment in the rooms, is a very important -
factor as the availability of space, improved accessibili-
ty and easiness of maintenance can reduce the maintenance
time, optimize the radiation fields configuration and so
reduce the collective and individual doses. In particular,
potentially high radiocactive components, that may require
frequent maintenance throughout plant life, should be giv-
en a high priority in the plant design stage as to allocat
ion in areas with low radiation and contamination levels
and separation from other components.

The maintenance planning, that must be an important
part of the radioprotection program, should include preven
tive maintenance programs which could lead to better use
of time during shut-down and to dose reduction.

The second goal can be achieved by the use of adequa-
te shielding, both permanent and temporary, and by materi-
als selection in order to contain fission products and to
reduce the formation of crud; also the cobalt content of ma
terials must be limited.

The third area would include materials selection for
durability and improved reliability especially of equipment
with high radiological risk.

Pinally the contamination control can be achieved by
an adequate and flexible ventilation system, as well as
"air-lock" doors.

At the plants already in operation the reduction of the
doses can be achieved by an adequate maintenance planning
and by suitable administrative and technical procedures est
ablished on the basis of the informations given by the moni
toring system.

CONCLUSIONS

The occupational radiation exposures received by nucl
ear power plants personnel afford a method by which the le
vel risk of workers can be evaluated and the “critical” rea
ctor type can be identified; in addition the dose analysis
is a2 useful tool by which the effectiveness of the measur-
es used in a radiation protection scheme may be judged.

It is the Authors' belief that the implementation of
the above-considered design measures, evaluated together
through a balanced program, is a practicable approach that
can lead to considerable savings in terms of occupational
radiation exposure.

290



WHOLE BODY ELECTRON THERAPY USING THE PHILIPS SL75/10 LINEAR ACCELER-
ATOR.

Yuri Mandelzweig, Morris Tatcher and Mark Yudelev.

Rambam Medical Center.
Technion - Julius Silver Institute of Biomedical Engineering and
Faculty of Medicine, Haifa, Israel.

Whole body electron irradiation is frequently used in the treat-
ment of mycosis fungoides, a disease which may involve large areas
of the body surface. The major technological problems encountered in
whole body electron therapy (WBET) are as follows:

1. Delivery of a radiation dose to a layer 10-15 mm deep uniformly
over all of the patient's body.

2. Minimizing contamination of the beam by Bremsstrahlung X-rays
generated in electron interactions with matter located between the
electron source and the patient.

3. Achievement of a practical treatment session time, taking into
account limitations on the maximum dose rate available and on the
maximum dimensions of the treatment beam.

In the most common method of WBET, patients are irradiated by
beams of 3-4 MeV electrons while standing at a distance of 3-7 meters
from the electron source to produce large treatment fields (1,2).

An electron scattering layer is needed to achieve satisfactory dose

uniformity. Since the beam intensity decreases because of the inverse

square law while, at the same time, the X-ray/electron dose ratio is
enhanced by preferential attenuation of electrons in the scattering
layer and in air, this method requires an accelerator with a high
electron output together with a low intrinsic level of X-ray conta-
mination.

At a distance of 3 meters, the maximum intensity of the standard
4 MeV electron beam from our Philips SL75/10 linac is only about
10 rad/min when a 3 mm Perspex scattering plate is present while the
X-ray contamination increases from a tolerable value below 2% at
1 meter to about 8%. These conditions are not acceptable, hence a
long distance method is not suitable for our machine.

An alternative procedure is to treat the patient at a shorter
distance with an electron beam that scans the surface of his body.
For example at Manchester a scanning system has been constructed for
the SL75/10 linac in which a moving platform replaces the usual
treatment couch (3). This approach was rejected because it was felt
that the adopted method should introduce minimum changes in the
routine of an already busy treatment machine.

In this paper we describe the method used at our center for WBET
which was developed under the constraint that no special equipment
or modifications to the linac should be required.

MATERIALS AND METHODS

Treatment was performed with an electron beam of nominal energy
4 Mev from the Philips SL75/10 linac. No electron applicator was
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attached and no scattering layers were present except for the beam
exit window, the monitor ionization chamber and the air space between
the linac and the patient. During irradiation the patient reclined on
the regular treatment couch at a source-to-skin distance of 150 cm.
The collimator was fully open.

Measurements of the depth dose properties of the electron beam
were made with the aid of thin polystyrene sheets and a parallel
plate ionization chamber (S.H.M. build-up chamber) connected to an
clcctrometer (Keithley Model 600R). The ionization chamber was cali-
brated against a Cobalt-60 source using the method recommended by
the H.P.A. (4). Dose distributions in a Rando Phantom were determined
by means of thermoluminescent detectors (Harshaw TLD-100) and X-ray
film (Kodak Type XV-2). Dosage to patients was monitored by taping
TLD detectors to the skin.

RESULTS

Properties of the radiation beam

To achieve the clinically desired penetration, the energy of the
electron beam was adjusted so that the 80% depth dose occurred at a
depth of 13 mm. Fig. 1 shows the behavior of the central axis depth
dose of the beam used for whole body treatment. At a depth of 5 cm
the ratio of the X-ray dose to the peak electron dose is 1.7%. Fig. 2
shows profiles of the electron beam and its X-ray component. Both
beams are approximately gaussian in shape with a F.W.H.M. of 50 cm.
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Fig. 1: Central axis depth dose of Fig. 2: Profile of the treat-
the treatment beam. ment beam.
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Treatment technique

To cover the entire surface of the patient's body it is necessary to
apply multiple fields. Because of the gaussian nature of the beam the
matching of adjacent fields is not critical. Fig. 3 shows how a uni-
form dose is produced over a large cross section when 2 beams are
joined at the 50% value of the profiles. An error of 1 cm in the se-
paration distance causes an overdosage or underdosage of only 5%.

The patient lies in prone and supine positions during treatment.
In each case a pair of fields is needed to include the width of the
body and 5 pairs are used to produce uniformity over a patient up to
200 cm tall.

If the beam axes are perpendicular to the plane of the treatment
couch, at the lateral edges of the body the radiation will intercept
the body cross section at tangential incidence. This leads to regions
of underdosage at the body edges (3). To overcome this problem, the
gantry was rotated through a small angle to shift the points of tan-
gential incidence away from the midplane. The same angle (200) was
used for the anterior and posterior fields., The beams incident on a
typical body cross section are shown in Fig. 4.
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Fig., 3: Resultant profile when Fig. 4: Beams incident on a body
2 beams are joined. cross section.

TLD and film measurements made with the Rando Phantom indicated
that variations in the peak electron dose are within *¥15% over the
entire body except for the groin, axillae and soles of the feet
which are shielded by other parts of the body. The depth of the peak
dose depends on the angle of incidence. Fig. 5 shows a film
representation of the dose distribution in the phantom when exposed
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to the set of WBET beams.

Treatment is given in 4 fractions per week. One quarter of the
body surface is irradiated to 400 rads at each session. The dose rate
at the patient is 100 rad/min. and the time for each treatment
session is about 30 minutes. The groin, axillae and soles of the feet
are treated separately by small electron fields to compensate for
under dosage during the whole body irradiation. The eyes, fingernails
and toenails are protected by lead shields during treatment.

Fig. 5: WBET dose distribution in the Rando Phantom
as recorded on X-ray film.

CONCLUSION

Our technique provides a practical solution to the clinical re-
quirements for WBET with respect to uniformity of electron dose and
low X-ray contamination. Its implementation doesn't require special
equipment or modifications to the linac.
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RADIOECOLOGICAL MODELS FOR ESTIMATING SHORT AND LONG-TERM EFFECTS OF
RELEASES IN THE NUCLEAR FUEL CYCLE

Mats Nilsson and Bertil Persson
Radiation Physics Department, Lasarettet S-221 85 Lund, Sweden.
INTRODUCTION

The increasing use of nuclear energy will mainly through the pro-
duction and reprocessing of nuclear fuel and the long-term disposal of
the radioactive waste introduce increasing amounts of radionuclides
into the biosphere. For the estimation of the radiological consequences
when these radionuclides,sooner or later,reach man it is necessary to
know not only how the nuclides are distributed and retained within the
body,but also how the nuclides are transported in the biosphere before
they directly,or through food-chains,reach man. The only way to study
the transport from one environmental pool to another is the direct
measurement of the activity concentration for the radionuclide of in-
terest. Such measurements have now been carried out for a considerable
time. The source of the radionuclides studied has up to now mainly
been fall-out from nuclear weapons tests. Because of this,it has been
possible to study only a limited number of radionuclides and still a
great deal of experimental work concerning the behaviour of long-lived
fission products and transuraniumelements,other then plutonium,remains.
The results can be used to design a more complex system for transport
in the biosphere or in the human body. Such systems,normally referred
to as compartmental systems can be used to predict individual and
collective dose equivalent arising from the use of some nuclear ener-
gy practice.

However,due to the lack of reljable data for many radionuclides
regarding their behaviour in the biosphere the use of mathematical mo-
dels is at present in most cases Timited to yield upper limits of the
parameters studied rather than quantitative estimation of these para-
meters. For some applications,especially regarding the disposal of
nuclear waste, calculations extending millions of years ahead are
used. For static systems, the reliability of the transport factors
used will in such cases be of vital importance. The need for efficient
mathematical methods of solution is also evident.

A GENERAL MATHEMATICAL MODEL

For a compartment system consisting of n compartments the net
transport rate of the substance y into the compartment i can be ex-
pressed using the general expression

dyi(t) n n dsi(t)
—dt 7 §=]yjkj‘i(t) - §=]Y1(k1j(t) +A) + —dt {1}

where k is the transfer coefficient expressing the fraction of sub-
stance y that per unit time is transferred from compartment i to com-
partment j and X is the physical decay constant. The last term corre-
sponds to the presence of a source of the substance in compartment 1.
é somewhat simpler way of expressing equation {1} is a notation of the
orm
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T(t) = ?(t) < K(t) + g(t) e {2}

where K is the transfer coefficient matrix and S is the source term
vector. The method of solving equation {2} will strongly depend on the

time variation characteristics of the matrix K and the vector S. Some,
or all,of the transfer coefficients and elements in the source vector
can independently be chosen to continously vary with time following,
for instance,some given function or polynomial approximation of given
points. Furthermore, thesc terms can behave in a stochastic manner.
The generation of the specific values during the calculations is pre-
ferrably done with Monte Carlo technique. The number of transfer co-
efficients with stochastic behaviour must,however,be limited due to
the very long computer time to obtain good statistics.

In both of these cases with a dynamic coefficient matrix and
source vector,the change in numerical value of the derivatives may be
so great that the step in time when performing the integration of the
equation system must be made very short. Iterative methods are there-
fore recommended, as the Kutta-Merson algorithm or the Adams-Moulton
predictor-corrector scheme,

In the case of a static coefficient matrix and source term it is
possible to use another algorithm to solve the equation {2}. (1)

The solution to this set of equations will be of the form

M M K-t 2

Y(t) = Y(0) -e = Y(0)« B {3}

The gquantity 8 is also a matrix, which can be evaluated from the
matrix K using serial expansion. The main problem when performing this,
is that a large number of terms must be included if some eigenvalues
of the matrix K-t are large. This can be avoided if the resulting
serial expansion matrix is multiplied with a geometrical series
which is chosen in a way that only a limited number of terms in the
serial expansion will be used. The inverse quotient of this series
is used to convert the resulting matrix by a binomial expansion re-
sulting in the matrix B. Using the solution {3} instead of an itera-
tive method will make the calculations run up to 10 000 times faster
on a computer depending on the characteristics of the coefficient
matrix. Figure 1 represents a simple system which is a good test on
the precision in the algorithm used, especially for compartments 1
and 2. Table 1 gives the amount of substance in compartment 2 after
a time of 2 time-units after a pulsed injection in compartment 1 for
some different mathematical methods. It isa wellknown fact that the
Kutta-Merson and Adams-Moulton methods both are very slow giving,
however, excellent precision.

Figure 1.
Input |1 1.0 2 2000
—_— - ! I .
-6 -8 -8
Test model 107y 410 2000y 410
3 4
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Table 1

Method of solution Step-length | Amount of substance| Rel. error (%) CPU time (s)
pnalytical - 5.81506+10"° - -
Kutta-Merson h 5.81505-107° - 360
Adams-MouTton h 5.81506+107° - 310

Matrix exponentiation | h 5.76877-107° -0.8 1.1

Matrix exponentiation | h/20 5.81486+107° -0.003 16

Matrix exponentiation 10 h 4.96676-10'5 -14.6 0.6

The matrix exponentiation mentioned above will, for the same step-
length give a result within 1% of the exact value with a substantial
decrease in computer time. It can also be seen that this algorithm
must be used with caution. An increase in step-length immediately re-
duces the precision to an unacceptable level. For the same precision
as the two iterative methods, the computing time increases but is
still much shortcr.

EXAMPLES OF APPLICATION

A field where mathematical models are frequently applied is on
the spreading of radionuclides from the disposal of high-level radio-
active waste. We have studied the two ways of disposal proposed by
the Swedish Nuclear Industry (2,3).

The first alternative concerns the deposition of waste from the
reprocessing of 10000 tons of U0, fuel. The second deals with the di-
rect deposition of the burned-out fuel. The deposition takes place in
primary rock at a depth of 500 m. The main difference between the two
alternatives is the encapsulation material which for the latter mainly
is copper. In this case the capsules are assumed to withstand corro-
sion for a certain time (100 000 years),after which the radionuclides
during 500 000 years leak out into the biosphere. On their way to the
first recipient in direct contact with the biosphere they are being
delayed in the primary rock.

lle have applied our technique on a 20-compartment global model to
study the effects of earlier breakdown of the capsule and a faster
leaking rate, (4). Furthermore, in order to yield the "upper limits"
we have taken no notice of a possible delay in the primary rock. A
combination of these factors are of particular interest for the
daughters in decay chains. It is almost impossible without computers
to calculate their input activity rate as a function of time due to
the cooperating factors of capsule breakdown and leaking rate on the
amount which at that time is built up in the capsule. An example
illustrating this is the 4n+1 series. Np-237-Pa-233-+U-233+Th-229. In
table 2, the relative activity inflow rate of Th-229 into the primary
recipient normalized to a capsule breakdown at 100 000 years after de-
position and a leakage time of 500 000 years is given.

The combined effects of breakdown time and leaking rate can clear-
ly be seen in the bottom row, which has a quite irregular pattern due
to the balance between leaking rate and buildup during leaking time.
These figures are also proportional to the individual absorbed doses
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Table 2

Th-229 Leaking time (years)
Capsule breakdown (year) 500 000 50 000 5 000 500
100 000 1.0(225000) 7.29(100000) 72.9(100000) 729(100000)
10 000 0.77(210000) 1.16(35000) 3.48(10000) 34.8(10000)
1 000 0.76{201000) 0.80{31000) 0.27(4000) 0.46(1000)

The figures in parenthesis indicate the time (in years) when maximum inflow occurs.

from thorium in the vicinity of the waste site. For the collective
doses thorium is of particular interest due to its high sedimentation
capability. The collective doses arising from thorium isotopes are not
proportional to the amount that is directly injected into the shallow
and deep ocean water compartments, nor to the small amount that is
resuspended from the sediments, but only to the amount that is produc-
ed from the decay of its mother nuclide in these compartments.

SUMMARY AND CONCLUSION

Mathematical models are, if used with caution, an important too}
for evaluating effects of releases of radionuclides. For some elements,
very little is known regarding their behaviour in the biosphere, and
complementary experimental work must be carried out. The non-static
and stochastic nature of the biosphere must be taken into account
regarding the transport of substances, thus having demands on the
algorithms to be increasingly efficient.

Appendix: Brief description of algorithm used.

Ket Ket)2 (Keot)? © Ket)"
e = (1+K-t+(Z! )*, (3! A cell) = rz]=0 (—n,———
« .40 m LN 8 m m
r Kt Let) 0" yhere gm » (Ket)” + 10
n=o : n=o : 8 m!
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RISK ASSESSMENT PERSPECTIVES IN RADIATION PROTECTION

William D. Rowe

Institute for Risk Analysis, College of Business Administration,
American University, Washington, D. C., U.S.A.

Introduction

Risk assessment involves two separate activities; risk determi-
nation and risk evaluation. The first -activity involves identifying
and estimating the risk from some action; the second activity involves
a socio-political decision about the action and residual levels of
risk after risk reduction techniques have been applied. Since risk
determination is a well-developed activity in the radiation protection
field, the major focus of this paper is on risk evaluation.

The International Commission on Radiation Protection has pub-
lished a system of dose limitations which to some extent addresses the
risk evaluation process. The first step in the system is optimization
where collective dose is reduced by the addition of controls, using
the marginal cost-effectiveness of the cost controls for reduction of
detriment as a criterion. A value is assigned to the avoidance of a
man~-Sievert to establish a cut-off value. The establishment of this
value is a socio-political decision. The second step is justification
where a balance of benefits and costs are made. This is, indeed, a
gsocio-political decision, and will be reviewed in terms of risk eval-
uation. Application of dose limits, the final step, is an equity
balancing step to assure that no individual receives an undue propor-
tion of risk.

Optimization and the establishment of dose limits are not purely
socio-political decisions, but represent managerial decisions for ease
of administrating radiation protection policies. The choice of fixed
values for the optimization criterion (value of a man-Sievert) and for
dose limits are decisions to ease the process of regulation; otherwise,
each case would be balanced on its own merits. The impact of such
managerial judgments involves the balancing of costs to the public
(including risks) against the ease and cost of regulation.

Justification is another matter. It is a balancing of all fac-
tors after optimization is complete.

GENERAL FORM OF JUSTIFICATION

Although a justification decision is not purely numerical, a
mathematical structure of the justification process can be quite use-
ful for understanding the process and application. The structure pre-
sented here is thus a study mechanism not an end in itself.

Justification is determined in general form bv examining the dif-
ference between the new (or changed) practice (n) and a reference cond-
ition (r) in the form of a difference equation.
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(BB = (V-V) = (3 -P) - (X -X) -a; (5.-5))

EQUATION 1

Benefit (NET)

Worth of practice

Production cost of introducing the practice
Cost of radiation control

Detriment from increased exposure

Value of a man-Sievert for justification

where

™S
[}

2
]

(AV-AP) - AX~ochSj
EQUATION 2

The parenthesis around AV-AP is to emphasize the difference of
these parameters from those associated with radiation protection and
exposure parameters. Thus justification consists of two parts, the
first involving the worth and costs of the practice, and the second
involving the implementation of radiation protection practices and a
judgment of the social costs of the remaining detriment. This sepa-
rate identification of the value of alpha for justification is to in-
dicate that it may be a different value from that used in optimization.
Usually optimization preceeds justification and is based upon assuring
that:

EQUATION 3

where the subscript , refers to optimization for both the value of
alpha and the change in detriment.

Optimization is well covered elsewhere, and will not be covered
in detail here, but it is important to note the differences for alpha
and detriment for justification and optimization. The total detriment,
AS, consists of two parts: 1) the detriment removed by optimization
at cost AX, and 2) the remaining detriment not removed, but attribu-
table to the practice. It is the latter detriment which is of concern
for justification since AX in monetary units will have been spent to
remove AS,. Thus:

AS = AS, + ASj
EQUATION 4

The remaining change in detriment from the change in practice, AS
is the parameter of concern for justification.

The value of alpha for justification, o,, may differ from that
for optimization, a,, but 0j cannot be less tﬁan the qo. This arises
since the value of alpha for optimization, 0,, may be limited by the
availability of resources. When all radiation protection and other
hazard reduction needs are considered and the value of prevention of a
stochastic fatality or illness is considered "across-the-board", only
a limited amount of resources may be available for the total. When
such limits apply, a selection of a lower value for alpha in justifi-
cation means that radiation protection will have a disproportionately
lower regard in justification decisions. This in turn would reflect
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an uneven allocation of resources.

Alpha may be higher for justification since here one uses a
value inferring what society ought to do (not just what it can do for
limited resources in optimization), and in many cases the radiation
impact costs may not even be specified in monetary terms since the
judgments involved may be at a higher level of abstraction.

Radiation Risks Versus Other Societal Risks

The justification equation must take into account other risks in
addition to radiation risks. For this reason, the justification for-
mat must be expanded:

n

AB = (AV-AP) - I (&x, + o, ,AS.))

521 i ij 7743
EQUATION 5

where subscript 1 might be for radiation detriment and other sub-
scripts might be for other types of risks such as exposure to toxic
chemicals.

This immediately implies that radiation detriment can be related
to other detriments in society such that choices of ¢,., represent
judgment as to the relative impact of these. There atd many different
kinds of detriment and risks (the potential from harm) involved with
many factors affecting the valuation of these rigks, i.e., choice of
value of Oy < o Some of the factors, which are treated in greater de-
tail in my Book AN ANATOMY OF RISK, are:

Voluntary vs. involuntary imposition of the threat

Immediacy vs. latency between cause and affect

Controllability of the threat

Individual risks vs. population risks

Familiarity with a risk and its consequences

Certain vs. uncertain consequences

Etc.

Risks can be put into perspective by comparing them with bench-
marks, i.e., risks of a similar nature to those being considered. They
are used to provide some insight as to the magnitude of risks, but do
not imply acceptability.

For radigtion two cases are considered here to illustrate other
o values: 1) the relative potency of radiation vs. carcinogenic chem-
icals, and 2) the problem of addressing rare events.

Relative Potency

Relative potency is a means of comparing two or more carcinogens
to determine their ability to cause cancer in certain organs based
upon similar concentrations of material. It does not represent the
relative risk of the materials, since an exposure pathway must exist
for risk to occur.

One approach for relative potency is the parts per million (or
per billion) to cause a lifetime risk of one in one million. Some
values for ingestion of toxic chemicals expressed in this form are
shown below.
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TABLE 1
SOME EXAMPLES OF RELATIVE POTENCY
Values are in Parts per Billion (Ingestion)

COMPOUND DOSE (FDA) (1) DOSE (Wilson) (2)
DDT 0.4

Dimethylnitrosamine 0.05 0.002
Ethylene Thiourea 2.0

NTA 260.0

Vinyl Chloride 6.7

Saccharin 600,000

Aflatoxin 0.0002
Benzo-a-Pyrene 700

Acrylonitrile 3

Radiation risks to individuals are such that an exposure of
.01 Sv/yr. (1.0 Rem/yr.) over a 70 year period results in a risk of
2x10-4 fatalities/year (See Appendix). A level of 0.7 Sv/yr.

(70 U rem/yr, ) represents a one in a million lifetime risk on this
basis.

Maximum permissible doses (MPC's) are based upon the daily con-
centration in air or water for 50 years of occupational exposure for
168 hour week. 1In the absence of ICRP #30 where new allowable limits
for intake (ALI) will be published, other values from 10 CFR 20 can
suffice. Three isotopes have been selected for the ingestion gathway
assuming the material is in soluable form. These are $r90, Pu239, and
1129, selected for their range of specific activity. MPC's must be
converted into jg/ml to get parts per billion by weight through the
specific activity factor and reduced to get an equivalent risk of
0.7u Sv/yr from approximately 0.5 Sv/yr, a factor of about 1.4x10-5,

Nuclite MPC (10CFR20) Specific Activity PPB for 1 in a
Water Soluable million lifetime
risk
sr0 3x1077 uc, /ml 1.44x10° c,/gm 3x107°
py?% 5x107° 1c, /m1 6 x1072C./gm 1
129 -g 1 4 1
I 6x10 UCi/ml 1.8 x10 Ci/gm 5

Ingestion of Sr%0 appears to be nearly a hundred times more
potent than aflatoxin while ingestion of Pu239 and 1129 geem compar-
able with ingestion of vinyl chloride or acrylonitrile. Materials
with high specific activity are, of course, more potent on a weight
basis than a curie basis.

Rare Events

Nuclear and waste disposal accidents are also risks that mav be
considered in the justification equation. However, there are limita-
tions to estimating the likelihood of rare events. Statistical
methods provide measures of the relative likelihood of events for
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those of relatively high frequency, which can be validated. There are
also models for estimating the relative likelihood of rare events
which cannot be validated. However, in no case do they predict when,
where, or of what magnitude an event will occur. In the case of rare
events, this is exacerbated by the uncertainty in the specification

of the models themselves and their inherent lack of validation.

These methods can only be effective on an absolute risk basis if
the very wide bands of uncertainty common to such estimates dec not en-
compass the range of acceptable levels of risk. If the bands of un-
certainty of probability estimates encompass the range of acceptable
risk levels, the decision cannot meaningfully be based on probability
estimates. Figure 1 illustrates this problem using nuclear accidents
and high level radiocactive waste disposal as examples.

FIGURE I
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The scale on the left is a measure of absolute risk in terms of the
probability of the number of fatalities that might occur in a year.
Some benchmarks are shown on the right, including world wide fall-out
from nuclear weapons already committed, planned releases from the
nuclear fuel cycle for 10,000 Gwe-years of operation (the maximum pro-
duction possible from available uranium resources without breeding),
one percent of natural radiation background, and radon and radiation
from undisturbed uranium ore bodies. These benchmarks are only to
provide perspective; they do not, by themsclves, imply acceptability.

The range of risk estimates for a high level waste repository
for all high level wastes (10,000 Gwe-years) lies well below the
benchmarks. Thus, a decision on high level waste is resolvable by
probablistic methods. The range of risk estimates for all nuclear
reactor accidents (10,000 Gwe-years of operation) is shown based upon
WASH-1400, WASH-1400 COMMENTS, The Lewis Committee report, and extra-
polation. The exact range may be argued, but it probably envelopes
all of the benchmarks, making any decision based upon probablistic
analysis alone indecisive. 1In this case, although it may be possible
to refine the estimates to some extent, it may be impossible to re-
duce the residual uncertainties to a level for which meaningful de-
cisions can ever be made by this approach.

Thus, it seems reasonable to expect that a probablistic analysis
will be useful for resolving the high level radioactive waste question
but not for nuclear accidents. The nuclear accident question cannot
be addressed using absolute risk models. Relative risk models may,
however, be useful here since these models provide insight into the
causes of risk and where resources for reducing the risks may be best
spent. For indecisive cases the amount of money to be spent on risk
reduction and the acceptability of the risk question remain socio-
political decisions that cannot be resolved on a technical basis.
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APPENDIX

In this report individual exposure to risk from radiation is
based upon a '"Cohort Analysis of Increased Risks to Death" (CAIRD) (1)
where the increased risk of death from exposure to radiation of
100,000 people whose lifetime risk is profiled has been calculated
using both relative and absolute risk models from the 1972 BEIR Report.
In this model an exposure over an average lifetime of 70.75 years of a
cohort or 100,000 for a constant exposure of .01 Sv (1.0 rem) is

4,400 early fatalities on a relative risk lifetime plot

670 early fatalities on an absolute risk lifetime plot

This respresents about 6x10~4 fatalities/year to an individual
for a relative risk model and about 9x10~2 fatalities/year to an
individual for an absolute risk model for a 10 man-Sv exposure per
year. A mid-range value of 2x10-4 fatalities/year was selected as a
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reasonable reference value.
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SOME NON-SCIENTIFIC INFLUENCES ON RADIATION PROTECTION STANDARDS AND
PRACTICE
Lauriston S. Taylor*

I. INTRODUCTION

In the practical application of the principles of the achievement
of protection against harmful radiation effects, our greatest
obstacles today do not include a Tack of knowledge about the biomedi-
cal effects of ionizing radiation. Today, we know about all we need
to know to adequately protect ourselves from ionizing radiation.

Let me repeat that. Today, we know about all we need to know to
adequately protect ourselves against fonizing radiation. Therefore,
I find myself charged to ask: What is the problem and why is there
one? I suspect that most of us here today know in a general sort of
way where the problem lies and that basically it is not a scientific
one. Rather, it is a philosophical problem with all the ramifica-
tions implied in the term. Or perhaps it may be a political problem,
that is, one requiring prudence and sagacity in devising and
pursuing measures adapted to promote the public welfare, or perhaps
the problem may not be as much protecting ourselves against radia-
tion as protecting us against ourselves. In any case, I sometimes
think that today we are - in many areas - tormenting ourselves
through our obsession with health (W.P. 8-28-79).

The control and management of any toxic agent, including radiation,
requires a critical knowledge of the properties, characteristics, and
biomedical effects of the agent. Furthermore, if control is to be
absolute in the scientific sense, there must be either an establish-
able threshold below which there is no effect, or total elimination
of the agent.

It is obvious that as far as we know today, neither of the above
points can be met for jonizing radiation. Therefore, we must resort
to other means, e