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1. шиюшстюи

The use of nuclear reactors for the production of electric power is
now an established technology. The total installed nuclear generating capa-
city in the world in 1976 was 79*9 GW(e) from 187 power reactors operating
in nineteen countries (1). Recent estimates of the growth of nuclear power
project a figure of about 2000 GW(e) Ъу the year 200C.

The nuclear fuel cycle serving the production of electric power con-
sists of the processes of mining and milling of uranium, conversion to fuel
material, usually including enrichment in the isotope 235ц

}
 fabrication of

fuel elements, utilization of the fuel in nuclear reactors, reprocessing of
spent fuel, transportation of material between fuel cycle installations and
disposal of radioactive wastes.

At each step of the fuel cycle occupational exposure to radiation oc-
curs and small quantities of radioactive materials are released into the en-
vironment. These releases cause some population exposure. As the scale of
the fuel cycle is related to the nuclear installed capacity it serves, it
seems reasonable for some purposes to assess such exposures in terms of
collective dose commitments per unit energy generated, e.g. per MW(e)y. In
this way the assessments can be normalized irrespective of the size of the
expanding nuclear industry.
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The total collective dose to the world population may be assessed by
estimating the contributions from four components, namely the occupationally
exposed group, the local population in the vicinity of installations involved
in the fuel cycle, the regional population and the world population. The last
three components are the result of releases of radioactive materials to the en-
vironment. Most of the radionuclides released are only of local or regional
concern, because their half-lives are short compared to the time required for
dispersion to greater distances. Some radionuclides, on the other hand, hav-
ing longer half-lives or being more rapidly dispersed, can become globally
distributed.

2. BASIC CONCEPTS

The assessments presented in this paper are expressed in terms of col-
lective dose commitments. The collective dose commitment s£ , due to a gi-
ven event, decision or finite practice к involving radia-' ' n exposures is
defined as the infinite time-integral of the collective < ь« rate,
caused by that event, decision or finite practice

s
k
(t),

*-J> dt

The collective dose rate is the weighted product of dose rate due to
number of individuals in the exposed population

s
k
(t) =

к and

where Kp, (f>-
K
) is the population apectrum in dose rate, Яд. (DjJdDfc being

the number of individuals receiving a dose rate due to the source k, in the
range D^ to Djj + dDjj. The calculation of the collective dose commitment from
source к requires that all individuals receiving a dose from the source are
included in the population under consideration. As the integral remains un-
changed if the population is made abritrarily larger than the actual exposed
group by adding unexposed persons, it is convenient to specify the population
as the world population. This specification is not necessary when the exposed
group is small and well defined in a way that every exposed person could be
accounted for.

The collective dose commitment from a source is particularly useful
for two purposes. On one hand it can be used in relative detriment assess-
ments, on the assumption that the risk of deleterious effects is proportion-
al to dose, while their severity is independent of the frequency of expression.
On the other hand, it can also be used to assess future exposures from contin-
ued practices, which can be considered as sequences of events, each deliver-
ing exposures over times which may exceed the duration of the event.

It can be shown that in the case of a continued practice the result-
ing average (per caput) dose rate will increase and eventually reach a
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steady state (2). In the simplified case of a constant population, the steady-
state per caput dose r a t e , f> . is given Ъу

OO

1

D = rSioo И

where R is the practice rate, namely the number of units of practice per
unit time, N is the population size and Sif is the collective dose commit-
ment per unit practice. In many cases it is possible to make rough projections
of the practice rate per caput, R/H, such as, for example, the nuclear installed
capacity per person, and it is then possible to predict the maximum per caput
dose rate that will be experienced in the future.

For exposures delivered over a very long time> as in the case of ex-
posures due to the release.of carbon-14» i"t would not be realistic to assume
a continued practice for such long times as required by the per caput dose
rate to approach steady state. It can be shown that, in these cases, the maxi-
mum per caput dose rate to be experienced in the future is approximated by

max ~ N j

where s[, called the incomplete collective dose commitment, is the time-
integral of the collective dose rate caused by one unit of practice, Si(t),
over a period x equal to the estimated duration of the continued practice

j-T

i = Si(t)dt

':•)

- Ь

The incomplete dose commitment per unit practice clearly does not relate to
the detriment per unit practice but only to a part of it. It is however use-
ful to predict the maximum per caput dose rate due to a continuing but finite
practice.

3. OCCUPATIONAL EXPOSURE FROM THE HUCLEAR POWER CYCLE

3.1 Assessment procedures

Ths doses from occupational exposure are monitored and, within the
limitations of this monitoring, some information on the dose distribution
in the different steps of the fuel cycle is available. In this case, the
collective dose, S, could conceptually be assessed by summation

S = £ D. N.

Where D- is the per caput dose in the group i, and
of individuals in the group.

is the number

However a practical difficulty is encountered in the recording of
doses which fall below the "minimum detectable level" of the monitoring
system. These may be recorded either as the minimum detectable level or as
zero. Since records usually do not indicate the procedures according to
which doses were derived, it is not in general possible to correct for in-
strumental effects or for the natural radiation background which may have been
included. Furthermore, the coverage by personal monitoring programmes of
workers who are likely to receive only very low doses is quite variable, as it
is not recommended by the ICRP (3) for the purpose of radiation protection.
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Because of these problems and in view of the large number of doses falling in
this category the collective dose contribution from the lowest dose interval
is often not known.

It is therefore necessary to develop an analytical procedure which can
be applied to the distribution of doses at the higher levels to obtain an esti-
mate of the per caput dose for the occupation. This procedure is based on
the observation, derived from very extensive surveys, that in most occupations
involving radiation exposure, not only in the production of nuclear power, the
individual doses follow a log-normal distribution (4) (5) (6)»

 I n
 one of these

surveys (4), annual doses as low as 12 mrad were estimated with sufficient pre-
cision, talcing advantage of the increased film sensitivity for low energy x rays.

Since this is the case, a simple version of *probit analysis
1
 can be

used to assess the parameters of a given distribution of occupational doses.
The plot of cumulative frequency against dose on log-normal paper is there-
fore expected to give a straight line. Least-square fitting can then be
used to determine the parameters of the distribution, namely the geometric
mean dose (median) , D , and the geometric standard deviation, о

в S
I t can be shewn from the c h a r a c t e r i s t i c s of the log-normal d i s t r i b u -

t i o n (8) t h a t the per caput dose, Б , of the d i s t r i b u t i o n i s given by

£ С In а У
D = D

The collective dose, S, therefore, is

a )
S = N D e S

g
were N is the number of individuals in the distribution.

In practice it is difficult to decide which individuals should be
included as occupationally exposed in any given circumstance. The number
N, therefore, will depend on subjective considerations. It can be shown,
however, that an arbitrary inclusion of unexposed individuals would modi-
fy both D and Ж of the distribution, ir a way that the value of S re-
mains constant.

3.2 Occupational collective doses

In the 1972 report, UHSCEAR (9) estimated that occupational exposure
accounted for a substantial part of the collective dose due to the nuclear fuel
cycle. It was estimated in the report that the occupational collective
dose due to the production of electricity by nuclear fission was about 2 to
3 man rad per megawatt year of electrical output, most of this dose being
incurred during the reprocessing of nuclear fuel. It was anticipated that
improved technology could result in lower collective doses per megawatt
year.

The values summarized in this paper were assessed, as far as possible,
by the procedure outlined above. In those cases where the data are insuf-
ficient or they deviate significantly from a log-normal distribution, the
collective dose can still often be estimated by direct calculation from
the raw data, but then involving substantial uncertainty. In the follow-



ing paragraphs the various steps of the nuclear fuel cycle are discussed
in turn, in relation to the whole body collective doses. Other collective
doses to individual organs are not reviewed in this paper.

Some information is available on the external gamma irradiation in
uranium mines (10) (11). Typical dose rates in air vary from 0.5 mrad/h
up to 100 mrad/h in places with exceptionally rich ore. The average of
many different measurements of dose rate in air in American underground
uranium mines is about 1.3 mrad/h. Assuming a Зя geometry and 2000
hours of work per year, this average dose rate in air corresponds to an
annual mean whole "body dose of about 1.6 rad. However, measurements of
the external dose to French underground miners show a decrease in the
annual average dose from about 1.0 rad in 1971-1972 to 0.5 rad in 1975.
It therefore seems reasonable to assume that an annual dose of the order
of 1 rad is representative for current conditions in uranium mines world-
wide.

The assessment of collective doses per unit electric energy produced
from mining operations requires an estimation of the number of miners in-
volved in the extraction of ore necessary to produce 1 JKW(?.)y. Assuming
that one miner in a year produces 3 metric tons of U3O5 and that 160 metric
tons of U^On are required to fuel one 1000 MW(e) light water reactor for
a year, ii? is estimated that about 5 1O~2 man year are occupationally ex-
posed in the mines per MW(e)y. The collective dose contribution from
uranium mining is therefore about:

= 1.0 ^ 5 = 0.05 man rad per MW(e)y

There are very few data allowing the assessment of the occupational
collective dose resulting from milling operations and fuel fabrication.
From information on occupational exposures available in the US for 1973
and 1974, together with the amount of nuclear energy generated in the
same years (12) (13) , a value of about 0.25 man *'

a
<l per MW(e)y is obtained.

This value is probably an overestimate, since part of the fabricated fuel
was used in reactors which did not contribute significantly to power pro-
duction in these years, due to the rapidly expanding industry.

A comprehensive summary of occupational radiation exposures in
United States light water cooled reactors (LWRs) has recently been pub-
lished (13). Collective doses were obtained either by multiplying the
number of people in a dose range by the midpoint dose in that range and
summing the results or, as was possible in a small number of cases, by
summing the actual recorded doses of all individuals. The occupational
collective dose per unit energy generated, for the period 1969 to 1974,
was about 1.3 man rad per MW(e)y. Most occupational exposure at reactors
is incurred during maintenance and repair (65 per cent of the collective
dose).

Similar collective doses per unit energy generated (about 1 man
rad per MW(e)y) can be calculated for Heavy water reactors (HWRs) (14) ,
and for the Gas cooled reactors (GCRs) in the UK (15) in the period 1972-
1974 (0.73 man rad per MW(e)y) and in Japan (1.2 man rad per MW(e)y) (16).
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The major commercial fuel reprocessing installation which has Ъееп
in operation during recent years is at Windscale in the United Kingdom.
In its 1972 report, OTSCEAR estimated the occupational collective dose
due to reprocessing to be about 1.6 man rad per MW(e)y. Recent infor-
mation on the dose distribution in the Windscale installation in the
period 1971 to 1975 (15}» together with the assumption that the collec-
tive dose can Ъе related to the nuclear electrical output in the same
jears, result in an estimate of about 1.2 man rad per MW(e)y.

Occupational exposures of workers involved in transportation of
materials between fuel cycle installations cannot be assessed from direct
measurements, as many of these workers are not subject to individual
monitoring, and those who are may also Ъе involved in other radiation
work within the industry. Bose calculations are, therefore, based on
assumptions as to the dose rates at different distances from the pack-
ages and the times spent by workers in various operations (17)» These
calculations show that the collective dose per unit energy generated,
contributed Ъу transportation, is quite small, of the order of 10"-̂  man
rad per MW(e)y.

When the nuclear fuel cycle is considered as a whole, some account
must be taken of exposures in the research and development organizations
devoted largely to servicing the nuclear industry. Assuming that all oc-
cupational doses in such organizations are received in support of the
nuclear power industry, it is possible to obtain an upper limit for the
collective dose contributed by research and development. Using this as-
sumption and information from UK (15) and the US (18) , a value of about
1.4 man rad per MW(e)y is derived.

Prom the values given in previous paragraphs, it appears that the

occupational collective dose from a nuclear power programme is in the

range of 3 to 4 man rad per MW(e)y.

4. EXPOSURES PROM ENVIROflMEM'AL RELEASES OP RADIOACTIVE MATERIALS

4.1. Assessment procedures

The chain of events leading from the release of radioactive sub-
stances to the irradiation of humans can be schematically represented by
compartment models. Compartment models, even when vary complex, imply
considerable simplification of the real transfer processes.

Since the dose commitment from a release is the integral over
infinite time of the per caput dose rate resulting form the release (2) ,
steps in the sequence from input to the final dose commitment can be con-
veniently described by the quotient of the infinite time-integral of the
appropriate quantity in step j of the sequence to the infinite time-
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integral of the appropriate quantity in the preceding step i. These
quotients define the transfer factors P-y in the pathway from input of
radionuclides into the environment to the subsequent radiation dose in
man:

Г M (t) dt
Jo J

M. (t) dt

where P^^ is the factor relating compartments i and j, and M. (t) and
M. (t) are the appropriate quantities (i.e. activity concentration) in the
compartments at time t. Transfer factors, for a number of nuclides and
environmental compartments, have Ъееп extensively studied by UNSCEAR (9).

The network of pathways linking the release of radioactive materials
to the dose commitment consists of steps in series and in parallel. The
total transfer factor of a branch in series is the product of the trans-
fer factors involved; the total transfer factor of several branches in
parallel is the sum of the transfer factors of the branches.

The calculation of the collective dose commitment, S
c
, from the dose

commitment, D
c
, (9) is simple if the population size, Ж , remains constant

over the period contributing to the defining integrals (S
c
 = D

c
 U). In

the more general case, however, a constant popjlation can not be assumed
and the calculation of collective dose commitments therefore often requires
the selection of a population growth model. A convenient function for
this purpose is the logistic function, which assumes an upper bound for
the population size. For short projections into the future, the logistic
function is approximated by an exponential growth. Some of the values of
collective dose commitment presented in this paper are based on an assumed
upper bound for the world population of 10 individuals, and a fractional
growth rate of 0.02 per year, the value which seems to apply at present.

In some instances, it is possible to assess the collective doso
commitment even though the distribution of individual doses is not known.
For example, under an assumed fixed age distribution and consumption pat-
tern, the dose due to an intake of an activity A cf a radionuclide, is
proportional to the intake and can be expressed as D = kA. The collec-
tive dose due to the presence of this radionuclide in food can then be

assessed as S = = к ан dA, where the last integral

is the total (collective) intake of activity. This total activity intake
can be estimated as the product of the average activity concentration and
the total amount of food consumed, without, knowing where or by whom*
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A similar procedure applies in cases where the individual dose de-
ponds on "the activity present or deposited per unit area as a function
of location, and the population density is constant over the region of
interest . The collective dose commitment in these cases is proportional
to the t o t a l act ivi ty present (or deposited) and is independent of the
pattern of distribution of the activity.

4.2. Collective dose commitments from radionuclides
of world-wide distribution

The collective dose commitment contribution made Ъу radionuclides
of world-wide distribution can be discussed for the fuel cycle as a whole.
These radionuclides have substantial half-lives and characteristics lead-
ing to relat ively short dispersion times. They can therefore become wide-
ly distributed when released to the environment. In th is category of
nuclides of world—wide distribution, krypton-85 : tritium and carbon-14
are of particular interest. As only exposures to the whole body are dis-
cussed in th is paper, the very long lived iodine-129 which leads to thy-
roid exposure will not be included.

4.2.1. Krypton-85

Krypton-85 is a beta emitter with a maximum energy of 6fO keV. In
0.4 per cent of the disintegrations a gamma photon of 5M keV is emitted.
External gamma irradiation causes whole-body doses, while the beta ra-
diation gives only skin doses (19) (20). Internal irradiation due to
inhalation is negligible in comparison with external irradiation. The
whole-body dose rate from a homogeneous a i r concentration can be readily
assessed by the immersion model (1.7 x 10^ rad/year per Ci/m-*, equivalent
to 2 x 10? rad/year per Ci/g).

The collective dose commitment from ^Kr is due almost entirely
to the release from reprocessing plants, the release from reactors be-
ing quite small in comparison. The thermal fission yield for °^Kr is
0.285 Per cent for "-% and 0.144 per cent for 2-^°Pu, corresponding to
505 and 255 Ci/MW(e)y for -MJ and. 239рц respectively. Assuming that
41 per cent of the fissions are of 23<Pu in LWR fuel with 33,000 MWd(t)/tonne
burn-up, the -%r generation rate is about 400 Ci/MW(e)y.

As the solubility of krypton in water is negligible, there is no
sink for the krypton released into the atmosphere and rather uniform con-
centrations are achieved in a period of about two years. The distribution
of krypton is taken to be almost homogeneous over the surface of the globe
and throughout the troposhere. This assumption is substantiated by results
of measurements of °^Kr in ground-level a i r at different latitudes (21).
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Neglecting the local and regional contributions to the collective
dose commitment (about 1 per cent), assuming uniform mixing in the tropo-
sphere and using a short term exponential population growth as outlined
in 4»1j the collective dose commitment per unit activity released is
found to Ъе about 4 10" 4 man rad per Ci (22). This value, combined with
the production cpioted above, corresponds to 0.16 man rad per MW(e)y.

4.2.2. Tritium

Tritium, in the form of tritiated water, is widely dispersed in the
circulating waters, which can also include the water in body fluids. A con-
centration of 1 pCi/g in body fluids would deliver a dose rate to the whole

^ r/body of about
/g
rad/year.

Tritium is produced in nuclear reactors by ternary fission and by

activation reactions on deuterium (mainly in heavy water reactors) and

on additives used for reactivity control. The production rate due to

fission has been estimated to be about 20 Ci per MW(e)y (22) (23). Most

of this tritium is released during reprocessing. The contribution from

activation reactions is extremely variable depending on, among other

factors, the reactor type and the additives used. These additional con-

tributions are of ths order of 1 per cent in the case of BWRs and GCRs,

20 per cent in the case of PWRs, and on average, 130 per cent in the

case of HWRs.

The collective dose commitment per unit activity of tritium released

can be assessed using the relationship determined for tritium released by

nuclear explosions (24), and the procedures outlined in 4»1. By this

procedure, the collective dose commitment is estimated to be 5 10" ̂ man

rad per Ci released. The initial distribution of the released tritium,

however, is different for explosions and for effluents from the nuclear

industry.

An alternative procedure (22) (25) consists of assuming that al l
significant discharges of JR as trit iated water in the near future will
occur in the Northern hemisphere, and that the trit iated water will be
dispersed in the circulating waters of that hemisphere (about 102 2 g).
It is also assumed that the time of exchange with the Southern hemis-
phere and with waters below the thermocline is substantially longer than
the half-life of tritium. This approach leads to a lower estimate of the
collective dose commitment (1O~-̂  man rad per Ci released) , because the
higher concentrations of % in surface waters before complete mixing
occurs are neglected.

Using an intermediate value of 3 x 10~^ man rad per Ci, the pro-
duction of tritium by ternary fission corresponds to a collective dose
commitment of б х 10~2 man rad per MW(e)y. Activation reactions in the
reactor may increase this value at most by a factor of about 2 (HWR).

4.2.3. Carbon-14
1 7

Carbon-14 is produced in LWRs and HWRs by (n ,a) reactions with '0,
present in the oxide fuel and in the moderator, by (n, p) reactions with
* % , present in the fuel as impurities, and by ternary fission. Several
estimates of the production of carbon-14 and measurements of i t s release
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from reactors have been published (26) (27) (28) (29) (30) (31) (32).
A direct calculation, assuming that the average thermal neutron flux
density is the same in the fuel and moderator and that the cross sections
follow the - law, indicates the 14c production to "be about 0.02 Ci/MW(e)y
in LWR. The amount released at the reactor, 30 per cent of the total pro-
duction, is the amount produced in the moderator. The amounts produced in
the moderator will vary depending on the moderator size. The Ĉ produced
in the fuel will presumably Ъе released, at least partially, at the repro-
cessing plant. Similar calculations for HWRs estimate the 4C production
to about 0.4 Ci/MW(e)y, over 90 per cent being produced in the moderator
and therefore presumably being released at the reactor.

Estimates of 1^C production by HTGfls range from 0.06 Ci/lOT(e)y (33) to
0.25 Ci/MW(e)y (27), due primarily to the 3С(п, Y)14C reaction. Natural gra-
phite contains 1.107 per cent ^ C . An insignificant amount of 14c will be
released from these reactors, most of the 1?C being released at the repro-
cessing plant (33).

The dose commitment fi-лп С releases from nuclear power instal-
lations can be assessed by assuming that the environmental distribution
and behaviour will follow that of the natural ^C. The dose commitment
per unit activity released has been estimated by this procedure to be
approximately 4^3 10~° rad per Ci for the whole body. As this dose is de-
livered over a very long time, much longer than the time required by
the world population to reach an equilibrium value, i t can be shown that
the collective dose commitment is very approximately given by gc ~ p c jy
where N^ is the assumed upper bound of the population size. Assuming °°
for N a value of 10 , the collective dose commitment per unit act i-

oo
vity released is 430 man rad per Ci.

The combined С release from LWRs and reprocessing plants (as-
sumed to be 0.02 Ci per MW(e)y) will therefore cause a collective dose
commitment of about 9 man rad per MW(e)y. As discussed in section 2,
it would not be realistic to use this collective dose commitments to
assess the maximum per caput annual dose in the future, because it can
not be assumed that the practice will continue for such a long time as
required to approach steady state conditions. The incomplete commitment
is the relevant quantity for this purpose. Assuming that power produc-
tion by nuclear fission will last for a few hundred years (for example
500 years), the incomplete whole body collective dose commitment is
estimated to be 2 man rad per MW(e)y.

4«3« Local and regional contributions to the collective
dose commitment

The local and regional contributions to the collective dose com-
mitment must be discussed separately for each component of the fuel cycle.
Furthermore, the contributions depend strongly on local conditions such
as population distribtuion, meteorology, hydrology, and food production
and distribtuion. Therefore only representative examples can be mentioned
in this paper. As in previous sections, only whole body doses are dis-
cussed.
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The assessment of collective dose commitments fron uranium mining
and milling, and from fuel fabrication presents special problems because
some very long lived nuclides are involved. The most important example
is uranium-238 (4.5 10^ y). The exposure period of many million years
makes the calculated collective dose commitments extremely uncertain.
Uranium from the mining and milling industries and the related produc-
tion of radon can Ъе estimated to cause collective dose commitments of
the order of 100 man rad per MW(e)y; uranium from the fuel fabrication
industry may contribute about three times as much. However, the expo-
sure periods are so long that even the meaning of these commitments is
unclear. In fact, to accumulate a collective dose of only 0*1 man rad
per MW(e)y from this nuclide a period of the order of 10° years would be
required. The incomplete collective dose commitments from these steps;
of the nuclear fuel cycle are negligible.

The local and regional collective dose commitment to the whole
body from the operation of power reactors are due mainly to fission noble
gases, activation gases and tritium discharged into the atmosphere, and
to a variety of radionuclides discharged in liquid effluents, mainly tritium
and radioisotopes of cesium and cobalt. A very extensive literature exists
on this subject and only a few illustrative references are mentioned (34)
(35) (36) (37) (38) (39) (40) (41).

Typical local and regional contributions from reactors to the col-
lective dose commitment range from 10~

2
 (FWR) to 0.5 man rad per Ю(е)у (ВШ)

for the atmospheric pathway. Taking into account the installed capacity
of the various reactor types, an average value of 0.2 man rad per MW(e)y is
obtained. For the aquatic pathway the collective dose commitment is of the
order of б x 10""2 man rad per MW(e)y.

The contribution of reprocessing plants-to the collective dose
commitment is almost entirely due to nuclides of world-wide distribu-
tion (4-2). Local and regional contributions to the collective dose
commitment (34) (43) (44) (45)

 a
re small. The aquatic pathways are

dominant, contributing of the order of 2 10~^ man rad per MW(e)y,
while atmospheric discharges contribute about one order of magnitude
less.

Public exposure during transportation between installations of
the fuel cycle (17) seems to be a small contributor to the collective
dose commitment, of the order of 1O~3

 m
an rad per MW(e)y.

5. CONCLUSIONS •

It is estimated that the collective dose commitments from nuclear
power production are 3 to 4 man rad per MW(e)y, contributed by occu-
pational exposures, and 2 to 3 man rad per MW(e)y (incomplete commit-
ment) , from exposure of the public.

The estimated collective dose commitment for the whole industry
per MW(e)y generated is equivalent to about 0.6 seconds of exposure of
the world population to the natural radiation background. One year of
operation at the 1976 nuclear installed capacity gives a collective dose
commitment equivalent to about 1/2 day of natural irradiation, while one
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year of operation at the projected capacity for the year 2000 would Ъе equi-
valent to about 13 days. However, this forecast into the future is quite
uncertain, because it depends on the evolution of both technology and regu-
lations, which may vary substantially and can not be readily predicted,

REFERENCES

(1) INTERNATIONAL ATOMIC ENERGY AGENCY. Power Reactors in Member States
(1976).

(2) BENINSON, D. Basic concepts in the assessment of human exposures and
risks. Third International Summer School on Radiation Protection. Her-
oeg Kovi (1976).

(3) INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION. Recommendations of
the International Commission on Radiological Protection. ICRP publication
9, Pergamon Press (1966).

(4) BATJML, A., I. KUREZ and P. WACHSMANN. Die Strahlenbelastung von in der
Rb'ntgendiagnostik arbeitenden Personen. Portschr. Rontgenstr. 120,

1: 84-85 (1974).
(5) KLEMENT, A.W., C.R. MILLER, R.P. MINX et a l . Estimates of ionizing rad i-

ation doses in the United States 1960-2000. United States Environmental
Protection Agency report ORP/CSD 72-1 (1972).

(6) SERVICE CENTRAL DE PROTECTION CONTRE LES RAYONNEMENTS IONISANTS (SCPRl).
Etudes s t a t i s t i q u e s sur un echanti l lon de 17000 t r a v a i l l e r s exposes aux
rayonnements ionisants pendant l 'annee 19T3- SCPRI report 2453-II/75

(1975)"
(7) BRODSKY, A., R.P. SPECHT, B.G. BROOKS et al. Log-normal distributions

of occupational exposure in medicine and industry. Submitted for pre-
sentation at the 9"bh Midyear Topical Symposium of the Health Physics So-
ciety (1976).

(8) AITCHISON, J. and J. BROWN. The log-normal distribution. Cambridge
University Press (1957).

(9) UNITED NATIONS. Report of the United Nations Scientific Committee on
the Effects of Atomic Radiation to the General Assembly, with, annexes.
Ionizing radiation: Levels and effects. UN publication, sales nos.
E/72/IX/17 and 13. New York (1972).

( Ю ) KRISTIAN, J., I. KDBAL and P. LEGAT. Measurements of radon under dif-
ferent working conditions in the explorative mining of uranium, p. 217-
221 in Proceedings of a seminar on population dose evaluation and standards
for man and his environment. Portoroz, May 1974* IAEA publication
STl/PUB/375, Vienna (1974).

(11) PRADEL, J. and P. ZETTWOOG. La radioprotection dans 1«extraction et le
traitement des minerals d'uranium en Prance. Colloque sur la radio-
protection dans 1'extraction et le traitement d'uranium et du thorium.
Bordeaux (1974) (to be published).

(12) BROOKS, B.G. Seventh annual occupational radiation exposure report,

1974. United States Nuclear Regulatory Commission report NUREG-75/108

()
,
 л
 (975)

0 3 ) MORFKY, T.D. and C.S. HINSON. Occupational radiation exposure at light
water coooled power reactors, 1969-1974» United States Nuclear Regula-
tory Commission report NUREG-75/032 (1975).

(14) WILSON, R., G.A. VIVIAN, C. BIEBER et al. Man-rem expenditures and mana-
gement in Ontario Hydro Nuclear Power Stations. Ontario Hydro report
HPD-75-1 (1975).
WEBB, G. Personal communication (1976).



- 13 -

(16) KASHIZUME, T. and Т. MARUYAMA. Fersonal communication (1975).
0 7 ) UNITED STATES ATOMIC ENERGY COMMISSION. Environmental survey of t r a n s -

porta t ion of radioact ive materials to and from nuclear power p l a n t s .
USAEG report WASH-1238 (1972).

(18) UNITED STATES ATOMIC ENERGY COMMISSION. Annual reports of the USAEC
Central Repository of individual r a d i a t i o n exposure information. Divi-
sion of Operational Safety (1972, 1973, 1974).

(19) DUNSTER, H.J. and B.F. WARNER. The disposal of noble gas f i s s ion products
from the reprocessing of the nuclear f u e l . AHSB (RP) R Ю1 0 9 7 0 ) .

(20) HENDRICKSON, M. The dose from Kr-85 re leased t o the e a r t h ' s atmosphere.
IAEA publication STl/PUB/261, p . 237 (1971).

(21) FAROES, L., F . PATTI, R. GROS et a l . Act iv i te du krypton-85 dans 1 'a i r
des hemispheres nord et sud. Journal of Radioanalyt ical Chemistry 22:
147-155 (1974).

(22) BENINSON, D. Population doses r e s u l t i n g from radionuclides of world-
wide d i s t r i b u t i o n . IAEA Population dose evaluation and standards for
man and h i s environment. IAEA publication S T I / £ U B / 3 7 5 (1974).

(23) GRATHWOHL, G. Erzeugung und Freisetzung von Tritium durch Reaktoren und
Wiederaufbearbeitungsanlagen und die voraussicht l iche radiologische Be-
las tung b i s zum Jahr 2000. Kernforschungszentrum Karlsruhe KFK-Ext.
4/73-36 (1973).

(24) BENNETT, B.G. Environmental t r i t ium and dose to man, p . Ю47-Ю53 in_
Proceedings of the Third Internat iona l Congress of the I n t e r n a t i o n a l
Radiation Protect ion Association, Washington, September 1973« United
S t a t e s Atomic Energy Commission report CONF-730907, Oak Ridge (1974).

(25) BRYANT, P.M. and J.A. JONES. The future implications of some long-lived
f i s s i o n product nucl ides discharged t o the environment in fuel r e p r o -
cessing wastes, p . 131-153 in Management of radioact ive wastes from fuel
reprocess ing. Proceedings of a symposium j o i n t l y organized by OECD/fJEA
and IAEA. P a r i s ( 1 9 7 2 ) .

(26) HAYES, D. and K. MACMURDO. Carbon-14 production by the nuclear industry
and i t s possible e f f e c t s . Savannag River Laboratory report DP-1374 (1974).

(27) MAGNO, P . J . , C.B. NELSON and W.H. ELLETT. A consideration of the s i g n i -
ficc-mce of carbon-14 discharges from the nuclear power industry, p . 1047-
1054 in Proceedings of the Thirteenth AEC Air Cleaning Conference, San
Francisco, August 1974» United States Atomic Energy Commission report
CONF-740807 (1975).

(28) KUNZ, C , W.E. MAHONEY and T.W. MILLER. Carbon-14 gaseous effluent from
pressurized water r e a c t o r s , p . 229-234 in Proceedings of the Eight Topical
Symposium of the Health Physics Society - Population Exposures» Knox-
•ville, October 1974. United Sta tes Atomic Energy Commission report CONF-
74Ю18 (1974).

(29) KUNZ* C , W.E. MAHONEY and T«W. MILLER. Carbon-14 gaseous ef f luents from
b o i l i n g water r e a c t o r s . Proceedings, American Nuclear Society Meeting.
New Orleans, June 1975»

(30) BLANCHARD, R.L. Radiological survei l lance s tudies at the Oyster Creek
BWR Nuclear Generating S t a t i o n . United S t a t e s Environmental Protect ion
Agency draft r e p o r t , November 1975»

(31) RUBLEVSKY, V.P., A.S. ZYKDVA and A.D. TURKIN. Atomic e l e c t r i c power s t a -
t i o n s as sources of carbon-14 discharge, p . 296-ЗОО in. Proceedings of the
Third I n t e r n a t i o n a l Congress of the I n t e r n a t i o n a l Radiation Protect ion
Association, Washington, September 1973. United Sta tes Atomic Energy
Agency repor t СОЖР-73О9О7- Oak Ridge (1974).

(32) KELLY, G.N., J.A. JONES, P.M. BRYANT et a l . The predicted r a d i a t i o n
exposure of the population of the European Community r e s u l t i n g from
discharges of krypton-85, t r i t i u m , carbon-14 and iodine-129 from the
nuclear power industry to the year 2000. Directorate of Health P r o -
t e c t i o n , Commission of European Communities, document v/2676/75. Luxem-
bourg (1975).



- 14 -

(33) BONKA, Н., G. SCHWARZ and H.B. WIBBE. Contamination of the environment

by carbon-14 produced in high temperature reactors. Kerntechnik 15: 297

(1973).
(34) WITHERSPOON, J.P. Population exposures estimates as derived from an envi-

ronmental assessment of LWR fuel cycle facilities. Part I: population
doses from operating facilities, p. 191-198 in Proceedings of the Bight
Midyear Topical Symposium of the Health Physics Society, Population Expo-
sures. Khoxville, October 1974. United States Atomic Energy Commission
report CONF-741018 (1974).

(35) MARTIN, J.A., G.B. MELSON and H.T. PETERSON. Trends in population radia-
tion exposure from operating BWR gaseous effluents, p. 181-190 in Popu-
lation Exposures. Proceedings of the Eight Midyear Topical Symposium
of the Health Physics Society. Khoxville, October 1974» United States
Atomic Energy Commission report CONF-741018 (1974).

(36) BRYANT, P.M. and J.A. JOUES. Estimation of radiation exposure associated
with inert gas radionuclides discharged to the environment by the nuclear
industry, p. 91—104 in Environmental behaviour of radionuclides released
in the nuclear industry. Proceedings of a symposium, Aix-en-Provence,
May 1973. IAEA publication STl/PUB/345, Vienna (1973).

(37) SMITH, J.M. Release of radioactive wastes to atmosphere from boiling
water reactors. General Electric Company report GEAP-3594» San Jose,
California (i960).

(38) MARTIN, J.A. Calculations of environmental radiation exposures and popu-
lation doses due to effluents from a nuclear reprocessing plant. Radi-
ation Data and Reports 14 (2): 59-76 (1973).

(39) CLARKE, R.H. An assessment of individual and collecti/e doses due to
4^Ar discharges from CEGB Magnox reactors. Central Electricity Gene-
rating Board report RD/B/N-3483, September (1975).

(40) PRESTON, A., N.T. MITCHELL and D.F. JEFFERIES. Experience gained in ap-
plying the ICRP critical group concept to the assessment of public radi-
ation exposure in control of liquid radioactive waste disposal, p. 131-
146 in Population dose and standards for man and his environment. Pro-
ceedings of a seminar, Protoroz, May 1974. IAEA publication STI/PUB/375»
Vienna (1974).

(41) BARRY, P.J. Estimrting dose commitments to populations from radioactive
waste disposals into large lakes, p. 499-504 in Environmental behaviour
of radionuclides released in the nuclear industry. Proceedings of a sym-
posium, Aix-en-Provence, May 1973. IAEA publication STI/PUB/345» Vienna
(1973).

(42) BOOTH, R.S., S.V. KATE and P.S. ROHWER. A radiological assessment of
radionuclides in liquid effluents of light water nuclear power stations»
Oak Ridge National Laboratory report ORNL-TM-4762, June 1975.

(43) MAGNO, P.J. R. KRANKDWSKI, T. REAVEY et al. Studies of ingestion dose
pathways from the Nuclear Fuel Services fuel reporcessing plant. United
States Environmental Protection Agency report EPA-520/3-74-001 (1974).

(44) MITCHELL, N.T. Radioactivity in surface and coastal waters of the British
Isles, 1972-1973. Ministry of Agriculture, Fisheries and Food. Fisheries
Radiobiological Laboratory report FRL-10 (1975).

(45) SCHEIDHAUER, J., R. AUSSET,- J. PLANET et al. Programme de surveillance
de l'environnement marin du centre de La Hague, p. 347-365 in Population
dose evaluation and standards for man and ,his environment. IAEA publi-
cation STI

/
^
)
UB/375, Vienna (1974).


