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INTRODUCTION

1.  Many individuals arc exposed to radioactive
materials or radiation sources in the course of their
work. The Committee has been interested in evaluating
occupational radiation exposures to determine the
annual collective dosc to workers in various scctors of
industry. For purposes of comparison, the doscs have
often been cxpressed in terms of some normalized
measure of the practice. The total collective dose has
been assessed as a measure of the radiation-induced
detriment to these individuals.

2. Occupational radiation exposures are monitored
in the workplace for the purposes of controlling doses
to individuals and demonstrating compliance with
occupational exposure limits. Differences exist among
countries, however, in the procedures adopted for the
monitoring and rcporting of occupational exposures;
these reflect, inter alia, differences in regulatory
systems, in regulatory requirements, in the size of the
country, in the uses made of ionizing radiations and in
the nature and scale of the radiation protection
problems anticipated [D6, G4, G5]. As a result,
monitoring data are not always collected and reported
in a comparable fashion. This has implications in
making valid comparisons between data reported by
different countries and, to a lesser extent, between data
for different uses of ionizing radiation within a given
country. The Committee has adopted a number of
assumptions and developed a number methodological
approaches for data evaluation to overcome, or at least
minimize the impact of, differences in the monitoring
and reporting of occupational exposures. This, in turn,
has had some effect on data collection and reporting
practices.

3. Much progress has been made in the assessment
and evaluation of occupational cxposures sincc the
Committee’s first comprehensive treatment of the topic
in the UNSCEAR 1977 Report [U4]. Improvements in
the quality of reporting and collation of data have
largely been responsible for the progress. There
remain, however, areas where adcquate data and
analyses are lacking and where further investigations
are needed to elucidate trends. In the UNSCEAR 1982
Report [U3], occupational exposures were reviewed
and a number of recommendations were made for
analyses of data that would give much clearer
indications of the occupational exposures in all arcas
of work. Particular attention was drawn to the need for
data on the pattern of dose accumulation over a
working lifetime, especially for those occupations
where higher levels of exposure are encountered, and
to the benefits, in terms of facilitating a reliable
estimate of colléctive dose, of reporting menitoring
data in narrower bands of individual dose, especially
at high doses. A more limited analysis of occupational

cxposurcs was undertaken in the UNSCEAR 1988
Report [U1] with updating of the levels of exposure in
the nuclear power industry, in the medical uses of
radiation and in sclected groups exposcd to natural
radiation.

4.  The analysis of occupational exposurcs in this
Annex represents a continuation of the earlicr work of
the Committee. The main objectives of this continuing
analysis are:

(a) to assess annual external and committed internal
doses and cumulative doses to workers (both the
average dose and the distribution of doscs within
the workforce) for each major practice involving
the use of ionizing radiation. This provides a
basis for estimating the average individual risk
and distribution of risks in a workforce and for
subgroups within it;

(b) to assess the annual collcctive doses to workers
for each of the major practices involving the use
of ionizing radiation. This provides a measure of
the contribution made by occupational exposures
to the overall impact of that use and the impact
per unit practice (the contributions made by
exposures of members of the public are assessed
in other Annexes);

(c) to analyse trends with time in occupational
exposures in order to evaluate the effects of
changes in regulatory standards or requirements
(c.g. changes in dose limits, increased attention
given to reducing doses to as low as reasonably
achievable), new tecbnological developments,
modified working practices and radiation
protection programmes more generally;

(d) to compare exposures in diffcrent countries and
to estimate the worldwide levels of exposure for
each major use of ionizing radiation;

(e) to evaluate data on accidents involving the
exposure of workers to levels of radiation that
have caused clinical effects.

Within this context, the purpose of this Annex is to
provide a comprehensive and structured analysis of the
levels and trends in occupational exposures over the
period 1975-1989. Consideration is given to annual
and cumulative individual doses, to annual collcctive
doses and their magnitudes per unit practice and to
accidents involving high exposures and clinical effects.
Particular emphasis is given to those occupations not
considered in the UNSCEAR 1988 Report [Ul], to
those where the nced for more information was
identificd by the Committee in the UNSCEAR 1982
Report [U3] and to thosc occupational subgroups
which, in general, are exposed significantly in excess
of the average. There is no intention to evaluate the
totality of radiation exposures that may be received by
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people while at work of any nature. Consideration is
limited to those occupations where the nature or
circumstances of the work undertaken may lead to
significant additional exposure, at lcast to somec
members of the work{orce,

5. This analysis enables broad comparisons to be
made between occupational exposures arising in
various industrial and mcdical activities and between
countrics. From longer-term monitoring, trends in
average individual doses and collective doses from
particular practices or entirce industries can be assesscd
and changes in underlying dose distributions can be
examined. Trends in doses with time can be assessed
in terms of a wide varicty of quantitics of potential
interest (e.g. changes in regulatory standards,
technological advances etc.).

6. To obtain the data necded for this review, the
Committee has undertaken a survey of occupational

radiation cxposures worldwide by mecans of a
questionnaire to countries with significant numbers of
workers involved in radiation-related aclivities. This
questionnaire specifically requested data on annual
individual and collective occupational exposures
incurred in operations of the nuclear fuel cycle, in
other industrial uses of radiation, in medical uses of
radiation and data on accidents with the potential to
causc clinical cffects. From the extensive and detailed
annual data submitted, the Committec computed
averages for the five-year periods 1975-1979, 1980-
1984 and 1985-1989 to indicate represcntative average
annual values and the basic trends. The assessment has
benefited from the substantial database that bas been
provided, for which the Commitiee gratefully
acknowledges the collaboration of so many countries.
Thosc countries responding to the UNSCEAR Survey
of Occupational Exposures are listed in Part A of the
References.

1. ANALYSIS OF OCCUPATIONAL DOSE DISTRIBUTIONS

A. DOSE MONITORING DATA

7. The main function of monitoring in the
workplace is to provide information for the control
and further reduction, where appropriate, of exposures
and to ensurc satisfactory working conditions. This
cntails providing the information necessary for
estimating the exposure of workers in terms of those
quantitics in which the basic limits, cither primary or
secondary, are expressed. However, none of these
quantitics (e.g. the cffective dose, the equivalent dosc
in a tissuc or organ and the intake of a radionuclide)
can, in practice, be measured directly, so they must be
estimated on the basis of other measured or assessed
quantities. Individuals are monitored using equipment
carricd on their person (e.g. film badge, personal air
sampler etc.) or by measuring the quantities of
radioactive materials in their bodies or in excreta.
Modecls appropriate for the exposure conditions of
interest arc uscd to estimate the rclevant dosimetric
quantities from these measurements; in general, the
modelling approach is chosen cautiously to cnsure that
the risk of underestimating the exposure of an
individual is acceptably small. In some cases
exposures are assessed from monitoring of the
working environment and knowledge of the habits and
location of the workforce.

8.  The nature and type of the measurements made
and the realism and complexity of the model or
models used to interpret them may vary considerably
with the cxposure conditions and their potential

significance. Diffcrences in these inevitably lead to
different levels of conservatism in the doses reported
or recorded in monitoring programmes. Such
differences place limitations on the extent to which
direct comparisons can be fairly made between
reporticd data. Where these limitations may be of
practical significance for the data included in this
Annex, they are identified.

1. Quantities measured

9. External exposure. Film, thermoluminescent
and other personal dosimeters are used for monitoring
individual exposures to external radiation. The choice
of dosimeter in any particular circumstances will be
influenced by the nature of the radiations likely to be
encountered. Dosimeters normally provide a measure
of the cquivalent dose in the skin in the immediate
vicinity of the dosimeter and to immediately
underlying tissue in this region. They do not, in
gencral, provide an estimate -of the absorbed dose or
equivalent dosc in other organs or tissues, which in
principle need to be assessed to determine the
effective dose. The relationship between the dosimeter
measurecment and the doses in particular organs and
tissues of the body is influenced by many factors, such
as the type, quality and spaltial extent of the radiation,
the oricntation of the worker relative to the radiation
ficld, the position and composition of the organs in the
body etc. Several of these factors will be functions of
both time and position in the workplace.
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10. Practical guidance on measurement quantitics
that could be related to the effective dose cquivalent
and to the dosc cquivalent in the skin was issucd by
ICRU in 1985 [I14]. For environmental or arca moni-
toring, the ambient dose equivalent, H’(d), for strongly
penetrating radiation and the dircctional dosc equiva-
lent, H(d), for weakly penetrating radiation were intro-
duced. For individual monitoring, the individual dose,
penctrating, Hp(d), and the individual dose, superficial,
H(d) were introduced. The relationships between
these quantitics and the effective dose cquivalent, Hg,
were discussed by ICRP [I3] and ICRU [114, 115].

11. Some further alterations in radiation quantitics
have been made. The ICRU recommended in 1992 use
of the personal dose equivalent, Hp(d), for individual
monitoring, which combines the concepts of the indi-
vidual dose, penetrating and the individual dose,
superficial [[16]. The ICRP introduced in 1991 the
effective dose, E, which incorporates tissue weighting
factors as in the effective dose equivalent, Hg, albeit
for additional tissues specified and with revised
numerical values [I7]. The adjustment of the absorbed
dose required to reflect radiation quality has been
changed by the introduction of radiation weighting
factors. An analysis of the relationships between these
radiation quantities will be issued by a joint task group
of ICRP and ICRU. It can be assumed that the quanti-
ties introduced by ICRU provide reasonable approxi-
mations of the cffective dosc and equivalent dose in
the skin when these quantitics are calculated using the
relationships between quality factors and lincar energy
transfer given in ICRP Publication 60 [17].

12.  In most practical situations, dosimeters provide
reasonable approximations to the personal dose
equivalent Hp(d) at least at the location of the
dosimeter. In situations where the exposure of the
body is relatively uniform, it is common practice to
enter the dosimeter reading, suitably calibrated,
dircctly into the dose records as a surrogate for the
cffective dose. However, because the personal dose
cquivalent generally provides an overestimate of the
effective dose, this practice results in an
overestimation of recorded and reported doscs, with
the degree of overestimation depending on the encrgy
of the radiation and the nature of the radiation field.
For many practical situations involving rclatively
uniform cxposure to fairly high-energy gamma
radiation, the degree of overestimation is modest; for
exposure to low-energy gamma- or x-radiation, the
overestimation could be substantial. For photon
energies below ~50 keV it can cxceed a factor of 2,
depending on the orientation of the body.

13.  For exposure 1o spatially variable radiation ficlds
or where there is partial shielding of the body or
extreme variations in the distances of parts of the body

from the source, the relationships between the
dosimeter measurement and the effective dose arc
morc variable and complex. Where the circumstances
so justify, additional mcasurements or theoretical
analyscs may be used 1o establish reliablc relationships
on a case-by-casc basis for the exposure conditions of
interest. The direct entry of dosimeter measurements
into dose rccords in these more complex situations (or
the usc of very simple and deliberately cautious
assumplions to establish the rclationships betwecn the
two quantities) Jead, in general, to overestimates in the
recorded exposures. Where such practice has been
adopted in the recording of doses, care is needed in
their interpretation, in particular when comparisons arc
made with doses arising clscwhere.

14. For its previous assessments the Commitiee
adopted the convention that all quantitative results
reported by monitoring services represent the average
absorbed dose in the whole body (or the effective
dosc). It further assumed that the dose from natural
background radiation has been subtracted from the
reported results and that medical radiation exposures
have not been included. The Commitice also
recognized that it is almost always the reading from
the dosimeter, suitably modified by calibration factors,
that is reported, without consideration of its
relationship to the absorbed doses in the various
organs and tissues of the body or to the cffective dose.
This is still regarded as a reasonable convention to
adopt, in particular as most data arc for external
exposure of the whole body to relatively uniform
photon radiation of moderately high energy. In
situations where exposure of the body is wvery
non-uniform (especially in medical practice) or where
exposure is mainly to low energy radiation, the usc of
this convention will result in an overestimate of
cffective doses, which then need appropriate
qualification. Because the relationship between the
reported dosimeter reading and the average absorbed
dose in the whole body (or the effective dose) varies
with the circumstances of the exposure, caution needs
lo be exercised when aggregating or directly
comparing data from very dissimilar types of work.
Appropriate qualifications of the reported data arc
made in those cases where the adoption of the above
convention may lcad to significant misrepresentation
of the actual doses.

15. Internal exposure. The assessment of internal
doses from the intake of radioactive matcrial into the
body is, in general, more difficult than the
mcasurement of external doses. It is impossible to
measure directly the intemal dose received by an
individual. Instcad, it must be calculated based on the
quantity and distribution of radioactive material in, or
estimated to be waken into, the body, metabolic data,
the type and energy of radiation emitted, the fraction
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of the emitted energy absorbed by various organs and
tissues cic. Various types of monitoring are undertaken
to aid the evaluation of internal exposures, depending
on the radionuclide concerned and the mode of
cxposure. These include the use of personal air
samplcrs and/or arca monitoring to assess intakes by
inhalation, the biological monitoring of cxcreta and the
external counting of the whole or parts of the body.

16. The level of internal contamination, and
subsequently dosc, is easy to determine by biological
monitoring for some radionuclides (e.g. tritium, at
least in inorganic form) but very difficult for others
(c.g. 239Pu), especially at long times after intake or in
cascs of multiplc intake. In general, the uncertainty
associated with the cstimation of effective doses from
the intake of radionuclides into the body is much
larger than that associated with external dosimetry;
however, it very much depends on the nuclide in
question, the techniques uscd and the level of
contamination.

17. In practice therc are few occupations for which
exposures from internal contamination are significant.
The costs and practical difficultics of providing a
personal monitoring service produce strong pressurcs
for designs that reduce internal exposures below levels
where continuous personal monitoring is necessary.
Historically, in most organizations where internal
cxposures were potentially significant, estimates were
made of the body (or organ) content of a radionuclide,
or groups of radionuclides, as a fraction of the
Maximum Permissible Body Burden, and the results of
the monitoring were usually expressed in these terms.
The situation is changing, however, in particular in
those countries that have given regulatory effect to the
recommendations of the ICRP in its Publication 26
[I1]. In these countrics, the results of monitoring
internal exposures arc now being reported in terms of
the committed cffective dose from intakes within the
year of inlerest; in general, however, the contribution
made by internal exposure is small. These aspects are
addressed further in paragraph 27.

18. The few occupations for which internal exposure
is potentially significant arc uranium mining and
milling (inhalation of radon daughters and ore dust);
underground work in general, and in particular other
forms of mining (inhalation of radon daughters and
dust), the luminizing industry (tritium), the operation
of heavy water reactors (tritium), fuel fabrication
(uranium), fucl reprocessing (actinides), nuclear
weapons production (tritium, uranium and plutonium).
Quantitative data, albeit limited in some cases, on
internal exposures in cach of these areas arc included
in this Annex. Internal exposures could also be
significant during the decommissioning of nuclear
installations and in nuclear medicine; however, data
are unavailable for these activitics.

2. Monitoring practice

19. Decisions on who is lo be monitored in a
workforce, and to what degree, are influcnced by the
likelihood of exposures at or above different levels.
However, as other caonsiderations, (c.g. practicability
and industrial rclations) are also relevant, the decisions
made by opcrational managements may differ. The
outcome is the lack of a consistent approach to
monitoring between industrics or between countries or
even within an industry or within a country. In
Publication 26 and in its earlicr publications, the ICRP
recommended [I1, 12] that in cases where it is very
unlikely that annual doses will exceed three tenths of
the dosc limit, individual monitoring is not necessary,
although it may sometimes be carried out to confinn
that conditions are satisfactory.

20. The ICRP rccommendations have had, and
continue to have, a major influence on monitoring
practice. However, the relative ease, low cost and
sensitivity of monitoring devices for external radiation
means that these are much more widely issued than
would be expected from the suggested criteria. The
devices having been issued, even trivial doscs are
often reported, despite the ICRP having recommended
a recording level of one tenth of the annual limit. The
situation for internal exposures is, however, quite
different, with monitoring being undertaken only in
those few circumstances where there is a clear need.

21. In Publication 60 [I7]), the ICRP has re-
commended that external radiation should be moni-
tored for all those who arc occupationally exposed,
unless it is clear that their doses will be consistently
low or, as in the case of aircrew, that the circum-
stances prevent the doses from exceeding an identified
value.

22. Different approaches arc adopted in designating
which workers in a workforce are to be monitored.
This is to be cxpected for the reasons previously
addressed (e.g. see paragraph 2). However, such
differences, if substantial, could limit the extent to
which direct and valid comparisons can be made
between reported monitoring data for different
occupations or industries and/or between data for the
same occupation or industry carried out in different
locations. This difficulty can, to some extent, be
overcome by making comparisons between data for
those measurably cxposed [i.c. those for which any
dosimeter issued during the year in question recorded
a dosc in excess of the minimum detectable level
(MDL) or, alternatively, in excess of some administra-
tively cstablished reporting level] as opposed to those
monitored. Even this, however, does not completely
circumvent the problem because there are differences
in MDLs (or reporting levels) for different sets of
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data. The potential magnitude of this problem can be
rcadily appreciated by reference to the variability in
the ratio of the number of persons monitored and
those measurably exposed in various occupations. This
ratio was found to vary from about 1 to 10 for
diffcrent occupations in the United States [N1] and
over an even greater range in Canada [F2); a value of
about 2 was typical of the nuclear industry in the
United States.

23. Because of these difficulties, a distinction is
made throughout this Annex between average doses
estimated for monitored and measurably exposed
workers. When appropriate, indications are given of
how data cxpressed in the different ways can be
modified to enable direct and more valid comparison.
The implications of these difficulties are largely
confined to the cvaluation and comparison of the size
of the exposed workforce and average levels of
individual dose. In general, they do not unduly
influence the estimation of the coliective dose apart
from those cases where individual exposures are
mostly very low and the ratio of monitored to
measurably exposed workers very high.

3. Recording and reporting practice

24. The way in which occupational exposures are
recorded and reported differs significantly between
occupations and countries. The more important of
these include the recording of doses that are less than
the MDL, the assignment of notional doses, the
protoco!l for determining who in the workforce is to be
monitored (visitors, administrative staff etc.), the
inclusion of contract workers in addition to employees,
the recording and reporting of internal exposures and
the general way in which occupational exposure
distributions are reported.

25. MDLs may differ between occupations and
certainly differ between countries. When doses are
determined to be less than the MDL, the value
recorded in the records may be zero, some pre-
designated level or the MDL wvalue itself. These
differences affect the comparability of results. It is
therefore important that reported data on occupational
exposures be accompanied by information on the
MDL and how doses less than it were recorded.

26. When dosimeters are lost, or the readings are
otherwise not available, notional doses are assigned to
an individual dose record. A variety of procedures arc
used in determining the notional dose. These include
the assignment of the appropriate proportion of the
annual authorized limit for the period for which the
dosimeter was lost; the assignment of the average dose
received by the worker in the previous 12 months; the

assignment of the average dose reccived by
co-workers in the same period ete. Some of these
procedures  can  distort  records  significandy,
particularly if large numbers of dosimeters are lost
within a particular occupational group. Where this is
the case, direct comparisons with other data may be
invalid or at least nced qualification. Such potential
difficultics could be overcome if, in thesc cases,
modified data scts were available in which the
notional doses were substituted by doses calculated
from the average dose over the remainder of the year
for each individual or by the average dose received by
co-workers during the period in question. This
procedure would only be appropriate for dosimeters
lost in routine situations; when high exposures arc
suspected, such as in accidents, individual dose
reconstruction would be a more appropriate basis for
determining the dose to be recorded.

27. In the past, internal and external exposures were
generally recorded separately and often in different
ways, with little or no. attempt made to present
distributions of the summed ecxposures. Significant
variations also occurred in the reporting levels for
internal contamination, and this further enhanced the
difficultics of compilation and comparison of statistics
on internal exposure. This situation is changing,
however, and internal cxposures are increasingly being
recorded in terms of committed doses from intakes
within the year of interest and, moreover, added to any
dose receijved from external sources. The generation of
these more complete dose records will cnable more
valid and reliable comparisons to be made of doses in
various occupations and industries. These changes in
recording procedures have two implications, however,
First, in the transitional period not all dose
distributions are likely to be based on the sum of
internal and cxternal doses, and due provision will
need to be made for this in any comparisons.
Sccondly, previous estimates of occupational
exposures will need to be updated, in particular for
those occupations and industries (c.g. fuel fabrication
and fuel reprocessing) where internal exposures may
have been significant but were not included in the
reported data.

28. Two particular features of the way in which
occupational dosc distributions are reported influence
the ease and cffectiveness with which the relevant data
can be extracted and compared. The first is the
categorics or types of occupation for which data are
commonly reported. Significant differences are
apparent in the occupational categories used in
different countries. The advantages of reporting data
according to a broadly agreed categorization scheme
are self-evident, but the difficulties of achieving
consensus in this arca are not to be underestimated,
especially in the light of long-established national
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practices, which often will have cvolved to
accommodale particular national interests and/or
concerns. Nevertheless, cfforts to achieve greater
uniformity in the collection and reporting of data
would be of general benefit. The categories used by
the Commitice for cvaluating occupational exposures
are given in Table 1. Although the categories are
broad, their wider use would simplify and unify the
data collcction and reporting,

29. The second featurc influencing data extraction
and comparison is the level of detail or resolution
adopted when reporting the  distribution of
occupational exposurcs, in particular, at the higher
levels of individual dosc. Analytical procedures have
been developed by the Committee [U3, U4] to enable
quantities of intercst 1o be extracted almost
irrespective of how the data were reported, but if the
data were all reported in a sufficiently detailed and
consistent manner, these procedures would be largely
unnecessary. Analytical techniques may, however, play
a conlinuing important role in the estimation of future
annual and cumulative doses, subject to various
assumptions on dose limits or dose constraints in
particular occupations. This topic is discussed further
in the next Section, where procedures for data
reporting are given with a view to achieving greater
consistency between the data and facilitating their
evaluation and comparison.

30. Finally, two additional points could affect the
validity of comparisons between occupational
exposures in different groups or within the same group
over time: first, whether any administrative changes
have occurred in dosc recording that may affect the
reported doses from onc year to another and, secondly,
whether the reported doses arc complete, in particular
whether contract workers as well as employces are
included in the statistics. The reported data are not
always explicit with regard to these points.

B. CHARACTERISTICS
OF DOSE DISTRIBUTIONS

31. Dose distributions arc the result of many
constraints imposcd by the nature of the work itself,
by management, by the workers and by legislation. In
some job catcgories it may be unnecessary for workers
ever (o reccive more than very low doses, whereas in
other jobs workers may have to be exposed to high
doses fairly routincly. Management controls act as
fcedback mecchanisms, especially when individual
doses approach the annual dose limit, or some
proportion of it, in a shorter period of time.

32. The Committec is principally interested in
making comparisons of dose distributions and in

cvaluating trends. For these purposes, it identified
three characteristics of dose distributions as being
particularly useful:

() the average annual cffcctive dose (i.c. the sum of
the annual dosc from external irradiation plus the
committed dosc from intakes in that ycar), E,
which is rclated to the average level of
individual risk;

(b) the annual collcctive clfective dose, S (referred
to as M in carlier UNSCEAR Reports), which is
related to the impact of the praclice;

(c) the ratio, SR, of the annual collective cffective
dose dclivered at annual individual doses
exceeding 15 mSv 1o the total collective dose.
SR (referred 10 as MR in earlier UNSCEAR
Reports) provides an indication of the fraction of
the collective dose reccived by workers exposed
to higher levels of individual risk. This ratio is
termed the collective dose distribution ratio.

33. Another ratio, NR, of the number of workers
receiving annual individual doses excecding 15 mSv
to the total monitored or exposed workforce, is
reported in many occupational exposure statistics,
often when the ratio SR is not provided. The more
frequent reporting of the ratio NR is probably due to
the ease with which it can be estimated. In the past,
this ratio was not used or reported by the Committee
because of its polential sensitivity to how the size of
the workforce is defined (those monitored, those
measurably exposed ctc.); conscquently, comparisons
of values of this ratio reported for different
occupations and in different countries would, in
general, require some qualilication. The ratio SR on
the other hand, is relatively inscnsitive to this
parameter and is therefore a better means of affording
fair comparisons between cxposures arising in
different industrics or practices. Notwithstanding the
limitations of the ratio NR, it is now included in the
characteristics reporicd by the Committee. This change
is largely a reflection of the more frequent reporting
of the ratio NR in occupational exposure statistics, but
it also reflects its potential for use in more limited
circumstances (e.g. when analysing trends with time in
a given workforce or making comparisons between
workforces that have been defined in comparable
ways). The ratioc SR, however, remains the most
appropriate basis for comparing data gencrally.

34. The annmnal collective effective dose, S, is given
by

s - YE, (1)

where E; is the annual effective dose received by the
ith worker and N is the total number of workers. In
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practice, S is often calculated from collated dosimetry
results using the alternative definition

s =Y NE (2

where r is the number of effective dose ranges into
which the dosimetry resuits have been collated and Nj
is the number of individuals in the cffective dose
ranges for which E. is the mean annual clfective dose.
The average annuai effective dose, E, is cqual to S/N.
The number distribution ratio, NR, is given by

NRs = NC15) (3)
N
where N(>15) is the number of workers receiving
annual doses exceeding 15 mSv. The annual collective
dose distribution ratio, SR, is given by

SRys = @ “

where S(>15) is the annual collective effective dose

delivered at annual individual doses exceeding
15 mSv.

35. The total number of workers, N, warrants further
comment, as it has implications for the various
quantities estimated. Depending on the nature of the
data reported and subject to the evaluation (or the
topic of interest), the number of workers may be those
monitored, those classified, those measurably exposed,
the total workforce or some subset of this. These
quantities, therefore, will always be specific to the
nature and composition of the workforce included in
the estimation; when making comparisons, caution
should be exercised to ensurc that like is being
compared with like. These aspects were discussed in
Section I.A, where the implications of different
monitoring and reporting practices for the assessed
average individual and collective doses were
identified. In this Annex consideration is, to the extent
practicable, limited to the estimation of the above
quantities for the monitored and measurably exposed
workforces; however, lack of uniformity between
employers and countries in determining who should be
monitored and/or what constitutecs measurably exposed
means that even these comparisons between ostensibly
the same quantities are less rigorous than might
appear. Where necessary, quantities estimated for a
subset of the workforce (e.g. those measurably
exposed) can be transformed to apply to the whole
workforce; methods of achicving this, based on
characteristics of the dose distributions, are discussed
below,

36. The three quantities used in the past by the
Committee have provided a useful basis for
summarizing and comparing occupational exposures.

One of the quantities, the collective dose distribution
ratio SR, may, however, become increasingly less
uscful or informative. In the event that regulatory dosc
limits are reduced by a significant amount, the fraction
of the collective dose arising from annual individual
doses in excess of 15 mSv is likely to decrease. The
quantity may then ccase to serve the purpose intended
for it. The Committee belicves, therefore, that it would
be useful to cstimate and report additional values of
the collective dose distribution ratio, but for the
fraction of the collective dose arising from levels of
annual individual dosc lower than the previously
adopted valuc of 15 mSv. These collective dose
distribution ratios are designated, SRy, where the
subscript E signifies the level of annual individual
dosc to which the ratio refers. These comments apply
cqually to the ratio NR.

37. Insummary, the following characteristics of dose
distributions will be considered by the Committee in
its reviews of occupational exposure;

(a) the average annual effective dose (i.e. the sum of
the annual dose from external irradiation and the
committed dose from intakes in that year), E;

(b) the annual collective effective dose (i.c. the sum
of the annual collective dose from external
irradiation and the committed collective dose
from intakes in that year), S;

(c) the collective dose distribution ratio, SR, for a
value of E of 15 mSv in this Annex and
additionally for lower values in the future:

(d) the number distribution ratio, NRg (the fraction
of the workforce exposed to annual doses in
excess of E) for a value of E of 15 mSv in this
Anncx aund additionally for lower values in the
future;

To facilitate the task of extracting data from dose
distributions, persons reporting data are encouraged to
include these characteristics explicitly in their dose
distributions. In addition to the annual collective dose,
it would also be very useful to have information
provided so that normalized forms of this quantity can
be derived, i.e. expressed in terms of unit practice, for
example per reactor or per unit encrgy generated. This
facilitates comparison between practices.

38. Ideally, these characteristics of dosc distributions
would be evaluated by those reporting the data from
the complete, dctailed recording of doses to workers
within a particular workforce, and they would be
presented in the requisile form. In practice, however,
this does not always occur. Data on occupational
exposures are completed in a varicty of forms, some
of which do not lead to the explicit presentation of all
those quantities of interest to the Committee. In these
cases the quantitics must be caiculated from the data
presented, and the Commitiec has developed analytical
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procedures for this purposc. These are summarized
below. Further details of the procedures are presented
in the UNSCEAR 1982 Rcport [U3]. The need for the
Committce to use such proccdures has, however,
diminished with time, owing to improvements in and
more comprchensive reporting  of occupational
cXposures.

39. Inthe UNSCEAR 1977 Report [U4] (Annex E),
it was noted that many dose distributions cxhibit a
log-normal character, especially at doscs well below
the annual dose limit. This property can be readily
identified by plotting the cumulative frequency of the
number of individuals with doses less than a given
level on a probability axis against the logarithm of
dose. Where the required information cannot be
extracted directly from the rcported results, a
log-normal fit 1o the appropriate part of the
distribution can be used 1o extract the collective dose
and the fraction of the collective dose delivered in
different individual dose ranges. This procedure can
also be used, where necessary, to assess collective
doses to the large numbers of workers in the lowest
dose band, who may receive very low or zero doses
but nonetheless arc given dosimeters,

40. A variable x is said to be distributed log-
normally if the values of y =1In x are distributed
normally. The mean, median and mode of the distribu-
tion of y is y; the variance of the distribution of y is
o?. The probability that a value of x will lie between
x and x + dx is

_(nx -)?
—
P(x)dx = 11 200 gx )
of2n X

[¢]

Since the data rarely fit a log-normal distribution over
the whole range, the quantity of use is the collective
dose S, up to a certain annual effective dose E. This
is given by

E
Sg =N JxP(x) dx (6)

This can be expressed as

where the substitution variable 1 = (In x - x4 - G®)/o.
The substitution using t is madc to render Sg in the
form shown, since tabulations of the cumulative
normal distribution function are readily available. The
choice of the appropriate value of E for each distri-
bution is made by inspecting the data plotted on log
probability graph paper; very often 10 or 15 mSv is a
convenient value.

41. Graphical techniques are often of sufficient
accuracy for analyses of dose distributions and are
described both in standard texts [F1] and in the
contex! of occupational dose distribution analysis [B1].
If a straight line is fitted to the plot of the cumulative
frequency versus In E, then the value of E is (1 - 0)
at a cumulative frequency of 15.87% and (u + o) at a
cumulative frequency of 84.13%. Sg can then be
obtained from standard tabulations.

42, Alternatively, a wide variety of numerical and/or
analytical techniques can be used to evaluate the
quantities of interest from the dose distributions. For
example, when sufficient data are available, the
methods of maximum likelihood or of least squares
can be used to obtain the equation for the best-fit line
up 1o an annual dosc E, choscn from inspection of the
plot; the collective dose up to that value of dose can
then be obtained by numerical integration. To estimate
the collective dosc in the ranges above E, where the
dose distribution deviates from log-normal, it may be
sufficient to multiply the number of individuals in
each dose range by the mid-point dose of the range, if
this information is available with adequate resolution.
Equally, graphical or various curve-fitting techniques
can be cmployed to evaluate the integral and other
quantities of the dose distribution.

43, Investigations by Kumazawa et al. [K1] have
shown that the control exercised over doses approach-
ing the dose limit results in a normal distribution of
doses in the higher dose ranges, and that a combina-
tion of a log-normal and a normal distribution (but not
a mixed distribution of them) may provide a more
generally applicable means of representing occupatio-
nal dose distributions. Such hybrid log-normal distri-
butions have been shown 1o provide a good represen-
1ation of observed data in many circumstances [E1].

44. The distribution function of a variable x is
bybrid log-normal if the values of y =In(px) +
px (p > 0) are distributed normally. The mean, median
and modc of the distribution of y is 4 and the variance
of the distribution of y is o®. The probability that a
value of x will lic between x and x + dx is given by

POdx = —_ (p + 1)
oy2n X (8)
_lintpx) + px - uf?
c 207 dx

where p, 4 and o are parameters of the hybrid log-
normal distribution. It should be noted that # and

do not have the usual meanings of mean and variance
for variate x that they have for the normal distribution.
The parameter p is a measure of the degree of control
excrcised to avoid approaching or exceeding some
level of exposure. As p — 0, the distribution tends to
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the log-normal distribution; as p — o, it tends to the
normal distribution (defined only above zero).

45, Tor a hybrid log-normal distribution, the ratios
NRg and SRg, are given by

i P(x) dx ,[ x P(x) dx
: 9
NRg = —— and SRg =w___()
![ P(x) dx ‘[ xP(x) dx
All of these integrals bave to be evaluated

numerically. Graphical and computational methods for
deriving the parameters p, 4 and o of the hybrid
log-normal distribution that provides the best fit to a
given set of data are described in the literature [K1,
S1]. Computational techniques for evaluating the
above integrals are also available [K2].

46. The hybrid log-normal distribution is finding
increasing use in the analysis and reporting of
occupational exposures, particularly in the United
States, where it has been used by several agencies in
their most recent compilations of annual statistics [E3,
R2, M3]. One of its uses has been to re-evaluate
statistics compiled previously on a simpler basis; its
usc in this context led the United States Department of
Energy [M3] to conclude that collective doses reported
in previous years were probably overestimates by, on
average, 15%-20%. More importantly, it provides a
means to assess the degree of active control used in
different occupations to reduce the frequency of
annual doses approaching dose limits or other
constraints. Similarly, it can be used to predict future
trends in dose subject to assumptions on the degree of
control exercised over the occurrence of higher
individual doses.

47. The hybrid log-normal distribution may also
provide a useful means of reporting dose distribution
data succinctly. If dose distributions are generally well
fitted by the hybrid log-normal form, it would be
possible to dcscribe a complete distribution of
exposures by specifying the three paramecters of the
bybrid log-normal distribution function. It would then
be possible to gencrate from these three parameters
any characteristic of the dose distribution that may be
considered useful now or in the future. Given the
flexibility offered by this approach, the merits of
reporting occupational exposures in terms of the three
parameters of the hybrid log-normal distribution
warrants further considcration. The additional
computational effort involved in deriving these
parameters may impede the wide-scale adoption of this
approach.

48. The need for succinct reporting of dose
distributions has, however, diminished with the growth
and easc of use of computer databases. Vast amounts
of data can now be rcadily stored in an accessible
form. Provided occupational exposure databases are
created with sufficient resolution, it will be possible,
using simple arithmetic techniques, to estimate with
adcquale precision all of the characteristics presently
of interest to the Committee; any other characteristics
that might eventually be of interest could likewise be
readily evaluated. Access to such databases in the
future is likely to reduce the use made by the
Committee of empirical fits to dose distributions to
extract required quantities. In these circumstances, the
future use of empirical fitting by the Committee is
likely to be limited to the extraction of quantities of
interest from data compiled with inadequate resolution
in the past; additionally, the techniques will continue
to be used to provide insights into matters such as the
influence of dose limits or constraints on the
characteristics of dose distributions and for purposes
of estimating the magnitude of, and trends in, future
annual and cumulative doses.

C. ESTIMATION OF
WORLDWIDE EXPOSURES

49. Inevitably, the data provided in response to the
UNSCEAR Survey of Occupational Exposures will
remain incomplete in terms of estimating worldwide
levels of dose. Procedures have thereforc been
developed by the Committee to derive worldwide
doses from the data available for particular
occupational categories. Two procedures have been
developed, one for application to occupational
exposures arising at most stages in the commercial
nuclear fuel cycle and the other for general application
to other occupational categories.

50. In general, the reporting of exposures arising in
the commercial nuclear fuel cycle is more complete
than that of exposures arising from other uses of
radiation. The degree of extrapolation from reported to
worldwide doses is, therefore, less and can be
achieved with greater reliability than for other
occupational categories. Moreover, worldwide statistics
are gencrally available on capacity and production in
various stages of the commercial nuclear fuel cycle.
Such data provide a convenient and reliable basis for
extrapolating to worldwide levels of exposure. Thus,
the worldwide annual collective effective dose, S,
from a given part of the nuclear fuel cycle (e.g.
uranium mining, fuel fabrication or reactor operation)
is estimated to be the total of annual collective
cffective doses from reporting countrics times the
reciprocal of the fraction, f, of world production
(uranium mined, fuel fabricated, energy generated etc.)
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accounted for by these countrics, namely,

n
S, = lf): S, (10)

c=|

where S, is the annual collective dose from country ¢
and n is the number of countrics for which
occupational exposure data have been reported. The
fraction of total production can be expressed as

f=Y P./P, (11)
c=1

with P_ and P, the productions in country ¢ and in the
world, w, respectively.

51. The annuai number of monitored workers
worldwide, N, is estimated by a similar extrapolation.
Because of more limited data, the worldwide
distribution ratios, NRg,, and SRg,, are simply
estimated as weighted averages of the reported data.
The cxtrapolations to worldwide collective effective
doses and numbers of monitored workers and the
estimation of worldwide average distribution ratios are
performed on an annual basis. Values of these quanti-
ties have been averaged over five-year periods, and
the average annual values are reported in this Annex.

52. For exposures to radiation other than in
operations of the nuclear fuel cycle, statistics are not
so readily available on the worldwide level of the
practices or their distribution among countries. In these
cases a simpler and, inevitably, less reliable method of
extrapolation has to bc used. A variety of approaches
are possible (c.g. scaling by size of population, by
employment in industrial or medical professions or by
some measure of industrial output). In the end, it has
seemed to be most practical and rcasonable to
extrapolate on the basis of gross national product
(GNP) of countries. Several considerations influence
the choice of this quantity in prcference to others,
notably the availability of retiable worldwide statistics
on gross national products and their potential for
general application; the latter is a consequence of the
expectation that the gross national product is
reasonably correlated with both the level of industrial
activity and medical care in a country, characteristics
unlikely to be found in any other single quantity. To
make the extrapolation more reliable, it is applied not
globally but scparatcly over particular geographic or
cconomic regions, followed by summation over these
regions. This results in extrapolations of available data
within groups of countries with broadly similar levels
of economic activity and allows for general
geographical comparisons.

53. The worldwide annual collective effective dose
for other uses of radiation, is estimated as

m

s, =Ys, (12)
r=l
where
] ll'
sl’ = — E SC (13)
& c=l

where S, is the annual collective cffective dosc in
geographic or cconomic region r, n_is the number of
countries in region r, for which occupational exposure
data have been reported, m is the number of regions
and g is the fraction of the GNP of region r,
represented by those countries for which occupational
exposure data arc available and is given by

nl‘
g = Y. Gc/G, (14
c=]

where G, and G, are the GNPs of country ¢ and
region 1, respectively, and are expressed in United
States dollars. .

54. The above cquations are applied to eslimate
collective doses for those regions for which occupa-
tional exposure data are available for at least one
country within the region. For those regions for which
no data for any country were reported, a modified
approach is adopted. In these cases the regional
collective dose is estimated as

n D
S, =G, Y. s./Y. G, (15)

c=1 c=1

For the purposes of this analysis the world was
divided into nine geographic or economic regions
comprising: countries of the Organization for Econo-
mic Cooperation and Development (OECD), compri-
sing 24 countrics; Eastern Europe, including the
former USSR; Latin America; Africa, excluding South
Africa; the Indian subcontinent; south and south-west
Asia; centrally planned economies in east and south-
cast Asia; non-centrally planned economies in east and
south-cast Asia and Oceania.

55. The annual number of monitored workers
worldwide, N,,, is estimated by the same procedure.
The worldwide distribution ratios are cstimated as for
opcrations of the nuclear fuel cycle, but where the
averaging was performed first on a regional basis prior
to summing over all regions. For selected occupational
categories, estimales are also made of the number of
measurably cxposed workers worldwide, M. These
are estimated on a regional basis from the guotient of
annual collective effective dose and the average annual
dosc to measurably exposed workers.
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56. Given the approximate nature of this form of
cxtrapolation, it has been applied not to annual data
but to data averaged over five-ycar periods.
Representative data on the gross national product were
used for cach of the three periods (specifically, 1977,
1983 and 1989) {117, U11]. The particular ycars used
arc of no absolute importance, as it is only the relative
valucs of gross national products within a given period
that are relevant to the cxtrapolation.

D. CUMULATIVE DOSE DISTRIBUTIONS

57. The subject of cumulative and lifetime
occupational doses to workers and their distribution
for particular workforces is an important onc that
needs to be addressed. There are, however, few data
available in the open literature that either report values
directly or allow estimates to be made. Of particular
interest arc the cumulative or lifetime doses among
those groups of workers who regularly experience high
average annual effective doses.

58. Tbe Committee has made no assessment of
cumulative lifetime doses since the UNSCEAR 1977
Report [U4], when simple linear extrapolation was
used to estimate doses for a few categorics of workers
for whom data on average doses and years of
cmployment were available. The deficiencies in such
a simple extrapolation were well recognized, but there

was hope that this simplc treatment would stimulate
more rigorous investigations of the relationship
between the rate of accumulation over the ycars of
employment and the total dosc received. This hope has
not been realized to any great extent, and there still
remain few published analyses of cumulative or
lifetime doses that the Commitice can use as a basis
for a thorough assessment.

59. The progress the Commitice can make in this
area will inevitably be constrained by published data
or data made available by national authoritics. The
published data arc reviewed in this Annex, and the
distributions of cumulative and lifetime doses in
particular occupations arc assessed. Given the
importance of the topic, it would be useful if national
authorities and some large cmployers would make
available other relevant, but so far unpublished, data
and could undertake further analyses in this area. It is
evident that much progress will be made in this regard
in support of epidemiological studies that have been,
or arc in the process of being, camried out for
particular occupational groups. The temporal patterns
of individual exposures are cssential components of
such studies, and it should be possible to extract the
required data and report them in a suitably anonymous
fashion so that the privacy of the records of individual
workers is safeguarded. The protocols under which
data were collected for epidemiological studies may,
however, in some cases inhibit the use of the data for
the purposes of interest to the Committee.

II. THE NUCLEAR FUEL CYCLE

60. The fucl cycle that serves nuclear power reactors
used for the gencration of electrical energy is a major
identified practice giving rise 1o occupational
cxposures. Exposures arising from this practice were
discussed and quantified in the UNSCEAR 1972 [US5]},
1977 [U4], 1982 [U3] and 1988 [U1] Reports, with
comprehensive treatment in the 1977 and 1982
Reports. In comparison with many other sources of
exposure, this practice is well documented, and
considerable quantitics of data on occupational dose
distributions arc available, in particular for morec
recent years. Consideration is given in this Annex to
occupational exposures arising at each major stage of
the fuel cycle. As the final stage of trcatment and
disposal of the main solid wastes is not yet sufficiently
developed to warrant a detailed examination of
potential exposurcs, it is given only very limited
consideration. However, occupational exposures from
waste disposal are not expected to significantly
increase the sum of the doses from the other stages in

the fuel cycle. For similar rcasons, no attempt is made
to estimate occupational exposures during the
decommissioning of nuclear installations, although this
will become an increasingly important source.

61. For cach stage of the fucl cycle estimates are
madc of the magnitude and temporal trends in the
annual collective and average individual doses, the
numbers of monitored workers and the distribution
ratios. The collective doscs are also expressed in
normalized terms, that is per unit practice relevant to
the particular stage of the cycle. For uranjium mining
and milling, fuel enrichment, fuel fabrication and fuel
reprocessing, the normalization is initially presented in
terms of unit mass of uranium or fuel produced or
processcd; thesc quantitics can be re-nomalized in
terms of the equivalent amount of energy that can be
(or has been) generated by the fabricated (or enriched)
fuel. The bases for the normalizations, namely, the
amounts of mined uranium, separative work during
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enrichment and the amount of fucl required to
gencrate a unit of clectrical energy in various reactor
types, arc given in Annex B, "Exposurcs from
man-made sources of radiation”. For reactors, scveral
ways of normalizing the data may be appropriate,
depending on how the data arc used. In this Annex,
normalized collective doses are given per reactor and
per unit clectrical energy generated.

62. To allow propcr comparison between the doses
arising at different stages of the fucl cycle, all the data
arc ultimatcly presented in the same normalized form,
in terms of the clectrical cnergy gencrated (or the
amount of uranium mined or fuel fabricated or
reprocesscd, corresponding to a unit of cnergy
subscquently gencrated in the reactor), which is the
output from the nuclcar power industry. This form of
normalization is both valid and useful when treating
data accumulated over a large number of facilities or
over a long time period. It can, howecver, be
misleading when applied to data for a single facility
for a short time period; this is becausc a large fraction
of the total occupational exposure at a facility arises
during periodic maintenance operations when the plant
is shut down and not in production. Such difficulties
are, however, largely circumvented in this Annex,
since the data are presented in an aggregated form for
individual countries and averaged over five-year
periods.

63. In addition to the annual dose, the rate at which
dosc is accumulated during the career of an individual
{cumulative or lifetime dosc) is an important statistic
in judging the significance of occupational cxposures.
As mentionced above, however, there are as yet few
data available on cumulative or lifetime doses.
Accordingly, the subject is not treated separately for
cach stage of the fucl cycle, but it is addressed in
Scction I1.G for the nuclear fuel cycle as a whole.

64. Various national authorities or institutions have
uscd different methods to measure, record and report
the occupational data included in this Annex. The
main features of the procedures used by each country
that responded to the UNSCEAR Survey of Occupa-
tional Exposures are summarized in Table 2. The
potential for such differences to compromise or
invalidate comparisons between data is discussed in
Scction 1LA.3. The reported collective doses and the
collective dose distribution ratios are largely
insensitive to the differences that have been identified
in Table 2, and the quantities can generally be
compared without further qualification. The average
doses to monitored workers and the number distribu-
tion ratios are, however, sensitive to deccisions and
practice on who in a workforce is 1o be monitored.
Differences in these areas could not be discerned from
responses to the UNSCEAR Survey of Occupational

Exposures nor, consequently, can they be discerned
from Table 2. However, becausc the monitoring of
workers in the nuclear power industry is in gencral
fairly comprchensive, comparisons of the average
individual doses (and number distribution ratios)
reporied here are judged to be broadly valid. Noncthe-
less, it must be recognized that differences in moni-
toring and reporting practices do exist, and they may,
in particular cases, affcct the validity of comparisons
between reported data; to the extent practicable, where
such diffcrences are likely to be important they are
identificd.

A. URANIUM MINING AND MILLING

65. Uranium is obtained from orc mined in several
countries, with the largest producers within WOCA
(World Outside Centrally planned cconomies Area)
being Australia, Canada, France, Namibia, Niger,
South Africa and the United States; in addition,
uranium cxploration and/or production is being
undertaken on a smaller scale in several other
countries. Data on the annual production of uranium
arc given in Anncx B, "Exposures from man-made
sources of radiation". Uranium mining opcrations
involve the removal from the ground of large
quantities of ore containing uranium and its decay
products at concentrations up to several thousand
times the concentrations of these nuclides in the
natural terrestrial cnvironment. The concentration of
uranium in mined ores is typically between 0.1%-3%
U30Og but in exceptional cases may be as high as a
few tens of per cent. Mining is carried out by either
underground or open-pit methods, which account for
most of the uranium produced; in recent years in situ
solution mining has also been carried out, although
this makes only a small contribution to overall
uranium production. In some cases uranium is
obtained as a by-product of the mining of gold or
other metals.

66. Uranium milling operations involve the
processing of large quantities of ore to extract partially
refined uranium. The process of extraction involves
the following steps: crushing, grinding, chemical
lecaching, separation of the uranium from the leach
solution, precipitation, drying and packing of the
extracted material. Most mills use an acid leach
extraction process, although other processes are in use.
The uranium concentrate, often referred to as
yellowcake, is used as feed for fucl fabrication plants,
where it is further refined, converted and, if necessary,
enriched.

67. Both internal cxposure and external irradiation
may be significant contributors to occupational
exposure during uranium mining. Internal exposure
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may arisc from the inhalation of radon and its decay
products and the inhalation of ore dust containing
long-lived alpha cmillers of the uranium chain, A
number of factors will influence the relative contribu-
tion of cach source, including, among others, the type
of mining undertaken (i.c. deep mining or open-pit)
and the efficacy of ventilation underground. The main
source of internal exposure in underground mines is,
in general, the inhalation of radon and its deccay
products; where these have been reduced to a low
level, the inhalation of ore dust may be a significant
contributor. In open-pit mines, particularly in dry
climates, inhalation of ore dust is likely to be the main
sourcc of internal exposurc. Because of the confined
space underground and practical limitations to the
degree of ventilation that can be achieved, internal
exposure is of greater significance in underground
mines than in open pit mines. Occupational exposure
from the inhalation of radon decay products in under-
ground mincs was recognized as a major radiological
protection problem in the 1960s and carly 1970s. In
the intervening period much has been done to reduce
airborne concentrations of radon and its decay pro-
ducts in mines and, consequently, exposures from this
source. Improvements continue but with increasing
cost and difficulty as the concentrations are reduced.

68. Occupational exposures from uranium mining in
14 countrics, averaged over 1975-1979, 1980-1984 and
1985-1989, are summarized in Table 3; data are re-
ported separately for underground and open-pit
mining. The contributions to the totals, where avail-
able, of extcrnal exposure and internal exposure from
inhalation of radon progeny and ore dust are indicated.
Some comments on the tabulated doses are necessary
however, in particular on the doses from inhalation of
radon progeny. In general, in the data reported to the
Committce (or published elsewhere), doses from
inhalation of radon progeny were cstimated on the
basis of a conversion factor of 10 mSv WLM'L, In
Annex A the annual effective dose from radon pro-
geny for members of the public has been taken to be
1 mSv from indoor exposure (7,000 hours per year) to
a radon concentration of 40 Bq m™2 or an cquilibrium
equivalent concentration (EEC) of 16 Bq m™. Assum-
ing the same numerical relationship between dose and
concentration applies to occupational cxposures, the
value of the conversion factor expressed in units of
dose per working level month (WLM) is: 1 mSv +
7,000 hours + 16 Bq m™ x 6.3 10° Bq h m™> WLM™!
= 5.6 mSv WLM". This is consistent with the value
of 5 mSv WLM'! sugpgested in a consultative docu-
ment issued by ICRP [113]. While it has been possible
to modify rcported dosces for this change in conversion
factor, insufficient data were available to enable the
reporied data on distribution ratios to be modified. The
tabulated values of NR¢ and SR, 5, while valid within
the context within which they were reported, are strict-

ly applicable to a valuc of E somewhat less than 15
mSv; the exact value to which they refer will depend
on the particular data sct, in particular on the rclative
contribution of radon progeny to the total dose.

69. Estimates of worldwide levels of exposure from
uranivm mining, also given in Table 3, have been
derived by extrapolating the reported production to
total world uranium production. The numbers of
monitored workers and the annual collective and
individual doses, averaged over the same five-year
periods, arc illustrated in Figure I. The nommalized
collective dose and the dosce distribution ratios are
presented in Figure II.

70. Data on national uranium production have been
obtained from responses to the UNSCEAR Survey on
Occupational Exposures or, in their abscnce, from
OECD [O2]. Worldwide levels of production were
obtained as the sum of data reported by OECD [02],
which was limited to WOCA (World Outside
Centrally planned economies Arca) countrics; data
reported to UNSCEAR for Czechoslovakia and the
German Democratic Republic; and estimates for China
and the former USSR. Production in China was
estimated from reported collective doses [[10],
assuming that the collective dose per unit mass of
uranium mined was equal to the average in those
countries for which data were available for
underground mines in 1985-1989. This rough estimate
of annual production in China was assumed, in the
absence of better data, to apply throughout the period
1975-1989. The mining of uranium in the former
USSR was nominally assumed equal to that estimated
for China.

71. The annual amount of uranium mined worldwide,
averaged over five-year periods, was 50-60 kt. The
production was highest in 1980-1984 and 10%-15%
lower in 1975-1979 and 1985-1989. By far the
majority of wuranium (about 80%) was mined
underground in this period, although the contribution
from opcn-pit mining incrcased with time. About a
quarter of a million workers were involved in uranium
mining worldwide; 99% of them, on average, were
employed in underground mines, with about one third
of these in gold mines in South Africa in which
uranium is also extracied. The worldwide annual
collective effective dose, averaged over 1975-1989, is
estimated 1o have been about 1,300 man Sv, although
there is evidence that levels were about 20% lower
than this average in the most recent five-year period;
open-pit mining made only a minimal contribution to
the total (aboul 1% on average). The average annual
effective dose to monitored workers (or more strictly
to thosc workers whose doses were assessed, either
from personal or environmental monitoring) in under-
ground mines has declined from about 5.5 to about
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4.5 mSv between the first and third five-year periods.
In open-pit mining the corresponding doses were
lower, declining from about 2.0 mSv to about 1.6 mSv
over the same period (Figure I). The normalized
collective cffective dose from underground mining
decreased from about 30 to about 26 man Sv k¢
uranium [6.6 to 5.7 man Sv (GW a)’l] between the
first and third five-ycar periods; in open-pit mining,
the normalized doses were much lower, having decrea-
sed from about 1.1 to about 0.3 man Sv kt™! uranium
[0.24 t0 0.06 man Sv (GW a)'l] over the same period
(Figure I1). For uranium mining as a whole, the
normalized collective dose decreased from 26 to
20 man Sv kt'! uranium [5.710 4.3 man Sv (GW a)!}.

72.  The reporting of data on distribution ratios is less
comprehensive than that on other quantities of interest.
Morcover, the situation is further complicated by the
modification of rcported data to take account of the
adoption here of a conversion factor of 5.6 mSv
WLM! for exposure to radon progeny compared with
a value of 10 mSv WLM™! generally used in the
reported data. While reported doses can be readily
modified 1o account for this change, this cannot be
done for the reported distribution ratios. In these
circumstances consideration is limited here to an
analysis of trends in the rcported distribution ratios,
while recognizing that the ratios strictly are applicable
to values of E somewhat less than 15 mSv (moreover,
with the value of E differing between countries
depending on the relative contribution of inhalation of
radon progeny with total dose). For those countries
reporting data on distribution ratios, the fraction of the
monitored workforce in underground mines in these
countries receiving rcported annual effective doses
greater than 15 mSv declined from 0.39 in 1975-1979
to 0.26 in 1985-1989; the fraction of the rcported
collective cffcctive dose arising from reporied
individual doses above the same level also declined,
~ from 0.69 to 0.53 over the same period. It is not
possible to be precise with regard to the level of dose
to which these ratios apply when using a dose
conversion factor of 5.6 mSv WLM", but it is of the
order of 10 mSv. The distribution ratios in open-pit
mining were much smaller; over the same period the
reported number distribution ratio, averaged over those
countries providing data on this quantity, declined
from about 0.005 to 0.0004 and the reported collective
dose distribution ratio from 0.026 to 0.006 (Figure I1);
for the dose conversion factor adopted in this Annex
the value of dose to which these ratios apply is within
a range of about 10 to 12 mSv. These values for the
reported distribution ratios, averaged over the countries
which provided such data, can be considered indicative
of worldwide levels.

73. The data for individual countries and their trends
with time vary considerably about the average

worldwide values (sce Table 3). For underground
mining the average annual cffective dose, averaged
over the [ive-year periods, typically varied within a
range of 3-20 mSv; Bulgaria was a notable cxception.
For open-pit mining the corresponding range of
variation was typically about 1-5 mSv. The variation
in normalized collective effective doses was even
greater, between about 1 and 110 man Sv kt'! uranium
[0.25 to 25 man Sv (GW a)"!] for underground mines;
doses in Canada, France and the United Statcs were at
the lower end of this range and those in Argentina,
India and South Africa at the upper end. For open-pit
mines the range of wvariation was about 0.04
16 man Sv kt! uranium [0.01-4 man Sv (GW a)!].
The range of variation between countrics for the
reported distribution ratios was somewhat smaller than
the range for other quantities.

74. Intemal exposure makes by far the greatest
contribution to the total exposures in underground
mining. Averaging over those countries (Australia,
Canada, China, Czechoslovakia, France, the German
Democratic Republic, India and South Africa)
reporting data on at least two of the three main
contributors to exposure (in thosc cases where only
two pathways were quantified the contribution of the
third was assumed to be zero), about 70% of
exposurcs arosc on average from the inhalation of
radon daughters, about 3% from the inhalation of ore
dust and about 27% from external irradiation. For
open-pit mining there was much greater variation
reported in the contribution of the respective exposure
pathways. In  Argentina, external irradiation
contributed about 80% and inhalation of radon
daughters about 20% to total exposures; the
contribution of ore dust was small by comparison. In
Canada in 1985-1989 (doses from milling were
included in the data for ecarlier periods), external
irradiation and the inhalation of radon daughters were
also the main contributors to total exposure (about
50% and 43%, respectively), with a contribution of
about 6% from the inhalation of ore dust. The
Australian data showed a somewhat different
distribution, with the largest contribution from ore dust
(about 75%) and cxternal jrradiation and radon
daughters  contributing about 22% and 2%,
respectively, Averaging over these three countries
during the 1980s, cxternal cxposure has contributed
about 70% of the total dose and inhalation of radon
progeny about 30%; about 4% of the total has arisen
from inhalation of dust.

75. Occupational expaosures from uranium milling in
nine countries, averaged over 1975-1979, 1980-1984
and 1985-1989, are summarized in Table 4. The
reported data for milling were modified in the same
way as those for mining (see paragraph 68) in respect
of exposure from inhalation of radon progeny (i.e.
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conversion factor of 5.6 mSv WLM™! adopted, com-
parcd with 10 mSv WLM™! used in reported data. The
qualifications made in paragraph 68 with respect to the
tabulated distribution ratios apply cqually here.
Estimates of warldwide lcvels of cxposure arc also
given in Table 4; they were derived by extrapolating
to the total world production of milled uranium. Data
on the amounts of uranium milled in individual
countrics werc oblained from responses o the
UNSCEAR questionnaire or, in their absence, from
OECD [02], subject to the simplifying assumption that
the amount of uranium milled in any ycar was cqual
to that mined. This same assumption was used in
estimating the amount of uranium milled worldwide,
The numbers of monitored workers, the annual
collective and individual doses, averaged over the
five-year periods, the normalized collective dose and
the dosc distribution ratios are illustrated in Figures
I and IL

76. The average number of workers in uranium
milling worldwide is much smaller than the number in
mining. It increased from about 12,000 in 1975-1979
to about 20,000 since then. The worldwide annual
collective cffective dose, averaged over the whole
period, 1975-1989, is estimated to have bcen about
120 man Sv. A small downward trend with time is
cvident, with a decrease of about 10 man Sv between
the first five-year period and the subsequent periods.
The worldwide average annual effective dose to
monitored (or more strictly, assessed) workers in
milling decreased from about 10 mSv in 1975-1979 to
about 6 mSv subsequenty and is somewhat greater
than that expericnced in underground mining. The
normalized collective cffective dose from milling has
decreased from about 2.4 in 1975-1979 to about
2.0 man Sv kt! uranium [about 0.5-0.4 man Sv
(GW a)'l] after that time. In comparison, the
normalized collective dose from open-pit mining was
smaller on average by a factor of about 2 and that for
underground mining was more than an order of
magnitude greater.

77. Rclatively few data have been reported on
distribution ratios for milling and, as for mining,
interpretation of the data that do exist is complicated
by the revision of reported doses to conform with the
dose convention used in this Annex for exposure from
inhalation of radon progeny. For the reasons set out
abovc (sec paragraph 72) consideration is limited to an
analysis of the trends in the reported distribution
ratios. Averaging over the available data, the fraction
of the monitored workforce recciving reported annual
cffective doses greater than 15 mSv declined, from
about 0.4 in 1975-1979 to about 0.2 in 1985-1989; the
fraction of the collective effective dose arising from
individual doses above that level declined, from about
0.8 to about 0.4 over the same period. It is impossible
1o be precise with regard to the level of dose to which

these ratios refer when using a dose conversion factor
of 5.6 mSv WLM! for inhalation of radon progeny,
but it is of the order of 12 mSv. In the abscence of
morc comprchensive data, these values of the
distribution ratios can be considered indicative of
worldwide levcls.

78. The data for individual countries and their trends
with time vary considerably about the average
worldwide valucs (sce Table 4). The average annual
cifective dose to monitored (or more strictly, assessed)
workers, averaged over the five-year periods, varied
within the range of about 0.1-13 mSv. The variation in
the normalized collective cffective doses was even
greater, from less than 0.1 to about 30 man Sv kt'!
uranium [less than 0.02 to about 6 man Sv (GW a)'l];
doses in Canada, South Africa and the United States
were towards the lower end of this range and thosc in
Czcechoslovakia, the German Democratic Republic and
India towards the upper end.

79. Internal cxposure makes by far the greatest
contribution to total exposures in milling. Averaging
over those countries (Australia, Canada, Czecho-
slovakia, German Democratic Republic and India)
reporting data on each of the three main contributors
to cxposure in the 1980s, about 38% of exposures
arosc from the inhalation of radon daughters, about
47% from inhalation of ore dust and about 15% from
external irradiation. Considerable variation s,
however, evident between countries in the con-
tributions of the respective exposure pathways. The
data for the German Democratic Republic are com-
parable with the average values; those for Australia
and Czechoslovakia indicate much greater con-
tributions from the inhalation of ore dust, while for
India, the contribution of ore dust was reported as
negligible in comparison with the other exposure
pathways.

B. URANIUM ENRICHMENT
AND CONVERSION

80. Most thermal reactors usc enriched uranium with
a level of enrichment of, typically, about 3%; the
major exceptions are the Magnox reactors and the
pressurized heavy-water-cooled and heavy-water-
modcrated reactors (HWRs), which use natural
uranium. Uranium is converted 1o uranjum
hexafluoride bcfore being cnriched, gencrally in
gascous diffusion or centrifuge plants, Most
enrichment was historically undertaken by gaseous
diffusion, but increasingly the centrifuge process is
being used because of its much lower cost; laser
enrichment is currently under development and may
make a significant contribution to the annual supply of
enriched material by the end of the century. At present
most enrichment services come from five suppliers:
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Department of Encrgy (United States), Eurodif
(Francc), Techsnabexport (Russian Federation), Urenco
(Germany, Netherlands and the United Kingdom) and
China. The enrichment capacity of thesc and a few
other small producers was projected to be about
40 million scparative work units (MSWU) in 1990 [14]
comparcd with a demand for about 26 MSWU. After
cnrichment the wranium is reconverted into a form,
generally an oxide, appropriate for fuel fabrication.
The depleted uranium, or tails, from the enrichment
process are generally stored pending decisions on their
future use (e.g. in a fast rcactor fuel cycle, further
enrichment later or disposal). Occupational exposures
occur during both the conversion stages and enrich-
ment. Consideration herc is limited to exposures
during enrichment.

81. Occupational exposures to workers employed in
the enrichment of uranium in six countries are
summarized in Table 5. With two exceptions the data
are for enrichment by the diffusion process; the
exceptions are South Africa, where the jet nozzle
process is used, and one of the two entries for the
United Kingdom, which is for centrifuge enrichment.
Sums or averages of reported data are given in
Table 5; however, because of incomplete data on the
separative work used in uranium enrichment, an extra-
polation based on size of the practice to estimate
worldwide doses cannot be applied. The alternative
extrapolation, based on gross national product, is also
inappropriate in this case, because enrichment is
carried out in only a very few countries. In these
circumstances, only an approximate estimate of world-
wide doses can be made.

82. The annual effective dose to monitored workers,
averaged over five-year periods and over all reported
data, decrcased progressively, from about 0.5 mSv in
the first period to about 0.1 mSv in the third. The
annual collective effcctive dose, averaged similarly,
also decrcased progressively, from about 5 man Sv in
the first period to about 0.8 man Sv in the second and
0.4 man Sv in the third; these trends largely reflect
trends in the United States, which contributes by far
the greater part of the reported collective dose. These
doses are from external irradiation. Although the
potential exists for internal exposure in enrichment
plants, its contribution was rcported as negligible in
comparison with external irradiation by those few
countrics reporting data on this aspect. In all countries
reporting data, the distribution ratios are all zero,
reflecting the relatively low levels of exposure
encountered in enrichment compared with other stages
of the fuel cycle.

83. Only the United Kingdom has reported data on
separative work for enrichment by both the diffusion
and centrifuge processes. These data provide the only
reliable basis on which to estimate nommalized

collective doses from enrichment. For enrichment by
diffusion, the normalized collective dose was about
0.5 man Sv MSWU'! [0.07 man Sv (GW a)!}; a
comparable dosc was cxpericnced in the carly stages
of centrifuge cnrichment, but this has since been
reduced greatly to about 0.04 man Sv MSwWuU"!
(0.005 man Sv (GW a)'l] in the most rccent five-year
period. The use of much larger centrifuges and the
greater throughput of enriched material with time have
been the main contributors to these decreases. The
normalized collective doses, in terms of energy
generaled, were cstimaled assuming that 0.13 MSWU
were required to enrich the uranium needed 1o
generate 1 GW a of electrical energy in a light-water-
cooled, light-water moderated reactor (LWR).

84. The sums of the reported collective doses (and
the average individual doses) in Table S are assumed,
in the absence of better data, to be representative of
worldwide exposures from the enrichment of uranium
for usc in the commercial nuclear fuel cycle. These
data do not include contributions from several count-
ries, most notably China and the former USSR; any
underestimate resulting from this omission is, how-
ever, likely to be small compared with the overesti-
mate resulting from the fact that the United States data
include exposures arising during the enrichment of
uranium for both civilian and defence purposes.

85. To estimale the normalized dose that is
representative of this stage of the fuel cycle, it is
assumed that the reported collective doses in 1975-
1989 can be associated with the enrichment of that
quantity of uranium nceded for the gencration of
electrical energy by LWRs worldwide during the same
period. Based on this assumption, the normalized
collective dose, averaged over the whole period, is
about  0.17 man Sv. MSWU'! [0.022 man Sv
(GW a)'l ]; this is broadly comparable with experience
in the United Kingdom for enrichment by the diffusion
process. In practice, because a fraction of the reported
doscs is likely to have arisen during the enrichment of
uranium used in defence, the normalized collective
dose is likely to be an overestimate.

86. In summary, the individual and collective doses
from enrichment are small. Consequently,
notwithstanding the major uncertaintics in estimating
worldwide exposures from this source, they will have
little impact on the reliability of the estimated
exposure from the whole of the nuclear fuel cycle.

C. FUEL FABRICATION

87. Many types of fuel are fabricated according to
the reactor type in which they are used. The character-
istics of fuels that are relevant here are the degree of
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cnrichment and the form, either metallic or oxide. The
great majority of reactors use low enriched (lypically
a few per cent) uranium oxide fucl; the main excep-
tions arc Magnox reactors, which use unenriched metal
fucl, and HWRs, which usc unenriched oxide fuel. The
characteristics of the fuel and the reactor environment
in which it is used influence the amount of encrgy that
can be extracted from it per unit mass, and significant
differences are to be expected between the various
types of fucl. About 95% of fuel is currenty fabri-
cated for use in water-cooled reactors of various types,
with about 85% for use in LWRs. The capacity for
water reactor fuel fabrication in 1990 was estimated to
be about 13 kt uranium, and the expected requirement
for fuel was about 9 kt [i4].

88. The exposures from fuel fabrication have, in
previous UNSCEAR Reports, been considered together
with those from uranium enrichment. In this Annex
they are evaluated scparately in order to provide
estimates of the doses arising at each main stage of
the fuel cycle. Separate estimates are also made in this
Annex for each of the main types of fucl. The purpose
of this is to enable more realistic estimates to be
derived of the normalized collective dose per unit
energy gencrated for the different fuel cycles based on
the various reactor types. The four types of uranium
fuel to be considered are unenriched metal fuel, used
in Magnox reactors; low enriched oxide fuel, used in
advanced gas-cooled, graphite-moderated reaclors
(AGRs) and in LWRs; unenriched oxide fuel, used in
HWRs; and mixed oxide fuels, used in fast breeder
reactors (FBRs). Mixed oxide fuels (uranium-
plutonium) are increasingly being developed for use in
LWRs, but occupational exposures arising during their
fabrication have yet to be rcported.

89. There are two main sources of exposure in the
fabrication of uranium fuels: external exposure to
gamma-radiation emitted by the uranium isotopes of
concern and their decay products and internal exposure
from the inhalation of uranjum and its decay products.
The relative importance of these two routes of
exposure varies with the type of fuel fabricated and
the manufacturing process. Data reported from the
United Kingdom, where significant resources have
been allocaied to limit internal exposure, indicate that
external exposure is the major sourcc; this, however,
may not always be so. Individual monitoring for
internal exposure, with formal entry of the results in
dose records, is usually carried out for only a fraction
of the workforce; monitoring of the working
environment is often sufficient.

90. Occupational exposures to workers employed in
the fabrication of each type of uranium fuel are
summarized in Table 6. The number of monilored
workers and the annual collective and individual

doses, all averaged over successive five-year periods,
are illustrated in Figure III for each fuel type. The
normalized collective cffective doses and the dose
distribution ratios are illustrated in Figure IV.

91. LWR fuel. LWR fuel is fabricated in scveral
countrics and is used in pressurized light-water-
moderated, light-water-cooled reactors (PWRs) and in
boiling light-water-moderated, light-water-cooled
reactors (BWRs). The fuel is uranium oxide with an
average enrichment of about 3% and is clad in a
zirconium alloy. Mixed oxide (uranium and plutonium)
fuels are being fabricated for use in LWRs, but as
their contribution is small and few occupational
exposure data are available, they are not considered
further. The normalized collective effective doses in
Table 6 have been estimated assuming that 37 t of
LWR fuel is needed, on average, to generate 1 GW a
of electrical cnergy.

92. The data for LWR fuel are incomplete in two
respects: first, no data have been obtained from some
countries that arc major fuel producers and, secondly,
some of the reported data did not contain estimates of
the amounts of fuel fabricated. Worldwide estimates of
the annual collective dose and the number of
monitored workers have been obtained by scaling the
sum of rcported data by the ratio of LWR fuel
fabricated worldwide to that fabricated in those
countries reporting data. A number of approximations
had to be made in this extrapolation process, owing to
the absence of adequate data on the production of
LWR fuel worldwide and in some of the major
producing countrics. Annual fuel production in these
cases was assumed to be equal to that which would
have been needed for the generation of electrical
energy by LWRs in those particular countries or the
world in that particular year. This approximation was
used to estimate fuel production in the United States
as well as worldwide. Because the United States also
supplies fuel to other countries, the amounts predicted
in this way are likely to be underestimates of actual
production; the normalized collective doses given for
the United States are, by the same token, likely to be
overestimates. Similar degrees of wunder- or
overestimation can be ecxpected in the respective
worldwide data owing to the major contribution made
by the United States to the total fucl production.

93. The worldwide annual amounts of LWR fuel
fabricated, averaged over five-ycar periods, increased
from 1.6 kt to about 7.0 kt between the first and third
periods. The average number of workers also
increased in the same period, but by about 50%, a
much smaller increase than in the amount of fuel
produced. The worldwide annual effective dose to
monitored workers, averaged over five-year periods,
decrecased progressively, from 1.7 mSv in the first
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period to about 0.5 mSv in the third period. Notwith-
standing the fourfold increasc in fuel produced, the
worldwide annual collective dose decreased, from 29
1o 11 man Sv. These changes arc reflected in a
decrease, by an order of magnitude, in the worldwide
normalized collective effective dose over the same
period, from 18 to 1.6 man Sv kt! [0.7-0.07
man Sv (GW a)'l]. The average fraction of the work-
force recciving annual doscs in excess of 15 mSv,
NR,s, declined over the period, from 0.013 to 0.0003;
the corresponding fraction of the collective dose
arising from individual doses in excess of that level,
SR,;s, decreased, from about 0.4 to 0.02.

94. The data for individual countrics and their trends
with time vary considerably about the average world-
wide values. Because of the major contribution made
by the United States to worldwide fuel production, the
doses for that country are broadly comparable with the
worldwide averages, albeit slightly greater in general.
The average annual doses to monitored workers in
other countries arc, in general, smaller than the world-
wide averages, often by a significant factor. In Japan,
the normalized collective doses are substantially less
than the worldwide averages, particularly in earlier
times; the values in other countries are broadly
comparable with the worldwide averages.

95. Only Spain and Japan have explicitly included
the data on internal exposures. In Spain, the annual
contribution of internal exposure reported since 1988
varied from 20% to 40%; its explicit inclusion may be
one rcason why the doses in Spain are, in general,
greater than those reported clsewhere. In the absence
of further information, the doses reported for those
countries not explicitly including internal exposures
must be considercd 1o be underestimates by
indeterminate amounts. Data on the contribution of
internal exposure to the doses in fuel fabrication are
an essential requirement if valid comparisons are to be
made. The potential importance of neglecting internal
exposures can be gauged from a review by the
National Council on Radiation Protection and
Mcasurements (NCRP) of occupational exposure in the
United States [N1]. In that review it was suggested
that when account was taken of internal cxposures, the
average effective dose to fuel fabrication workers in
the United States would increase (from a level of
about 1.3 mSv for measurably exposed workers for
external cxposure alone) to a level comparable with
that expericnced by nuclear power plant personnel (see
Section ]1.D).

96. HWR fuel. Fuel for HWRs is fabricated in
Argentina, Canada, India and the Republic of Korea,
which are the main countries where this reactor type
is used. The total of the reported data can, therefore,
be assumed to be representative of worldwide expo-

surc arising from the fabrication of this fuel type. The
fuel is unenriched uranium oxide. The normalized
collective effective doses in Table 6 have been
estimated assuming that 180 t of HWR fuel is needed,
on average, 10 generate 1 GW a of clectrical encrgy,
except when more specific data on cquivalent energy
generation were provided in response to the
UNSCEAR Survey on Occupational Exposures.

97. The worldwide annual production of fuel, aver-
aged over five-year periods, increased progressively,
from about 0.6 kt (about 3 GW a equivalent) in the
first period 1o about 1.6 kt (about 9 GW a equivalent)
in the third period. By far the greater part (about 95%
averaged over the whole period) of the fuel was fabri-
cated in Canada. The worldwide number of monitored
workers has increased over the three periods, from
about 500 to about 1,100. The worldwide average
effective dose to monitored workers, which was about
1.3 mSv in the first period, declined to about 1 mSv
in the sccond but incrcased to about 1.7.mSv in the
third period. The same doses in Canada increased pro-
gressively over this time, from about 1.3 mSv to about
2.4 mSv, with most of the increase occurring in 1985-
1989; some of this increase may be attributable to
increasing fuel production with a decreasing workforce
(at least a monitored workforce). The average doses in
the other countries are, in general, less than the
worldwide avecrages. The contribution of internal
exposure is not significant; these exposures are
included only in Canada and are reported to be
negligible. Doses to measurably exposed workers have
been rcported for three of the countries and are
significantly greater than those to monitored workers,
The annual dose to measurably exposed workers in
Canada, averaged over five-year periods, increcased
progressively, from about 2 to about 3.6 mSv (i.e.
doses were about 50% greater than those to monitored
workers).

98. The worldwide annual collective effective dose,
averaged over five-year periods, increased from about
0.7 man Sv to about 1.9 man Sv, The worldwide aver-
age normalized collective dose decreased from about
1.1 to about 0.9 man Sv kt'! [0.2-0.16 man Sv
(GW a)!] between the first two periods but increased
in the third period to about 1.2 man Sv kt™! [0.22
man Sv (GW a)"]. During those 15 years, the norma-
lized dose in Canada decreased Frogressivcly from
about 1.1 to about 0.7 man Sv kt™* [0.2-0.13 man Sv
(GW a)'l }. The worldwide normalized dose increased
in the last five-year period, because much higher than
average normalized doses arose during fuel fabrication
in India. Significant variation is apparent in the
distribution ratios between countries but, in general,
the values are small. The fraction of the worldwide
workforce receiving annual doses in excess of 15 mSv
was about 0.003, averaged over all three periods, with




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 395

a significantly lower valuc in 1980-1984. The fraction
of the worldwide collective dose arising from annual
doses in excess of the same level was about 0.005,
averaged over the same period, again with a much
lower value in 1980-1984.

99. Magnox fuel. Magnox fuel is fabricated mainly
in the United Kingdom and is used there and in Japan
and Italy in this reactor type. The fuel is natural
uranium clad in a Magnox alloy. Metal fucl was also
fabricated in France for use in gas-cooled, graphite-
moderated reactors (GCR)s in that country. The
normalized collective effective doses in Table 6 have
been estimated assuming that 330 t of Magnox fuel is
nceded on average to gencrate 1 GW a of clectrical
energy. In the absence of reported data from France,
the data for Magnox fuel fabricated in the United
Kingdom are assumed to be representative of
worldwide levels.

100. The annual amount of fuel fabricated, averaged
over five-year periods, remained relatively constant
with time at about 850 t. The number of workers has
increased from about 900 to about 1,100 over the
same period. The annual normalized collective
effective dose, averaged over successive five-year
periods, increased from about 2 man Sv kt'!
[0.7 man Sv (GW a)’l] in the first period to about
4.3 man Sv kt'! [1.4 man Sv (GW a)!] in the last.
This increase is largely due to the inclusion, since
1986, of internal cxposures in the reported data. The
average contribution of internal exposure to the total
exposure in 1986-1990 was about 35%; the doses
reported for years before 1986 are undcrestimates by
at least a comparable amount and neced to be adjusted
accordingly. Because of this underestimation in earlier
years, the increcase with time in the normalized
collective doses is more apparent than real.

101. The average annual effective dose to the
monitored workforce has varied considerably from
year to year but wilh some indication of a declining
trend. The annual dose from external cxposure alone
was about 2 mSv in the period 1985-1989; taking into
account of internal exposure, the average annual dose
in the period can be estimated to have been about
3 mSv. The fraction of the workforce recciving annual
doses in excess of 15 mSv was low, about 0.002 over
the first two five-year periods. Because no account
was laken of internal exposure during this period,
these values arc doubtless underestimates. In 1986,
when internal exposure was first included, the fraction
increased significantly, to about 0.04 (about 0.018
averaged over the five-year period) but thereafter
declined to essentially zero.

102. AGR fuel. AGR fuel is fabricated only in the
United Kingdom and used in reactors there; the

reported data can, therefore, be taken as the worldwide
level for this type of fuel. The fuel is uranium oxide
with an average enrichment of about 2.7% and is clad
in stainless steccl. The data in Table 6 are
predominanty for the fabrication of AGR fucl but
include a small component (about 10%) of PWR fucl.
The simplifying assumption is made here that the data
are solely for AGR fuel, and the normalized collective
cffective doscs have been cstimated on the basis that
38 1 of AGR fuel is needed, on average, to gencrate
1 GW a of clectrical energy. The data also include the
workforce involved in, and the collective dose arising
from, fucl fabrication and conversion (and
reconversion) of uranium to uranium hexafluoride for
enrichment. Only about 5% of the collective dose is
attributable to the conversion processes; data are not,
however, available on the size of the respective
workforces to cnable the combined data to be
presented scparately for conversion and fabrication.
The average individual doses to workers involved in
conversion and fabrication are, however, similar.

103. The annual amount of fuel produced, avcraged
over five-ycar periods, remained relatively constant, at
about 400 t Over the whole period, the number of
monitored workers, averaged about 1,800, with
evidence of a small increase in the two later five-year
periods. The normalized collective effective dose,
averaged over five-year periods, changed little between
the first two periods and was about 8 man Sv kt’!
[0.3 man Sv (GW a)’!]. In the third period it increased
to about 12 man Sv kt'! [0.45 man Sv (GW a)1].
Much of this increase may be more apparent than real
for the reasons set out above in connection with
Magnox fuel, in particular the inclusion of intemnal
exposurcs in the reported data from 1986 onwards.
The contribution from internal exposure was about
35% averaged over the period 1986-1990; accordingly,
the doses reported before 1986 are likely to be
underestimates by a similar or greater factor and neced
to be adjusted accordingly.

104, The average annual effective dose to monitored
workers varied considerably from year to year, with a
slight decline being noticeable. The average annual
dose (cxternal exposure only) in the first five-year
period declined from about 2.3 1o about 2 mSv in the
second; to take account of the contribution of internal
exposure, these doses should be increased by 30% or
more. In the last five-ycar period the average annual
dose (cxternal exposure only) remained about 2 mSv,
with a total dose (internal and external exposures) of
about 3 mSv. The fraction of the workforce receiving
annual doses in cxcess of 15 mSv was low, about
0.001 over the first two five-ycar periods. Because no
account was taken of internal exposure during this
period, these values are doubtless underestimates. In
1986, when internal exposure was first included, the
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fraction increascd significantly 1o about 0.05 (about
0.014 averaged over the five-ycar period) but there-
after declined to essentially zcro,

105. FBR fuel. Data on FBR fuel fabrication have
been reported only from Japan and are insufficient to
make a rcliable estimate of worldwide dose from this
type of fucl. It can be noted, however, that the average
individual doses arc broadly comparable with those
arising in Japan during the fabrication of LWR fuel.
The normalized collective doses per unit mass of fuel
fabricated are, however, very much greater; this
difference would decrease if the doses were normal-
ized in terms of poiential energy generation, owing to
the much greater bumn-up achicved by FBR fucls. One
probable contributor to the larger normalized doscs is
the small or pilot scale of fuel production.

106. Summary. Worldwide cxposures from fuel
fabrication are summarized in Table 7. The annual
amount of fuel fabricated worldwide, averaged over
five-year periods, increased threefold (in terms of
potential encrgy that could be gencrated from it) over
the period of interest, during which the monitored
workforce has increased by about 40%. Notwithstand-
ing this increase in production, the worldwide annual
collective dose has decrcased, from 36 to 22 man Sv;
an even more striking decrease occurred in the
normalized collective dose, from about 0.6 man Sv
(GW a)’! 1o about 0.1 man Sv (GW a)’l. A decrease
by a factor of more than 2 occurred in the average
dosc to monitored workers. The data on distribution
ratios are somewhat less complete than those for other
statistics of interest. Notwithstanding this, the available
data overall indicate a generally downward trend with
the ratio NR;s dccreasing more than a factor of 5
from about 0.01 in the first period to 0.002 in the
third; over the same period the ratio SRy decreased
by a factor of 20 from about 0.4 to about 0.02.

107. Most of the fucl fabricated was for use in LWRs.
About 80% of the total collective dose arose from the
fabrication of LWR fuel in the first five-year period;
this contribution decreascd to about 50% in the latest
period, with about 40% from GCR fucl and about 10%
from HWR fuel. The normalized collective dose
(expressed in terms of potential energy that could be
generated by the fuel) is significanly greater for
Magnox than for other fucls; the much lower burn-up
achieved by Magnox fuel is perhaps the main reason
for this difference. Somewhat greater individual doses
(approaching a factor of two when averaged over the
whole period) are associated with both types of GCR
fuel compared with fuel for other reactor types. Some
of these comparisons nced qualification, however,
because internal exposures were not, in general,
included in the data reported for LWR fuels. As a
consequence, some of the differences between GCR
and LWR fuels that are identified here may be more

apparcnt than real. Belter quantification is nceded of
the contribution of internal exposure in LWR fuel
fabrication; pending this, the data reported here for
this fuel type must be regarded as underestimates.

D. REACTOR OPERATION

108. Within the nuclear fuel cycle, reactors arc the
most common facility. About 430 rcactors were in
operation at the end of the 1980s. Consequently, there
are more occupational data for reactors than for any
other type of nuclear installation. Several reactor types
have been developed to the commercial stage, in
particular PWRs, BWRs, GCRs (comprising, among
others, Magnox and AGRs), HWRs and light-water-
cooled, graphite-moderated  rcactors (LWGRs).
Detailed consideration is given 1o cach of these with
more limited consideration of liquid metal fast breeder
reactors (FBRs) and high-temperature gas-cooled,
graphite-moderated reactors (HTGRs), which are stili
largely at a prototype stage of development.

109. Data on occupational cxposures at reactors of
each type are summarized in Table 8. Worldwide
levels of exposure have been estimated from reported
data; the extrapolation is based on the total encrgy
gencrated by the reactor type relative to the energy
gencrated in countries reporting data. The degree of
extrapolation necessary was small, as the reported data
were substantially complete (about 90% for PWRs and
BWRs, 95% for HWRs, 80% for GCRs and 70% for
FBRs).

110. The annual data rcported in response to the
UNSCEAR Survey of Occupational Exposures have
been averaged over five-year periods and only the
average values are given in Table 8. The variations in
annual values are presented in Figures V and VI to
illustrate temporal trends in more detail. Data, where
available, are also presented on the main activities that
give rise to occupational exposures in the different
reactor types and on typical levels of dose that occur
when undertaking a number of common tasks.

111. Since relatively few data are available on
average doses lo measurably exposed workers
compared with those to the monitored workers, no
attempt has been made to estimate a worldwide
average dosc. The data that are available indicate that
the average dose to mecasurably exposed workers is
typically up to about twice that for the monitored
workforce, although there is much variation between
countries and with time (see Table 8). More data on
average doses to measurably exposed workers would
be uscful; for the reasons previously identified,
comparisons made in these terms would, in general, be
more reliable than those made on the basis of the dose
to monitored workers.
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112. Several factors have influenced the uends in
reported exposures. These include the commissioning
of a large number of new PWRs in the carly 1980s,
the lower annual collective doses achieved in new
reactors because of additional and improved design
provisions, and the large reductions in dose achicved
in rcactors in the United States once the safcty
modifications required after the accident at Three Mile
Island had been completed. Significant reductions in
doses in existing reactors have also been achieved, in
particular from the greater attention given to reducing
circuit activity levels, the reduction of unscheduled
maintenance and the greater emphasis on keeping
doses "as low as reasonably achievable” (ALARA).

113. Considerable improvements have taken place in
the recording and documentation of occupational expo-
sures in recent years, and the creation of national and
international databases has gready facilitated the
reliable extraction of relevant statistics. The use of
information from these databases will inevitably lead
to some, albeit small, differences between the statistics
presented in this Annex and those given in carlier
UNSCEAR Reports for the same time periods, but an
overriding aim is to treat all data included in a
consistent manner.

114. There remain some difficulties in interpreting
and ensuring fair comparisons between the various
statistics. These difficulties were discussed in general
terms in Section LA, where a number of cautionary
remarks were made. Four more specific observations
need to be made in the present context. First, differ-
ences exist in the protocols adopted in various
countries as to the fraction of the workforce that is
included when evaluating average annual individual
doses; in some casces, only measurably exposed indivi-
duals are included, whereas generally, the whole of the
monitored workforce is taken into account. To the
cxtent practicable, a clear distinction is maintained
throughout this Annex between the average individual
doses evaluated in the different ways. The use of
different protocols for determining who in the work-
force should be monitored is, however, a further con-
founding factor. Particular care must therefore be
exercised when comparing average individual doses to
ensure that the comparisons are made on cqual
grounds. These differences do not, however, materially
affect the estimation or the comparison of collective
doses, at least not within the inherent uncertaintics
associaled with their evaluation.

115. Secondly, the procedures for the recording and
inclusion of doses received by transient or contract
workers may differ between utilities and between
countries, and this may influence the respective
statistics in different ways. In some cases, transient
workers may appear in the annual statistics for a given

reactor several times in one year (as opposed, idcally,
to only once, with the summed dose being recorded);
if appropriate cormrections arc not made, then statistics
so compiled will inevitably overestimate the size of
the exposed workforce and underestimate the average
individual dose and also the fractions of the workforce
and the collective dose arising from individual doses
greater than the prescribed levels. This will only be
important in those cases where extensive use is made
of transicnt workers.

116. Thirdly, different approaches are apparent
between countries in how they report the exposures of
workers at nuclear installations. The majority present
statistics for the whole workforce, i.e. employces of
the utility and contract workers, often with scparate
data for each category; some report data for utility
employces only, whereas others present the collective
dose for the total workforce but individual doses for
the utility workers only. Where necessary and practic-
able, reported data have been modified to enable them
1o be fairly compared with other data; these changes
are indicated in the respective Tables. Attention is also
drawn to any unmodified data for which doubts may
exist on whether or to what extent they can be
compared fairly with the other data,

117. Fourthly, no undue significance should be
attached to normalized collective doses that have been
derived on the basis of a small number of reactors
operating for a short period. Because much of the
exposure arises from maintenance carried out during
periodic reactor shutdowns, the normalized doses (and
particularly those normalized in terms of cnergy
generated) are useful only when derived as an average
of a large number of reactors or over a long operating
period.

1. Light-water reactors

118. LWRs comprise by far the majority of the
installed nuclear generating capacity. About 70% of
them arc PWRs and about 30% are BWRs. About
40% the LWRs arc installed in the United States and
about 20% in France, with the remainder distributed
among somec 20 countriecs. With respect 1o
occupalional exposures, expericnce has shown
significant differences at PWRs and BWRs. Each type
is therefore considered separately.

(a) Average annual doses

119. PWRs. External gamma-radiation is the main
source of exposure in PWRs. Since there is, in gene-
ral, only a small contribution {rom internal exposure,
it is only rarcly monitored. In general, the contribution
of neutrons to the overall level of external exposure is
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insignificant. Most occupational exposures occur
during scheduled plant shut-downs, when planned
maintenance and other tasks are undertaken, and
during unplanned maintenance and safety modifi-
cations. Activation products, and to a lesser extent
fission products, within the primary circuit and coolant
arc the main sourcc of cxternal exposure. The
malterials used in the primary circuit, the primary
coolant chemistry, the design and operational features
of the reactor, the extent of unplanned maintenance
ctc. all have an important influence on the magnitude
of the exposure from this source; significant changes
have occurred with time in many of these arcas, which
have affected the levels of exposure.

120. The worldwide installed capacity of PWRs,
averaged over five-year periods, increased from about
50 GW in 1975-1979 10 about 180 GW in 1985-1989;
the corresponding increase in the average annual
encrgy generated worldwide was somewhat greater,
from about 30 to 120 GW a. On average, 40% of this
encrgy was generated by PWRs in the United States
and about 20% in France. The number of monitored
workers in PWRs worldwide has increased from about
60,000 to about 230,000 over the period (Figure V).
The average annual collective effective dose increased
by a factor of about 2 (from about 220 to about
450 man Sv) between the first two five-year periods;
the increase in the third period to about 500 man Sv
was small when compared with the doubling of encrgy
generated in the same period. The normalized
collective dose changed little over the first two
five-year periods, when it was about 8 man Sv
GW a)'l; in the third period it decreased substantially,
to about 4 man Sv (GW a)! (Figure VI).

121. The annual effective dose to monitored workers,
averaged over five-year periods, fell from about
3.5 mSv in the first period to about 2.2 mSv in the
third; most of this decrease occurred betwecen the
sccond and third periods. The fraction of the
monitored workforce receiving annual doses in excess
of 15 mSv decreased progressively, falling from about
0.09 1o about 0.03 over the entire period; the
corresponding decrease in the fraction of the collective
cffective dose arising from annual doses in cxcess of
the same level was from about 0.6 to about 0.3. These
fractions were estimated from a smaller set of data
than was used to estimale doses, as not all countries
reported these quantities.

122. There are considerable variations about the
worldwide average values in both the trends and levels
of dose in individual countries. Average values of
individual and normalized collective dose are
illustrated in Figure VII for geographical groupings.
The regions are Asia, Eastern Europe (including the
former USSR), Western Europe and the United States.

The normalized collective doses in Western European
and Asian reactors are generally significantly lower
than the worldwide averages, while those in the United
States and Eastern European reactors are higher than
the average. The variations in the average individual
doses to monitored workers about the average values
are less pronounced: only in Asian reactors are the
doscs consistently less than the average. Considerable
variation between countries remains, however, even
within these narrower regional groupings (e.g. in
Eastern Europe the normalized collective doses in
Czechoslovakia and in Hungary were, on average, less
by a factor of about 5 than those in the German
Democratic Republic and the former USSR).

123. The largest normalized collective effective doses
occurred at PWRs in the German Democratic
Republic, Spain, the former USSR and United States;
in Czechoslovakia, Finland, France, Hungary, South
Africa and Sweden, the normalized doses were
consistently and significantly less than the worldwide
averages. These differences in normalized collective
doses arc largely, but not cntirely, reflected in
differences between the average individual doses in
the respective countrics. Downward trends are
apparent in the normalized doscs in most countries, in
particular between the second and third five-year
period; the decrease was mast pronounced for the
Federal Republic of Germany, Japan, the Republic of
Korea, Spain, Sweden, the former USSR and the
United States. The data for France show an upward
trend, having increased by about 20% over the period;
the absolute level of the normalized collective dose is,
however, still lower than the average for PWRs
overall. A few countries that only recently introduced
reactors for generating electrical energy [e.g. South
Africa and China (Taiwan)] exhibit comparatively low,
albeit increasing, normalized collective doses; this is
typical of the trends experienced elsewhere.

124. Variations in the doses betwecen reactors within
a country arc also of interest. Data for PWRs in the
United States are illustrated in Figure VIII, in
particular the median, the 25th and 75th percentiles
and the minimum and maximum values of the
collective effective dose per reactor. A wide range of
variation is evident and is to be expected, given that
much of the cxposure arises during repair and
maintenance activities and while making safety
modifications, all of which are carried out periodically
and at different times and to different degrees on cach
reactor. The various statistics, however, show the same
general trends indicated in Table 8 for the normalized
collective cffective doses averaged over all PWRs in
the United Stales, in particular the higher doses in the
first ball of the 1980s, which resulted from safety
modifications made in response to the accident at
Three Mile Island.




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 399

125. BWRs. External irradiation is also the major
source of occupational exposurc in BWRs, with most
exposures arising during scheduled shutdowns, when
planned maintenance is undertaken, and during
unplanned maintenance and safety modifications. By
far the largest number of BWRs arc located in the
United States and Japan.

126. The worldwide installed capacity of BWRs,
averaged over five-year periods, increased from about
29 GW in 1975-1979 to about 67 GW in 1985-1989;
the corresponding increase in the average annual
cnergy gencrated worldwide was somewhat greater,
from about 15 10 42 GW a. On average, 40% of this
energy was gencrated by BWRs in the United States
and 25% in Japan. The number of monitored workers
in BWRs worldwide increased from about 60,000 to
about 140,000 over the period (Figure V). The average
annual collective cffective dosc increased from about
280 to about 450 man Sv between the first two
five-year periods; it subsequently decreased in the
third period, to about 330 man Sv, notwithstanding an
increase by more than 60% in the energy generated
over the same period. The normalized collective dose,
averaged over five-year periods, changed little over the
first two periods and was about 18 man Sv (GW a)?;
in the third period it decreasced substantially, to about
8 man Sv (GW a)! (Figure VI).

127. The annual effective dose to monitored workers,
averaged over five-year periods, fell from about
4.7 mSv in the first period to about 2.4 mSv in the
third; most of this dccrcase occurred between the
second and third periods. The fraction of the moni-
tored workforce receiving annual doses in excess of 15
mSv increased from about 0.07 to about 0.08 between
the first two five-year periods and decreased subse-
quently to about 0.03 in the third period; the fraction
of the collective cffective dose arising from annual
doses in excess of 15 mSv was about 0.6 in each of
the first two five-year periods, decreasing to about 0.4
in the third period. These fractions were estimated
from a smaller sct of data than used to estimate doses,
as not all countries reported these quantities.

128. There are considerable variations about the
worldwide average values in both the trends and levels
of dose in individual countries. Some regional
variations arc illustrated in Figure VII. The normalized
collective doses in Western Europe are significantly
less than those clscwhere and are typically smaller by
a factor of about 2 than the worldwide averages over
the whole period. Those in the United States are, apart
from the first period, some three to four times greater
than those in Western Europe. For BWRs in Japan and
China (Taiwan), the normalized dose, averaged over
both countries, in the first period was about twice the
worldwide average, but in subsequent periods it was

less than the average. The variations in the average
annual individual doses to monitored workers exhibit
trends similar to thosc for the normalized doses, but
the magnitude of the variations about the average are
much smaller.

129. Normalized collective effective doses that are
consistently and significantly less than the worldwide
averages were reported for BWRs in Finland and
Sweden. The largest normalized collective doses
occurred in India and were about a factor of 10 greater
than the worldwide averages for the corresponding
periods. Relatively large normalized doses also
occurred in the Netherlands, but these data should not
be given undue significance, as they apply only to one
small reactor. In most other countries there is
considerable variation in the normalized doses about
the average values, with litde evidence of consistent
trends between respective time periods. These
differences in normalized collective doses are largely,
but not completely, reflected in differences between
the average individual doses in the respective
countries. Major downward trends with time are
apparent in the normalized doses in most countries, in
particular between the second and third five-year
period analysed; the decrcase was most pronounced
for the Federal Republic of Germany, Japan, Spain
and the United States. In the United States there was
a large increase in the normalized collective dosc in
the second period; the safety modifications made in
response to the accident at Three Mile Island were the
main reason for this increase. The trend in collective
dose per reactor to workers at BWRs in the United
States is illustrated in Figure VIII. The wide range of
variation between reactors is, in general, greater than
the variation for PWRs.

(b) Dose distribution ratios for LWRs

130. Comprchensive statistics have been compiled in
the United States on the distributions of individual
doses making up the collective effective doses [B2,
B4]. These enablc reliable estimates to be made of the
collective dose distribution ratio, SR, and also of the
fraction of thc workforce exposed above any prescri-
bed level of individual dose, NR. In Figure IX the
distribution ratios NRg and SR, are given for sclected
years as a function of the annual cffective dose, E.
These distributions are summarized in Table 9. Large
reductions with time are cvident in the fraction of
measurably exposed workers recciving an annual
effective dose in excess of 15 mSv, Between 1973 and
1989, this fraction, NR s, decreased from 0.24 to 0.03,
with much of the reduction occurring in the 1980s.
Over the same period there was a 60-fold decrease
(from 0.06 to 0.001) in the fraction of workers expo-
sed to annual doses in excess of 30 mSv, a threefold
decrease (from 0.34 to 0.09) in those cxposed in
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excess of 10 mSv, and a twofold decrease (from 0.43
to 0.22) in those cxposed in excess of 5 mSv.

131. The reductions in the percentages of the
collective cffective dose arising from individual annual
doses in excess of particular values are also
substantial, The (raction of the collective dose arising
from annual individual doses in excess of 15 mSv has
dccreased fourfold (from 0.71 to 0.19) over the period
1973-1989. Over the same period there was a 30-fold
decrease (from 0.30 to 0.009) from annual doses in
excess of 30 mSv, a twofold decrease (from 0.85 to
0.43) from doses in cxcess of 10 mSv and a reduction
by a factor of about 1.3 (from 0.93 to 0.70) from
annual doses in cxcess of 5 mSv.

() Doses for specific tasks and occupational
subgroups

132. Detailed statistics arc gathered by the United
States Nuclear Regulatory Commission on the
collective dose for several general categories of work,
job functions and types of personnel [B2, B4, R2].
The distribution of the collective dose between various
work functions is shown in Figure X for LWRs during
1975-1989. By far the greater part of the collective
dose arises in routine and special maintenance, with
the contribution of other categories being small by
comparison. Throughout the ecarly 1980s, the
contribution of special maintenance was greatest, a
consequence of the safety-related modifications made
after the accident at Three Mile Island. In the most
recent period, the collective dose from routine
maintenance exceeded that from special maintenance.

133. The distributions of doses between contract
workers and utility personnel for separate work
functions at LWRs in the United States [B2] has also
been analysed. Most of the collective dose is received
by contract worker personnel, in particular during
special maintenance. Overall, the collective dose to
contract workers is greater by a factor of about 2 than
that to utility workers. Data reported for some other
countries using LWRs (in particular Finland, France,
the German Democratic Republic, the Federal
Republic of Germany, Spain and Switzerland) show
that contract workers typically receive 60%-90% of
the total collective dose [L2].

134, The distribution of coliective doses among five
occupational groups, averaged over 1987-1989, is
summarized in Table 10 for workers at LWRs in the
United States. Most of the dose is received by main-
tenance personnel (66%). The largest individual doses
are also reccived by maintenance personncel (about
30% greater than the average to workers in all other
occupational groups), but those 1o health physicists are
of a comparable magnitude.

2. Heavy-water reactors

135. HWRs are used in scveral countries but most
extensively in Canada, where the CANDU reactor was
developed and since exported to a number of count-
ries. The main source of occupational exposure in
these reactors is, in general, external irradiation,
mainly from activation products in the coolant and
coolant circuits. As in LWRs, most of the exposures
arisc during maintenance activitics. Internal exposure,
however, can also be a significant component of
exposure, principally from intakes of tritium produced
by activation of the heavy-water moderator.

136. The worldwide installed capacity of HWRs,
averaged over five-year periods, increased from 5 GW
in 1975-1979 to 14 GW in 1985-1989; the corres-
ponding increase in the average annual energy
generated worldwide was somewhat greater, from
about 3 to 10 GW a. On average, 85% of this energy
was generated by HWRs in Canada. The number of
monitored workers in HWRs worldwide increased
from about 7,000 to about 18,000 over the period. The
average annual collective cffective dose increased
from about 30 man Sv in the first five-year period to
about 45 man Sv in the second period and 60 man Sv
in the third. Internal exposure made a significant
contribution to the overall dose; the contribution varied
from year to year and between countries but on
average was 30%, varying typically from 15% to 50%.
The normalized collective dose decreased from about
20 to about 8 man Sv (GW a)! between 1975 and
1979 and incrcased again to about 16 man Sv
(GW a)'1 in 1982 (Figure VI); subsequently the dose
decreased to about 6 man Sv on average over the
remainder of the 1980s. Averaged over five-year
periods, the normalized collective dose was
11 man Sv (GW a)‘l in the first period, decreasing to
8 man Sv (GW a)! in the second period and to about
6 man Sv (GW a)! in the third.

137. The annual effective dose to monitored workers
worldwide showed similar variations, but averaged
over f{ive-year periods, it has decreased from 4.8 mSv
in the first period to an average of 3.3 mSv over the
second and third periods. Data on the average annual
effective dose to measurably exposed workers are less
complete than other data. The average dose to such
workers exceeded that for monitored workers by
factors ranging up to about 3, with considerable
variation between countries. The fraction of the world-
wide monitored workforce receiving annual doses in
excess of 15 mSv decreased from 0.12 in the first
period to about 0.07 in each of the following periods;
the corresponding decrease in the fraction of the
collective effective dose arising from annual doses in
excess of that level was from about 0.7 to about 0.5.
Both [ractions show considerable variations from year
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to year (Figure VI). They were estimated (rom a
smaller sct of data than was uscd to estimate doscs, as
not all countrics reported this data.

138. There is wide variation in both the trends and
levels of the doses in individual countries. In the first
period the greater part (about 75%) of the worldwide
collective dose occurred in Canada; averaged over the
last two periods about 42% of the collective dose
occurred in India with about 34% in Canada. The
normalized collective dose in Canada was considerably
less than the worldwide average, declining
progressively from about 10 to about 2 man Sv
(GW a)'l over the three pcriods. In Argentina and
India the normalized doses have exceeded the
worldwide averages and in India substantially so
[about 80 man Sv (GW a)}, averaged over the period
1980-1989). The decrease in the average annual
individual dose to monitored workers in Canada was
far greater than that of the worldwide average,
decreasing from about 4.2 to 1.5 mSv over the period
(over the same time the average dose to mcasurably
cxposed workers decreased from about 9 to about
4 mSv). The annual doses to monitored workers,
averaged over the whole periods for which data were
reported, were about 11 mSv in Argentina and about
6 mSv in India with considerable year to year
variation about these average values,

3. Gas-cooled reactors

139. There are three main types of GCRs: Magnox
reactors, including those with steel pressure vessels
(SPVs) and those with prestressed concrete pressure
vessels (CPVs); advanced gas-cooled reactors (AGRs);
and high-temperature gas-cooled reactors (HTGRs).
Only the Magnox and AGRs have, as yct, reached
commercial application; HTGRs exist only in proto-
type forms. Most of the experience with GCRs has
been obtained in the United Kingdom, where they
have been installed and operated for many years,
Initially, all GCRs were of the Magnox type; through-
out the 1980s, the contribution of AGRs, both in terms
of their installed capacity and energy generated,
became more important. The relative importance of
AGRs will increase as Magnox reactors are decom-
missioned.

140. Magnox and AGRs. In previous UNSCEAR
Reports the data for Magnox rcactors and AGRs have
been combined, despite potentially large differences in
both the individual and normalized collective effective
dose for these reactor types (and also between Magnox
reactors with different types of pressure vesscl). These
differences arise mainly from the use of concrete as
opposed 1o steel pressure vessels in AGRs (and in the
later Magnox reactors) and the increased shielding that

they provide against external radiation, the dominant
source of occupational exposure from this reactor type.
In this Annex scparate cstimates arc made for cach
reactor type.

141. The worldwide installed capacity of GCRs,
avcraged over five-year periods, increased from about
9 GW in 1975-1979 to about 13 GW in 1985-1989;
the corresponding increase in the average annual
cnergy generated worldwide was comparable, from
about 5 to 7 GW a. On average, 75% of this energy
was generated by GCRs in the United Kingdom. The
number of monitored workers in GCRs increased
worldwide from about 13,000 to 31,000 over the
period. The average annual collective effective dose
decrcased from 36 man Sv in the first five-year period
to 24 man Sv in the third, with much of the decrease
occurring between the last two periods. The norma-
lized collective dose, averaged over five-year periods,
decreased from about 7 to about 3 man Sv (GW a)!
over the period, with most of the decrease again
occurring between the last two periods.

142. The annual effective dose to monitored workers
worldwide, averaged over five-year periods, fell pro-
gressively from 2.8 mSv in the first period to about
0.8 mSv in the third. The fraction of the worldwide
monitored workforce receiving annual doses in excess
of 15 mSv is small: it decreased from 0.02 to 0.0002
over the period; the data are incomplete on the frac-
tion of the collective effective dose arising from
annual doses in excess of that level, but in the third
period the fraction was 0.008. The substantial
decrecases in the average individual and normmalized
collective doses largely resulted from the gradual
introduction of AGRs in the United Kingdom; the
doses in these reactors are significantly lower than
those in Magnox reactors, at least those with stcel
pressure vessels.

143. There are major differences in the occupational
cxposures at different types of GCRs. Data for differ-
ent generations of Magnox reactors, in particular those
with steel pressure vessels and those with concrete
pressure vessels, and for AGRs are summarized in
Table 11. A distinction is also drawn between expo-
sures in the first-generation Magnox-SPV reactors
constructicd with the dual purpose of producing
wecapons-grade plutonium and electrical energy and
thosc later built solely for the generation of electrical
encrgy. The normalized collective effective doses,
averaged over the whole period, varied considerably
from about 30 man Sv (GW a)'l for first-generation
Magnox-SPV reactors to about 1 man Sv (GW a)! for
both AGR and Magnox-CPV rcaclors; for second-
generation Magnox-SPV reaclors the dose was, on
average, about 8 man Sv (GW a)'l. Similar trends are
evident in the annual individual doses. The average
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annual dosc to monitored workers in first-generation
Magnox-SPV reactors has remained relatively uniform
at about 8 mSv, whereas that in Magnox-CPV reactors
dcclined from about 1 to 0.2 mSv over the period; the
average annual dosc in the second gencration of
Magnox-SPV reactors has declined over the same
period from about 3 to about 1 mSv,

144. The scale of these differences demonstrates the
importance of disaggregating occupational exposures
reported for GCRs, in particular if the objective is to
estimate normalized collective doses for fuel cycles
based on different rcactor types. Earlier estimates,
bascd on combined data for GCRs, arc largely
representative  of experience with  Magnox-SPV
rcactors. Muclh lower doses occur during the operation
of both Magnox-CPV rcactors and AGRs.

145. HTGRs. A number of prototype HTGRs have
been operated, but this reactor type has yet to be
adopted for commercial operation. Occupational
exposure data have been reported for only one of these
reactors, Fort St. Vrain in the United States [R2].
These data arc summarized in Table 8, but they are
insufficient to estimate worldwide exposures from this
reactor type; the contribution compared with other
reactors would, however, be minimal. The data
indicate that exposures in HTGRs would be much
lower than those encountered in LWRs and about the
same or less than those experienced in AGRs.

4. Light-water-cooled,
graphite-moderated reactors

146. LWGRs were developed in the former USSR and
have only been installed there. Occupational exposure
data have been reported in [B11] for LWGRs, but the
data arc incomplete, both in terms of the number of
reactors and the period over which they operated.
Overall (worldwide) levels of cxposure from this
rcactor type have been cstimated by scaling the
reported data to the total cnergy gencrated by LWGRs.
Data on energy generation were largely obtained from
information submitted [B11, I8, I9]; data for missing
periods were estimated from the installed capacity and
the average load factor for the ycars when data were
available.

147. The worldwide installed capacity of LWGRs,
averaged over five-year periods, increased from about
6 GW in 1975-1979 to about-15 GW in 1985-1989 (it
should be noted that all doses quoted for the last
period are averages over 1985-1987 because no data
were available for 1988 and 1989); the corresponding
increase in the average annual energy generated
worldwide was comparable, from about 410 10 GW a.
The number of monitored workers in LWGRs

worldwide increased from about 5,000 to about 13,000
over this period. The average annual collective
cflcctive dose increased from about 36 man Sv in the
first five-year period to about 170 man Sv in the third,
with much of the increase occurring between the last
two periods. The normalized collective dose, averaged
over five-ycar periods, was comparable in the first two
periods, about 8 man Sv ﬁGW a)'l, but doubled to
about 17 man Sv (GW a)™ in the third period. The
annual cffective dose to monitored workers worldwide,
averaged over five-year periods, was about 6 mSv in
cach of the first two periods, increasing to about
13 mSv in the third period. No data have becn
reported on the fraction of the monitored workforce
receiving annual doses in excess of 15 mSv or on the
fraction of the collective cffective dose arising from
annua! doscs in excess of that level.

148. The large increases in both the average
individual and normalized collective doses in the third
period resulted from the accident at Chernobyl. The
effect of the accident on these doses is illustrated in
Figures V and VI, In 1986, both the average annual
individual and normalized collective doses increased
by a factor of about 4 rclative to those in the
immediately preceding ycars. In 1987, both doses
decreased by a factor of about 2; no data are currently
available on how they varied in subsequent years.
Increases in cxposures were reported |[B11] for
Chernobyl and other LWGRs during 1986. For the
other LWGRs the increases are largely artificial, at
least in so far as they have becn associated with a
particular  rcaclor  (exposurcs received  while
undertaking temporary work at Chernobyl were
included in the records at the LWGR where the
workers were nommally cmployed). It may be
questioned whether the additional exposures reccived
by operational staff at LWGRs genenally (because of
time spent at Chernobyl following the accident) should
be included here, as opposed to being categorized
under exposures (rom accidents. The doses attributed
are, however, stricly limited to those received by
operational staff and do not include the much larger
collective doses received by those involved with
mitigating the consequences of the accident and with
subsequent clean-up operations. In this context the
attribution is judged appropriatc.

5. Fast breeder reactors

149. A number of prototype FBRs with a widc range
of installed capacities have been developed and
operated over the past threc decades. It is unlikely,
however, that this type of reactor will see significant
commercial use, except possibly in a few countries,
before the early decades of the next century. The less-
than-cxpected growth in the usc of nuclear energy, the
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continuing relatively low cost of uranium and the
economic risks of developing a complete fast reactor
fuel cycle are the main factors declaying the
commercial introduction of FBRs.

150. The worldwide installed capacity of FBRs,
averaged over five-year periods, has increased from
about 1 GW in 1980-1984 1o about 2 GW in 1985-
1989; over the same period the average annual encrgy
generated worldwide increased from about 0.5 to about
0.7 GW a. The number of monitored workers in
prototype FBRs worldwide is estimated to have
increased from about 1,400 to about 2,000 between
these two periods. The average annual collective
effective dose increased from about 0.6 man Sv to
about 1 man Sv during the same time. The normalized
collective effective dose, averaged over five-year
periods was broadly the same in both periods at about
1.3 man Sv (GW a)'l. The annual effective dose to
monitored workers worldwide, averaged over five-year
periods, was about 0.5 mSv in both periods.

151. While thesc data need to be qualified because
they apply specifically to prototype facilities, they do
indicate that the levels of occupational exposure in
FBRs are likely to be much lower than those exper-
ienced at reactors of most other types currently in
commercial operation.

6. Summary

152. Data on occupational exposures at reactors
worldwide are summarized in Table 12. The world-
wide installed capacity of all reactors, averaged over
five-year periods, increased from about 100 GW in
1975-1979 t0 290 GW in 1985-1989; the increase over
the corresponding period in the average annual energy
gencrated was from 55 to about 190 GW a. Averaged
over the whole period, about 80% of the total energy
was generated in LWRs (of this, about 70% was from
PWRs and 30% from BWRs), with contributions of
about 7% each from HWRs, GCRs and LWGRs. The
number of monitored workers increased from about
150 to 430 thousand over the same period.

153. The annual collective effective dose, averaged
over five-year periods, increased from about 600
man Sv in the first five-year period to about 1,000
man Sv in the second, with a further increase to about
1,100 man Sv in the third. The trend in annual values
is indicated in Figure V. About 80% of the collective
dose occurred at LWRs, with broadly similar
contributions from PWRs and BWRs. Averaged over
the whole period the contribution of HWRs has been
about 5%, that of GCRs about 3% and that of LWGRs
about 10% (about 6% prior to the Chernobyl accident).

154. The normalized collective effective dose,
averaged over all reactors, varied little before 1984,

when it was about 11 man Sv (GW a)'l; thereafter it
declined steadily to about 5 man Sv (GW a)’! in 1989
(sce Figure VI). A generally decreasing trend is
apparent in the normalized collective doses for most
reactor types. The valucs for PWRs, LWGRs (before
the Chernobyl accident) and GCRs overall (values for
AGRs and Magnox-CPV reactors are much smaller)
are broadly comparable; the values for HWRs and
BWRs arc somewhat larger, the latter substantially so
in the earlicr years.

155. The annual effective dose to monitored workers,
averaged over all reactors, fell steadily from more than
4 mSv in 1975 to about 2 mSv in 1989. With the
cxception of LWGRs, a downward trend is evident in
the average annual dose in each reactor type. There
are, however, considerable differences between
reactors, both in the absolute magnitudes of these
doses and in their rate of decline.

156. Data on the dose distribution ratios NR;s and
SR;s are less complete than data for other quantities
(c.g. no data for LWGRs, FBRs, HTGRs and
incomplete data for other reactor types). Values of
these ratios, averaged over all reported data, are given
in Table 12. Until more complete data are obtained,
these averages can only be said to be indicative of
worldwide values. Averaging over all rcported data,
the fraction of monitored workers receiving annual
effective doses in cxcess of 15 mSv was about 0.09 in
1975 decreasing to about 0.03 by 1989; over the same
period the fraction of the collective dose, arising from
annual doses in cxcess of the same level, decreased
from about 0.6 to about 0.3.

E. FUEL REPROCESSING
1. Average annual doses

157. Spent irradiated fuel from nuclear reactors used
to generate clectrical energy was reprocessed on a
commercial scale, for much of the 1970s and all of the
1980s, in only two countrics, France and the United
Kingdom. The facilitics in those two countries have,
however, also been used to reprocess irradiated fuel
from other countries. In the United Kingdom only
uranium metal fuel from Magnox reactors has to date
been reprocessed on a commercial scale; a new plant
for the reprocessing of oxide fuel is, however, sche-
duled to begin operation in the early 1990s. In France,
before 1976, only metallic fuel was reprocessed on 3
commercial scale; oxide fuel reprocessing began in
1976 and is now by far the largest constituent of fuel
reprocessed.

158. In previous UNSCEAR Reports occupational
exposures at the commercial reprocessing facilities in



404 UNSCEAR 1993 REPORT

France and the United Kingdom were discusscd. In
addition, data were presented for a number of small-
scale and/or protolype reprocessing plants. In this
Annex consideration is largely directed towards the
commercial-scale facilitics, because it is thesc which
determine the overall levels of both past and current
cxposures from this stage of the fuel cycle; data on
prototype facilities arc, however, provided for
complecteness.

159. External irradiation is the main contributor to
occupational cxposure in fuel reprocessing, although
internal exposure may be significant in some
opcrations, in particular those that involve actinides.
Where internal exposures may be significant, personal
monitoring is carried out, using mcthods appropriate
1o the circumstances of the cxposure; these may
include the wearing of personal air samplers,
biological monitoring and whole body or lung
counting. The contributions from internal exposure
have in general, however, only recently been included
in reported data on occupational exposure.

160. In previous UNSCEAR Reports a single estimate
was reported for the normalized collective effective
dose for reprocessing. The estimate was derived from
the normalized collective doscs estimated for cach
reprocessing facility and the respective amounts of
fuel (in terms of encrgy equivalence) processed by
them. In this Anncx separate estimates are made of the
normalized collective dose for the reprocessing of
uranium mectal and oxide fucls. There are several
reasons for this. First, the fuels themselves have very
different characteristics, as do the plants in which they
arc processed. Secondly, the normalized collective
doses (normalized in terms of energy generation) for
reprocessing the two types of fuel have differed by
more than an order of magnitude in recent years. Any
average valuc of nommalized collective dose is,
therefore, very sensitive to the respective amounts of
fuel reprocessed and would probably not be valid for
other periods or for projecting doses in the future.
Thirdly, separate values are necessary in this analysis
1o provide normalized collective doses for each of the
fuel cycles using different rcactor, and conscquently
fuel, types.

161. Data on occupational exposures in reprocessing
plants are summarized in Table 13, and some of the
main features arc illustrated in Figure XI. Few of the
reported data contain estimates of the amount of fuel
reprocessed or the cnergy generated from the fuel
during its irradiation. In making cstimates of world-
wide levels of cxposure from reprocessing and of
average normalized collective doses, consideration has
been limited to the commercial reprocessing of fuel at
Cap de La Hague in France and Secllaficld in the
United Kingdom. Both metal and oxide fucls have
been reprocessed at Cap de La Hague as well as small

amounts of mixed oxide fucls; the relative amounts of
cach reprocessed in the three five-year periods are
indicated in a footnote to Table 13. The doses reported
for the reprocessing of Magnox fuels at Scllafield arc
probably overestimates. These doses are, with the
exception of reactor operations, for the Sellaficld site
as a whole and will, therefore, include exposures from
operations unconnected with Magnox reprocessing.

162. Worldwide levels of cxposure from reprocessing
metal fuels have been estimated by adding the data for
the United Kingdom to that fraction of the total expo-
sures occurring at Cap dc La Hague attributable to the
reprocessing of metal fuels. The normalized collective
dosc for cach fuel type reprocessed at Cap de La
Hague was estimated from the reported total collective
dosc arising in cach five-ycar period and the amounts
of each type of fuel reprocessed (the contribution of
the small amount of mixed oxide fuel that was repro-
cessed was neglected). The normalized collective dose
for metal fuel was estimated to be about 18 man Sv
(kt)"! [6.7 man Sv (GW a)'l] and for oxide fuel about
14 man Sv (kt) [0.7 man Sv (GW a)™!]. The collect-
ive dose attributed to each type of fuel reprocessing in
each five-year period was then derived as the product
of the respective normalized collective dose and the
amount of fuel processed. The numbers of workers
attributed to the reprocessing of each fuel type were
estimated from the collective doses, assuming that the
average individual dosc in each group was equal to
that for the workforce as a whole.

163. The annual amount of metal fuel reprocessed
worldwide, averaged over five-year periods, remained
relatively uniform within a range of about 1,000-
1,200t (3-3.6 GW a). The number of monitored
workers was typically 7,000-8,000. The average annual
collective cffective dosc has decreased from about
50 man Sv in the first period to about 30 man Sv in
the third. The normalized collective dose has declined
similarly from about 50 to about 33 man Sv (kt)’!
[17-11 man Sv (GW a)'I], with a comparable decrease
in the average annual cffective dose to monitored
workers from about 7 to about 4 mSv. The average
fraction of monitored workers receiving annual doscs
in excess of 15 mSv decreased from about 0.16 to
about 0.009 over the period analysed. These data are
illustrated in Figure XI.

164. Over the period as a whole, about 80% of
worldwide metal fuel reprocessing took place at
Sellaficld, with about 90% of the total collective dose
arising there. The normalized collective doses for
reprocessing metal fuel at Sellafield are typically
greater than those at Cap de La Hague by a factor of
about 2, apart from in the first five-year period, when
the difference was greater. The respective average
annual individual doscs differ by a similar amount. A
large fraction of the exposures at Scllaficld has histori-
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cally arisen during the decanning of fuel and in other
operations conducted near the [uel storage ponds. This
situation arosc following significant contamination of
the pond watcr from fuel corrosion in the carly 1970s
and is probably the main source of differences in
exposures at Scllaficld and at Cap de La Hague.
Scveral factors have contributed to the reduction in
exposurcs at Scllaficld since the carly 1970s, in parti-
cular the allocation of greater resources to ensure that
doses were kept as low as rcasonably achievable,
mecasures taken to reduce the levels of contamination
in pond cooling water and, more recently, the com-
missioning of a new facility for the receipt, storage
and decanning of Magnox fuel.

165. The annual amount of oxide fuel reprocessed in
France (and cssentially worldwide), averaged over
five-year periods, has increased from about 30 t in the
first period to about 400 t in the last (about 0.5 to
about 9 GW a). The number of monitored workers has
increased over the same period from about 100 to
about 4,000. The average annual collective effective
dose has increascd from about 0.4 man Sv in the first
period to about 6 man Sv in the third. The normalized
collective dose remained fairly uniform at about 14
man Sv (kl)'l [about 0.7 man Sv (GW a)'l]. Another
further reprocessing plant (UP3) was brought into
operation at Cap de La Hague in 1990, and following
this there was a significant decrease in the normalized
collective effective dose, to about 5 man Sv kt'! [0.19
man Sv (GW a)'l]; on this evidence, somewhat lower
normalized doses than reported in Table 13 can be
cxpected in the future. The average fraction of moni-
tored workers recciving annual doses in cxcess of
15 mSv decreased from about 0.06 to about 0.008
over the period analysed; the corresponding decrease
in the fraction of the collective dose arising from
individual doses in excess of that level was from about
0.3 to about 0.1.

166. With two cxceptions, the doses reported in
Table 13 include only exposures from external irradia-
tion. Internal exposures are included in all of the data
for Japan and for the United Kingdom from 1986
onwards. The reported doscs in all other cases may,
therefore, be undercstimates, and caution should be
exercised when comparing data that have been com-
piled in different ways. The contribution of internal
exposure in the United Kingdom is estimated to be
less than 10%.

2. Doses for specific tasks
and occupational subgroups

167. The distribution of doses within the workforce
involved in the reprocessing of nuclear fuel is, as in
other occupations, not uniform, and doses somewhat
higher than the average for the workforce as a whole

will be received by groups of workers undertaking
certain tasks. Statistics have been compiled for several
groups of workers employed in the reprocessing of
spent nuclear fuel and associated activitics at the
Sellaficld reprocessing plant in the United Kingdom
[S5]. The doses to these workers are illustrated in
Figures XII and XIII. Annual doscs from external
irradiation are given in these Figures for the following
six groups of workers for the period 1968-1988:

(a) fucl storage and decanning: process workers
engaged in the storage under water of spent
Magnox fuel and the subsequent removal of the
magnesium alloy cladding before chemical
dissolution of the fuel clement;

(b) chemical separation: process workers engaged in
the chemical dissolution of spent fucl to separate
reusable uranium and plutonium from the fission
product waste;

(c) maintenance: skilled and semi-skilled tradesmen
engaged in the routine and breakdown mainten-
ance of mechanical plant items;

(d) maintenance of new plant:  skilled and
semi-skilled tradesmen  engaged in  the
installation of new iechanical plant items
associated with operating facilitics;

(¢) plutonium finishing: process workers engaged in
the conversion of the separated plutonium in the
nitrate form into the final mctal or dioxide
product;

(f) waste processing: process workers engaged in
the evaporation (i.c. concentration) and storage
of the fission product wastc stream scparated
from the actinides by the chemical reprocessing.

168. A generally downward trend in the average
annual effective doscs for each of the six groups has
been maintained since the early 1970s, and substantial
reductions have been achieved. The doses declined
from several tens of millisicvert in the early 1970s 1o
levels in the range 4-10 mSv (Figure XII). For
comparison, the annual effective dose, averaged over
the whole workforce employed in reprocessing
operations, fell from about 10 to about 3 mSv from
1975 to 1988. Several factors contributed to these
reductions: the introduction of annual as opposed to
age-related dose limits was influential, but the most
important factor was the increased cmphasis given,
from the late 1970s onwards, by the regulatory
authorities and the operator on keeping doses as low
as rcasonably achicvable. ALARA became a central
consideration in day-to-day plant operations and in the
design of new facilities and the modification of the old
plant. The introduction of a design standard for new
facilities contributed further to the downward trends in
dose, in particular through the 1980s, when a large
number of new facilities were commissioned; this
standard sought to ensure an average annual dose to
the workforce of less than 5 mSv.
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169. The reductions in collective effective dose
(Figure XIII) are, in general, less pronounced. The
trends in the collective dose are, however, generally
downwards. Substantial reductions in the collective
dose have been achieved in the two subgroups of
repracessing workers contributing most to cxposures
during reprocessing opcrations: workers associated
with fuel storage and decanning and those associated
with maintenance. In the former case the decrease
reversed an increasing trend throughout the 1970s,
which had resulted from the corrosion of fuel cladding
and the contamination of storage ponds. Improvements
in the condition of the storage pond and, more
significantly, the commissioning of new fucl storage
and decanning facilitics were responsible for the
reversal and for the sharp decline in the exposure of
this occupational group. With one exccption, the
collective doscs in the other subgroups cxhibited a
small decrcase. The exception is the collective dosc
arising from the installation of ncw plant items; the
increase here was associated with the almost twofold
increase in the number of workers in this occupational
category and doubtless also reflected an increased
level of plant modifications and improvements.

F. RESEARCH AND DEVELOPMENT

170. In the UNSCEAR 1977 Report [U4], Annex E,
it was estimated that the largest single contribution to
the collective dose per unit energy generated came
from research and development. A value of 14 man Sv
(GW a)'1 was estimated. This was subsequently judged
to have been an overestimate, and in the UNSCEAR
1982 Report [U3], a value of 5 man Sv (GW a)! was
suggested as a more rcasonable global average.

171. Tt is difficult to estimate the levels of
occupational cxposure that can unequivocally bc
attributed to research and development in the
commercial nuclear fuel cycle. Few data are reported
separately under this category, and even when they
are, uncertainties remain over their proper interpreta-
tion. The main difficulties of intcrpretation are as
follows:

(a) data are often compiled for rescarch
establishments whose main, but not sole,
function is to undertake rescarch and
development associated with the commercial
nuclear fuel cycle. The fraction devoled to this
function is rarely given;

(b) some of the occupational exposures attributed in
the preceding Sections to particular parts of the
fuel cycle contain a contribution from research
and development, but the magnitude of this
fraction is difficult to estimate;

(c) normalization of collective doses from research
have been made in terms of the nuclear energy

gencerated in the year in which the research was
performed. While this convention has the benefit
of simplicity, practicabilily and convenience, the
validity of cquating the current levels of
coliective dose and cnergy gencration is open to
criticism. The benefits of research inherently
accruc over a period quite different from that in
which the research was performed. Actually, the
normalization should take account of the total
cnergy generated in the period in which the
benefits are deemed to accrue. In a rapidly
developing industry, it is cvident that normal-
ization based on current energy generation is
likcly to lcad to a large overestimate in the early
years, followed by an underestimate later as the
industry matures and the amount of rescarch
declines. Such considerations were at least
partially responsible for the large downward
revision in the normalized collective dose
referred to in the preceding paragraph.

172. Occupational cxposures arising in nuclear
rescarch, avcraged over five-year periods, are
summarized in Table 14. There is considerable
variation in the levels of collective dosc associated
with research activities in each country, reflecting,
among other matters, the rclative role of nuclear
energy in the national energy supply and the extent to
which nuclear technology was developed domestically
or imported from elsewhere. The reported annual
collective effective doses range from a very small
fraction of a man sievert (e.g. in Finland) to about
40 man Sv in the United Kingdom. Country-to-country
differences are to be expected in the occupational
exposures associated with this category; however,
these differences may have been exaggerated
significantly by different reporting approaches. The
collective doses attributed to research in the United
States and the United Kingdom are by far the largest
of those reported (typically, annuai doses range
between 20 and 30 man Sv in the United States and
20 and 40 man Sv in the United Kingdom). The only
other countrics reporting annual doses of a
few man sievert or greater are Canada, France,
Germany and Japan, each of which has a significant
nuclecar research and development programme.

173. The data given for the United States need 1o be
qualified because of the way in which they have been
estimated. They have been extracted from data
reported for all employees and contract workers of the
Department of Encrgy [M3]; however, only a fraction
of these exposures is associated with research related
1o the commercial nuclear fuel cycle (much is defence-
rclated). In the absence of definitive data on the
magnitude of this fraction, it bas been approximatcly
estimated from the total data of the Department of
Energy by cxcluding those categories that are clearly
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unrelated to commercial fuel cycle research. The data
comprise the sum of exposures reported to arise in
fusion, waste management and processing, plus one
half of the exposures arising in the following
calcgories: reactors, gencral research, offices,
mainlenance and support and other. The somewhat
arbitrary inclusion of one half of the exposures
attributed to these latter categories (which could not be
excluded unequivocally), was intended to minimize the
likelihood of underestimating the collective dose that
should properly be attributed to commercial nuclear
fuel cycle research. The doses given in Table 14 for
the United States comprise about one third of the total
doses reported by the Department of Energy but arc
still considered to be overestimates. In previous
UNSCEAR evaluations, the total exposures reported
by the Department of Enecrgy were attributed to
research associated with the nuclear fuel cycle; as a
consequence, earlier worldwide predictions of
cxposures from this source may have been
significantly overestimated.

174. Worldwide levels of occupational exposure
associated with rescarch are also given in Table 14.
They were estimated from the reported data with
extrapolation based on gross national product., This
method was adopted in preference to the extrapolation
used for other parts of the nuclear fuel cycle, which
were based on fuel fabricated, energy generated etc,;
the difficuities, identificd previously, of using energy
generation as the basis for normalizing research were
responsible for the change to gross national product.
The regional groupings of countries were as specified
in Section I.C, except that the former USSR was
treated separately from the rest of Eastern Europe and,
for the purposes of the extirapolation, grouped with
those other regions for which no data had been
reported or no data were available. The net effect of
this change is that the doses for the former USSR
were cxtrapolated on the basis of the normalized
collective dose averaged over all reporting countries
rather than over just those countries rcporting data in
Eastern Europe. The former was judged to be a more
appropriate basis of extrapolation for a country with a
large nuclear industry and research and development
programme. The sum of gross national products for
those countries reporting data was about 60% of the
worldwide total. On average, therefore, the reported
data have been scaled upwards by a factor of about 2;
there is, however, considerable variation about this
average for particular regions.

175. The annual number of monitored workers in
research worldwide, averaged over five-ycar periods,
remained fairly uniform, about 130,000. The average
annual worldwide collective effective dose has
decreased from 170 to 100 man Sv between the first
and third five-year periods. The annual effective dose

to monitored workers worldwide, averaged over
five-year periods, fell from 1.4 mSv in the first period
to about 0.8 mSv in the third. For thosc countries
reporting data on this quantity, the fraction of the
monitored workforce receiving annual doses in excess
of 15 mSv decreased, falling from about 0.04 to about
0.01 over the period; the corresponding decrease in the
fraction of the collective cffective dose arising from
annual doses in excess of that level was from about
0.4 to 0.3. These fractions were estimated from a set
of data that was smaller than the set used to estimate
doses, as not all countries reported data on these
quantities; moreover, in some countries data on only
one of the fractions were reported. Fewer data arc
available on the average doses to measurably exposed
workers than on those to monitored workers;
consequently no attempt has been made to estimate a
worldwide average dose for this quantity. Those data
that are available exhibit wide variations, with the
average dose to measurably exposed workers varying
from marginally in excess of that for the monitored
workforce to many times greater.

176. It is of interest to- compare the normalized
collective doses (normalized in terms of gross national
product, the unit for which is 10> US dollars) for the
different geographic or economic regions. For 1985-
1989, the normalized collective dose averaged over all
countries reporting data was about 5.8 man Sv per
GNP unit (1989 prices). In comparison, the value for
the OECD was about 5.7 man Sv per GNP unit; the
values for Latin America, Eastern Europe (excluding
the former USSR) and cast and south-east Asia (non-
centrally planned economies) were all within the range
0.8-1.4 man Sv per GNP unit. The value for India was
considerably higher, about 20 man Sv per GNP unit.
Considerable variation is, however, evident between
countries within these broader regional groupings. For
example, within the OECD, values were in the range
0.8-40 man Sv per GNP unit, the larger values being
associated with those countries having large nuclear
development programmes. The largest of these values
was for the United Kingdom, where about half the
total collective dose attributed to research arose from
the operation and maintenance of a prototype steam-
generating heavy water reactor (SGHWR); much of
the remainder arose during the operation of reactors
for material testing and radioisotope production and
the operation of a prototype fast reactor and associated
reprocessing and waste management facilities. Whether
these exposures should be attributed to research is
debatable, in particular those arising from operation of
the SGHWR, where one of the considerations
influencing its continued operation was the
commercial revenue obtained from sales of electrical
energy. This is another example of the difficulties
encountered in uying to ensure comparability in the
data reported for different countries.
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177. Estimales have been made of the worldwide
normalized collective dose expressed in terms of the
nuclear energy generated during the same period as
the research was undertaken. The deficicncies of this
quantity were noted in paragraph 171, and it has been
cstimated mainly to providc a basis for comparison
with estimates made on this basis in previous
UNSCEAR Rcports. The present analysis indicates
that the global average of 5 man Sv (GW a)'l [U3],
which was a major downward revision of the previous
estimate, may still bc a significant overestimate. It
yields global average normalized collective doses of
about 3, 1.5 and 0.6 man Sv (GW a)‘l for the three
five-year periods; even these values are considered to
be overestimates. The sixfold decline in the
normalized collective dose over the period analysed is
largely an artefact of the normalization procedure, i.c.
most of the reduction is a consequence of an increase
in the rate of energy generation rather than of a
decrease in the exposures associated with rescarch.

178. An altemative, but perhaps more meaningful
estimate of the normalized collective dose from
rescarch, albeit subject to several important simpli-
fying assumptions, may be made by associating the
total collective dose from research carried out in 1955-
1989 with the energy generated during the same
period plus that likely to be generated, largely with
existing reactors, over the next 30 years, i.e. from
1990 to 2019. The total collective dose can be estima-
ted from the worldwide data in Table 14, assuming
that the worldwide average annual collective dose in
five-year periods before 1975-1979 increased by
35 man Sv per period (i.e. the approximate increase
per period between 1975-1979 and 1985-1989). The
total energy generated may be estimated as the sum of
the total nuclear energy generated up to 1989 plus that
assumed to be generated over the next 30 years; the
latter estimate assumed that the average rate of energy
generation over this time would remain the same as
that in 1985-1989. On this basis the normalized collec-
tive effective dose from rescarch is estimated, in round
terms, to be about 1 man Sv (GW a)'1 and is
considered to be applicable to research carried out in
support of the commercial nuclear fuel cycle up to
1989. This value is judged to be a conservative esti-
mate for a number of reasons, not least the probable
overestimation of doses that should be associated with
research in the period 1975-1989, the probable over-
estimation of doses attributable to research prior to
1975 and the probable underestimate of the energy
generation that should be associated with the research
aiready conducted. For the purpose of assessing over-
all values of normalized collective doses for the whole
fuel cycle, this value of 1 man Sv(GW a)’1 is
assumed to be gencrally applicable for research,
irrespective of when it was undertaken in the past, and
1o be independent of the fuel cycle considered.

G. CUMULATIVE DOSES

179. The estimation of cumulative occupational doses
and their distributions in different workforces is a
topic of some importance to those concerned with
radiological protection. The cumulative dose reccived
by a worker and its rate of accumulation provide a
measure of the additional risk that may result from
occupational radiation cxposurcs. The absolute value
of this risk and its distribution with time can be
comparcd with risks in other occupations as an input
to establishing occupational dosc limits. There are,
however, few published data on cumulative or lifetime
doses, and it is therefore possible to provide only very
indicative estimates of cumulative or lifetime doses for
a limited number of occupations in particular
countrics. The increasing use of computerized
databascs for recording occupational exposures should
result in more and better statistics on cumulative dose.

180. The most extensive analysis of cumulative or
lifetime doses so far undertaken by the Committee was
that for the UNSCEAR 1977 Report [U4]. Those dose
estimates need to be revised to take account of
subsequent developments in radiological protection
standards and practice and of the simplifications that
were used in the analysis. The more significant
estimates of cumulative doses for nuclear fuel cycle
facilitics are summarized in this Section. Inevitably,
differcnces exist in how the data on cumulative doses
have been compiled and reported, and thesc limit the
extent to which they can be directly compared.

181. Summary of cumulative doses reported in
previous UNSCEAR Reports. Estimates of mcan life-
time doses bave been made in the United States for
various groups of workers (employees of licensees of
the Nuclear Regulatory Commission, the Department
of Energy and the Navy) [E1]. Since these initial
estimates were based on historical data on cumulative
doses to workers whose employment had been termi-
nated, no assumptions had to be made about the length
of their working lifetimes. For most groups of workers
analyscd, the mean cumulative effective dose was
estimated to be about 10 mSv. The estimates were not
very scnsitive to the year in which employment was
terminated and showed only a small increase in the
mean cumulative dose with increasing mean duration
of employment (for mean periods in the range 1-10
years). The mean cumulative doscs derived from such
data may, however, be underestimates, because the
data contain records for both permanently and
temporarily terminated workers, and probably not all
doscs from previous periods of employment or with
different employcrs will have been included. Estimates
were also made of the maximum cumulative doses
among the groups of workers analysed. Based on an
analysis of trends in the data for workers in the




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 409

nuclear fucl cycle and for industrial radiographers, a
maximum cumulative cffective dosc was estimated in
both cases to be about 1.1 Sv; this was in accord with
the maximum dosc actually recorded in the data.

182. Sont ct al. [S3] madc estimates of lifctime doses
for radiation workers in Canada based on data (up to
1983) contained in the National Dose Registry. The
lifetime doscs were estimated by lincar extrapolation
of cach individual dosc record for an assumed working
lifetime of 40 years (i.c. the simplifying assumption
adopted in the UNSCEAR 1977 Report). Lifctime
doscs predicted to be less than 10 mSv (equivalent, on
average, to annual doscs of 0.25 mSv) were excluded
from the analysis. Estimates were made for each
occupational category included in the registry.

183. Sclected characteristics of the distributions of
lifetime doses predicted for workers in the nuclear fuel
cycle and industrial radiographers arc given in
Table 15. The mean lifetime effective dosc for
workers in the nuclear fuel cycle was predicted to be
about 240 mSv, with the median being lower by a
factor of about 2. Mean doses greater by a factor of 2
were predicted for particular occupations in the
nuclear fuel cycle, i.c. chemical and radiation control,
reactor opcrations and mechanical maintenance. The
estimates nced, however, to be qualified in the
following respecls:

(a) the assumption of 40 ycars for the period of
exposure of all workers is very unlikely;

(b) becausc of the lincar extrapolation of doscs, no
account is taken of how the dosc profile may
vary with the duration and starting date of
cmployment;

(c) no account is taken of possible changes in dosc
limits or regulatory requirements over the period.

184. Workers at uranium mines in the United States.
The distribution of cumulative doses received by
uranium miners in the United States has been evalua-
ted for the period 1967-1985 [B12). The doses
included only exposure by the inhalation of radon
decay products and were derived assuming a conver-
sion of 10 mSv WLM'I; the values have been modi-
fied here using a conversion factor of 5.6 mSv
wWLML, During this period, 50% of the miners had
cumulative doscs greater than 8.4 mSv. The percent-
age decreased steadily with dose, to 25% of the
workforce greater than 28 mSv, 10% greater than
73 mSv, 1% greater than 240 mSv, and 0.1% greater
than 380 mSv.

185. Workers at reactors in the United States. In its
recent annual compilations of occupational exposures
at commercial reactors and other facilities [R2], the
Nuclear Regulatory Commission has explicitly

addressed carecr or cumulative doscs among reactor
workers, The analysis was based on termination dose
records, i.c. records of the cumulative dose at the time
an individual terminated work at a reactor facility
licensed by the Nuclear Regulatory Commission, It
was limited to individuals who terminated their carcers
between 1977 and 1989 and to those working at
rcactors at the time of termination. The individual
carcer or cumulative dose was estimated as the sum of
all cxposures received while working at reactors
licensed by the Nuclear Regulatory Commission (but
excluding doses that may have been received
elsewhere). Data compiled in this way have a number
of limitations that nced to be recognized in order to be
interpreted correctly. Two in particular are worthy of
note: first, the data only include cxposures that
occurred at licensed rcactors; and, sccondly and
perhaps morc importanly, a large number of
individuals may not have completed their carcers on
termination and may reccive additional exposures
during future work involving radiation. Since the mean
age at which employment terminated was 36-38 years,
there is considerable potential for further exposure at
some future time. This consideration is, however,
likely to be important only for employment that was
terminated in more recent years, The likelihood of a
return to radiation work would be expected to decrease
with time since the employment terminated.

186. Data have been analysed for over half a million
monitored workers, of whom about 300,000 had
received a measurable dosc (laken as any recorded
dose during the period cqual to or greater than
0.01 mSv), and statistics compiled on the variation of
career or cumulative dose with length of employment,
age and sex. Selected data from thesc statistics are
summarized in Table 16 for those terminating
employment between 1977 and 1989. For employment
periods in the range of a few years to about 20 years,
the average carcer dose increased fairly linearly with
the duration of employment, with an average annual
increment of about 3.5 mSv. For employment periods
in the range of 20 to 25 years, the average annual
increment was greater and typically about 5 to 6 mSv.
This greater rate of dose accumulation, however, did
not persist for even longer periods of employment. For
cmployment periods greater than 25 years (average
duration of about 40 years) the average carcer dose
was about 70 mSv, that is an average annual
increment of about 1.8 mSv. For carcer lengths in the
range 20-25 ycars, about 3% of workers received
carcer doses in excess of 500 mSv, with about 20% in
excess of 200 mSv and about 40% in cxcess of
100 mSv. For those with carcer lengths of 10-15
years, the corresponding percentages were much
reduced: about 0.1%, 3.6% and 14%, respectively. The
corresponding percentages for other career durations
can be found in Table 16.
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187. Thc average carcer length for those terminating
employment in 1977 was about 1 ycar, increasing to
about 5 ycars in 1989. A less than proportional
increasc occurred in the average carcer dose over the
same period; the incrcasc was from about 10 mSv in
1977 to about 17 mSv in 1988 with cvidence of a
more substantial increasc to about 26 mSv for those
terminating employment in 1989. Data for subsequent
years will be of interest to determine whether the latter
is a stalistical fluctuation or a reflection of an
underlying trend. Thc average agc at which
employment was terminated changed slightly over this
period, from 36 to 38 ycars.

188. Beforc the above-mentioned statistics were
available from the Nuclcar Regulatory Commission,
Goldsmith ct al. [G1] reported results from a more
limited analysis of the cumulative doses for about
9,000 workers who at one time or another were
employcd at the Calvert Cliffs nuclear power plant in
the United States. Two PWRs with a generating
capacity of 825 MW cach at Calvert Cliffs began
operating commercially in 1975 and 1977,
respectively. Workers were followed from their time
of employment at the plant (including the period of
construction) to the end of 1986. The mean follow-up
period was 5.4 years, the mean duration of
employment at the plant was 1.9 years and overall in
the nuclear industry, 3.1 years.

189. For mcasurably exposed workers (about 80% of
those monitored) the average career dose was 21 mSv;
the average cumulative dose to contract workers, who
comprised about onc half of those measurably
exposed, was 31 mSv and that to utility workers,
13 mSv. The cumulative collective effective dose to
those workers was about 150 man Sv, of which only
about one third (about 54 man Sv [B2]) was actually
received at the Calvert Cliffs plant; the remainder was
received at other licensed facilities. This mean
cumulative effective dose of 21 mSv is somewhat
greater than the overall average of about 14 mSv
reported by the Nuclear Regulatory Commission for
all reactor workers who tcrminated employment
between 1977 and 1989. The cumulative dose for
workers at the Calvert Cliffs nuclear power plant
would be expected to continue to increase for those
who had not yet terminated cmployment.

190. The data on cumulative doses were analysed in
terms of the duration of employment at Calvert Cliffs,
the duration of employment within the nuclear
industry, the age at which employment began in the
industry, the number of utilities at which an employce
has worked, job category etc. [Gl]. Selected
characteristics of the distributions of cumulative dose
for various employment durations are summarized in
Table 17. The mean and median cumulative doses
increase with increasing duration of employment in a

broadly linear fashion. For contract workers, the
average annual increment in dose was about 7 mSv
and that for utility employees, about 3.5 mSv. The rate
of accumulation of dosc by utility workers was similar
to that reported by the Nuclear Regulatory
Commission for workers with career durations from S
1o 20 ycars; the rate of dose accumulation by contract
workers was two times higher.

191. About 18% of contract workers and 6% of utility
workers had reccived cumulative effective doses in
excess of 50 mSv; the corresponding percentages for
cumulative doses in excess of 100 mSv were 8.3%
and 1.6%. The maximum cumulative dose reported
was 470 mSv. The percentages of workers exceeding
particular levels of cumulative dose after specified
lengths of employment do not support any simple
basis for extrapolation, but they nevertheless provide
at least a rough indication of the levels of cumulative
dosc that may be cxperienced in the future, (or were
already experienced in the past), by workers who were
employed for longer periods in the industry.

192. The data also show a relationship between the
cumulative dose and the number of utilities for which
an cmployee has worked; this, perhaps, is not so
surprising, since to at least some extent there must be
a corrclation between duration of employment and the
number of utilitics at which an employee has worked.
The mean cumulative dose increases from about
8 mSv for contract workers who have been employed
by only one utility to >100 mSv for those employed
by 15 or more utilitics. Cumulative doses were also
estimated for selected job categories, and average
values are summarized in Table 18. The higher doses
received by contract workers compared with utility
workers are apparent. By far the highest mean
cumulative doses (in excess of twice the mean
cumulative dose for the workforce as a whole) are
received by workers in health physics.

193. In general, the cumulative doses and other
related statistics reported for workers who, at one time
or another, had been employed at the Calvert Cliffs
reactor exceed those reported by the Nuclear
Regulatory Commission for workers whose
employment at rcactors terminated in 1977-1989.
These differences call into question the
representativeness of career doses derived from
termination records; one interpretation of the
differences observed could be that career doses for
workers  terminating employment may be
underestimates of those for workers having the same
carcer duration but remaining in employment. Data in
future years will belp to elucidate this issue. The
Calvert Cliffs data also highlight the significant
differences in cumulative doses between utility and
contract workers and between occupational calegories.
Further data on such differences would be useful.
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194. Workers at a Department of Energy facility in
the United States. An analysis is being undertaken of
lifetime doscs reccived at a large facility operated by
the Department of Encrgy; rescarch and development
in support of both the commercial and defence nuclear
fuel cycies arc undertaken at such facilities. The
analysis is still under way, but preliminary results have
been presented in [M3]. The study includes more than
300,000 dose historics from more than 30,000
individuals who were cmployed at the particular
facility at some time from 1944 to 1984, Only doses
received at that facility are included in the analysis
(i.e. doses received before or after to employment at
the facility are not included). Data were collected on
external and internal exposure, but the preliminary
results are concerned solely with cxternal exposure.
These data show, for cxample, that no worker
employed 20 years at the facility accumulated a dose
greater than 500 mSv, and 10% of them accumulated
a dose cqual to or greater than 150 mSv. These data,
while preliminary, show the magnitude of cumulative
exposures over a 40-year period. When the analysis is
complete, in particular when both internal and external
cxposures are included, it should provide further
insight into the rate of accumulation of dose during
working lifetimes.

195. Workers at the Sellafield reprocessing plant in
the United Kingdom. An analysis [B9] has been
made of the cumulative external radiation exposure, up
to 1988, of male workers employed at the BNFL site
at Scllaficld, where various nuclear activities are
undertaken in addition to the main one of fuel
reprocessing. The trends in the cumulative dose as a
function of follow-up time and as a function of the
year in which the monitoring of a worker first took
place arc illustrated in Figure XIV; a subset of the
data is given in Table 19. The data clearly indicate
that the average cumulative dose in a group of
workers followed for a given period decreases from
earlier years to more recent years in which the group
was first monitored; the effect becomes more
pronounced for longer follow-up periods. For a
20-ycar follow-up period, the average cumulative dose
for those who were first monitored in 1950 is about
400 mSv; this is greater by a factor of almost 2 than
the average cumulative dose received by those first
monitored in the mid- to late 1960s. For a 38-year
follow-up period (the maximum), the average
cumulative dosc for those first monitored in 1950 is
about 750 mSv; the cumulative doscs for the same
follow-up period for those first monitored in 1960 can,
at this stage, only be speculative, but by extrapolating
existing data and taking into account the effcct of a
reduction in dose limits, the average cumulative dose
for this group of workers appears unlikely to exceed
350 mSv, The decreasing rate of increase in the
average cumulative dose with length of follow-up

period (for a given year of first monitoring) illustrates
the considerable potential  for overestimating
cumulative doses, if derived on the basis of linecar
cxtrapolation of past cxpericence.

196. Further uscful insights could be obtained from
these data if they could be reported in various
disaggregated forms, for cxample, the distribution of
cumulative doses (in addition to the mean) for
particular choices of the ycar of first monitoring and
follow-up period, age at first monitoring and main
type of work undcrtaken ete.

197. Workers at nuclear establishments in the United
Kingdom. As part of an analysis of the National
Registry for Radiation Workers in the United
Kingdom [KS], data were reported on the cumulative
doses from external irradiation of workers. These
external doses are summarized in Table 20 in three
different formats: for cach of the major employers of
radiation workers included in the study, for year of
birth of the workers and for the year in which
radiation work began. Since the data include
cumulative doses for both current and past employees
in each of the organizations up to about 1988, they
comprise individual doses accumulated over a wide
range of different working periods and at different
times.

198. While the data are of general interest, they arc
particular to the composition of the past and current
workforce and their employment characteristics; they
cannot (at least in the form in which they have been
reported) be used to estimate cumulative doses for
different durations of employment for either the past
or current workforce. To cnable such estimates to be
made, the data would nced to be disaggregated, at
least into the form in which the data for workers at
BNFL Secllafield are presented in Table 19. Equally, it
would be inappropriate, indecd potentially misleading,
to attempt, in the absence of additional information, to
draw any firm conclusions about the levels of
cumulative dosc in different industries based on direct
comparisons between the data in Table 20. The
respective data may comprise workforces having very
different sizes, age structures and employment
durations, and these characteristics may, morcover,
have varied considerably over time. For example, a
major change in the size of a workforce in the recent
past could considerably distort the estimated
cumulative dose relative to that for an industry having
a relatively uniform or even declining workforce.

199. Notwithstanding these qualifications, the data
exhibit a number of interesting features. The average
cumulative dose at sites of BNFL was greater by a
factor of more than 2 than that at research
establishments of the Atomic Energy Authority and at
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rcactors operated by Nuclear Electric. This is to be
expected given the somewhat higher doses experienced
during reprocessing and at the older reactors operated
by BNFL. Smaller average cumulative doses occurred
at Ministry of Defence establishments, in particular at
the Atomic Weapons Establishment; this reflects the
much smaller levels of cxiernal dose experienced in
the processing of matcrials for nuclear weapons. The
cumulative doscs to those monitored by the Defence
Radiation Protection Scrvice (activities largely
connccted with the nuclear submarine programme) are
for both civilian and naval personnel; one contributory
factor to the lower levels in this group is the relatively
short periods, compared with a working lifetime, that
naval personnel spend in this role.

200. Cumulative dosc as a function of the year of
birth of the worker generally decreased, as would be
cxpected, with time; this trend reversed for the carliest
ycars analysed because these workers, on average, had
spent a smaller part of their working lives in radiation-
related work. Disaggregation of the data according to
duration of employment in radiation work would yield
statistics of somewhat greater interest and value. The
cumulative dose as a function of the year radiation
work started shows, apart from the carly years, an
expected decrease with time. Two factors contribute to
this decrcase: first, the greater period of time, on
average, spent on radiation-related work and, secondly,
the generally downward trend in annual doses. The
rate of decrease in the average cumulative dose
between the periods for which the data are reported is
not uniform, indicating that there are factors operating
that cannot be discerned from the data in its
aggregated form. Again, disaggregation of these data
in terms of year and age at which work with radiation
began, follow-up period, type of work undertaken etc.
is neceded for the full potential of these data to be
realized.

201. Summary. In the past few years significantly
more data bave been reported on cumulative doses
during working lifetimes. This was to bave been
expected from the increasing development and use of
computerized databases for occupational exposurcs.
While such data are sparse in comparison with data on
annual doses, the imbalance is likely to be reduced in
the future. To facilitate the comparison and/or
aggregation of cumulative doses for different
occupational categorics and countries, much more
aticntion should be given 1o the development and use
of common approaches for the compilation and
reporting of these data. If data could be presented in
sufficient detail to allow their analysis as a function of
the year and age of starting radiation-related work,
cmployment duration and type of work undertaken,
much greater uniformity in recported cumulative doses
and their comparison could be achicved.

H. SUMMARY

202. Worldwide occupational cxposures from cach
stage of the commercial nuclear fuel cycle arce
summarized in Table 21 and illustrated in Figure XV,
The data arc annual values averaged over five-year
periods, The number of workers in the commercial
nuclear fuel cycle rose from an average of about
560,000 in the first five-year period 1o about 880,000
in the third. About a quarter of a million of these
workers were involved in uranjum mining and about
130,000 in rcsearch and development; the remainder
were largely employed in reactor operations (about
150,000 on avcrage in the first five-year period
increasing to about 430,000 in the third period). The
annual collective effective dose, averaged over five-
year periods, incrcased from about 2,300 man Sv in
the first period to about 3,000 man Sv in the second
but decrcasing in the third period to about
2,500 man Sv. By far the largest contributors to the
total collective dose were uranium mining and reactor
operation (about 50% and 35%, respectively, averaged
over the period 1975-1989).

203. The average annual effective dose to monitored
workers in the whole fuel cycle decreased pro-
gressively, from an average of 4.1 mSv in the period
1975-1979 1o an average of 2.9 mSv in the period
1985-1989. There is, however, considerable variation
about thesc average values for different stages of the
fuel cycle (sce Figure XV). Downward trends in dose
with time are evident for all stages of the fuel cycle;
the magnitude of the decreasc varies, however, with
the stage of the fuel cycle, and there were also
considerable year to year variations that are not
apparent in the five-year avcrages. The dose
distribution ratios are illustrated in Figure XVI. The
fraction, averaged over five-year periods, of monitored
workers receiving annual doses in excess of 15 mSv
has decreased from about 0.20 1o about 0.10 between
the first and third periods; the corresponding decrease
in the fraction of the collective cffective dose has been
from about 0.63 to about 0.42. Workers in mining and
reactor operation are the main contributors to these
two fractions.

204. The normalized collective effective doses for
each stage of the fuel cycle are shown in Figure XVI.
The collective dose from mining, milling, fuel
fabrication and fuel reprocessing have been normalized
to the energy equivalent of uranium mined or milled
or the fuel fabricated or reprocessed in the respective
periods. The cstimate of 1 man Sv (GW a)'1 for
research associated with the fuel cycle has been
assumed in ecach period. The overall normalized
collective effective dose (i.e. averaging over all stages
in all fuel cycles, taking account of their relative
magnitudes) is estimated to be 18, 17 and 12 man Sv
(GW a)’! in 1975-1979, 1980-1984 and 1985-1989,
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respectively. These normalized doses exclude fuel
reprocessing, which would add about 0.7 man Sv
(GW a)! for oxide reprocessing, and 10-15 man Sv
(GW a)'1 for Magnox fucl reprocessing, with the
larger value appropriate for carlier times.

205. The componcnts of normalized collective
cffective doses for the scparate fuel cycles based on
the various reactor types arc summarized in Table 22;
the results are illustrated in Figure XVII. For case of
comparison and completencss, a contribution from
reprocessing is indicated in cach case, whether or not
reprocessing of that fuel type has occurred or indeed
is even foreseen. With the exception of the fuel cycles
based on GCRs, reactor operation makes the largest
contribution to the normalized collective cffective
dose, with the only other large contribution coming
from mining. For fuel cycles based on other than
GCRs, the nommalized collective dose varied within a
range of 17-27 man Sv (GW a)! in the first five-year
period and 10-14 man Sv (GW a)‘1 in the third period;
the decrease was mainly due to decreases in the doses
arising during reactor operation.

206. The normalized collective doses for the fuel
cycle based on AGRs remained relatively uniform
over the whole period, about 9 man Sv (GW a)'l. This
is significantly less than for fuel cycies of other
reactor types because of the lower collective doses for
the reactors. Uranium mining is the largest contributor
to the normalized collective dose for this fuel cycle
accounting for 60% or more. For the fuel cycle based
on the Magnox reactor, the normalized collective
effective dose declined from 36 man Sv (GW a)'l in

the first period to 27 man Sv (GW a)! in the third.
The reprocessing of Magnox fuel makes by far the
greatest contribution to the total normalized dose
(40%-50%). Reactor operation and mining arc the only
other significant contributors, with similar contri-
butions. Two factors have been largely responsible for
the greater normalized doses associated with the fuel
cycle bascd on Magnox reactors. First, because of its
much lower irradiation, the generation of unit electri-
cal energy with Magnox fucl requires larger amounts
of uranium to be mined, fuel to be fabricated and fuel
to be reprocessed than with fuel cycles based on other
reactor types; sccondly, the doses from Magnox repro-
cessing have been greater than anticipated because of
major contamination of pond cooling water from fuel
corrosion that occurred in the first half of the 1970s at
the Sellafield plant in the United Kingdom.

207. Insufficient data are available on cumulative or
lifctime doses to enable reliable estimates of
worldwide levels or of trends in their values; this
situation, however, is changing through the increasing
use of computerized databases for occupational
exposures and the compilation of data for
epidemiological studies on workers. Much improved
estimates of cumulative doses can, therefore, be
expected over the next few years. To facilitate the
comparison and/or aggregation of cumulative doses for
different occupational groups and/or countries, it
would be useful if data could be reported in a2 manner
which enabled them to be evaluated in terms of the
following quantities: the year and age of starting
radiation-related work, employment duration and type
of work undecrtaken.

III. DEFENCE ACTIVITIES

208. Radiation exposures to workers in defence
activities can be grouped into three broad categories:
those arising from the production and testing of
nuclear weapons and associated activities; those
arising from the use of nuclear encrgy as a source of
propulsion for naval vessels; and those arising from
the usc of jonizing radiation for the same wide range
of purposes for which it is used in civilian spheres
(c.g. rescarch, transport and non-destructive testing).
The levels of exposure in the first two of these
categories are assessed separately and then the overall
levels of exposure from defence activitics are assessed.
It must be recognized that there will be some lack of
rigour and/or uniformity in the attribution of exposures
1o particular defence activities and in the separation of
exposures between defence activities and the commer-

cial nuclear fuel cycle. This is inevitable, given
differences in how data have been categorized and
recported in different countries. In this Annex, for
example, all exposures occurring in the mining,
milling and enrichment of uranium bave been attri-
buted to the commercial nuclear fuel cycle; at least a
fraction of these exposures should, howecver, have
been attributed to defence activities. Similarly, some
of the exposures attributed to reprocessing and to
rescarch and development in the commercial nuclear
fuel cycle should also be attributed to defence activi-
ties. For these reasons, the doses reported in the
remainder of this section are likely to be underesti-
mates of those that should properly be associated with
defence activities. The data are not complete for
radiation-related defence activities in all countries.
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A. NUCLEAR WEAPONS

209. Nuclear wcapons have been developed, tested
and deployed in the military scrvices of five countrics:
China, France, the former USSR, the United Kingdom
and the United States. The main potential sources of
occupational cxposure in the development and
production of nuclear weapons are the two radioactive
fissile materials, plutonium and uranium, and tritium.
Exposures may arise by two main routes; the intake of
these materials into the body by inhalation or ingestion
(or absorption through the skin in the case of tritium)
and external irradiation from gamma rays and, to a
lesser extent, neutrons. Intake of these elements into
the body is minimized by avoiding direct contact and
providing containment for the materials during their
fabrication into weapons. Some small intakes will,
however, inevitably occur, and monitoring is generally
undertaken to determine their magnitude. The nature
and extent of monitoring depend on the potential for
exposure. Where material is being processed, the
monitoring may include the use of personal air
samplers, whole-body monitoring and bioassay; where
the potential for intake is much less, area monitoring
of airborne levels may suffice. Because of the steps
taken to provide confinement for these materials,
external irradiation tends to be the dominant source of
exposure for those involved in the production, testing
and subsequent bandling of nuclear weapons. As the
energy of the gamma-radiation typically emitted by the
more common isotopes of these elements is relatively
low, this is one arca where the direct recording of the
dosimeter measurement as the reccived whole-body or
cffective dosc, as is common practice, could lead to
significant overcstimates. Neutron as well as gamma
dosimeters may be used where cxposures from the
former may be significant.

1. Annual doses

210. Data on occupational exposures from the nuclear
weapons programmes in the United Kingdom and the
United States arc summarized in Table 23 and are
illustrated in Figure XVIIL. The reported doses are for
cxternal irradiation only and include exposures arising
in the development and production of weapons as well
as in their subsequent handling, although the latter
makes only a modest contribution to the overall levels
of exposure. The total number of monitored workers
(i.c. summed over both countries), averaged over
five-year periods, remained relatively uniform over the
period analysed, at about 21,000. The total annual
collective effective dose, averaged over five-year
periods, also varied little and was typically about
14 man Sv. This average value, however, disguises
somewhat greater year-to-year variations within the
range 10-20 man Sv, although there were no

significant trends in the values. About 80% of both the
total number of monitored workers and the collective
dose were in the United States.

211. The annual effective dose to monitored workers,
averaged over all workers and over five-year periods,
was about 0.7 mSv in all thrce periods. Average
individual doses in the United States were broadly
comparable with those for the total workforce:
somewhat higher average annual doses, about 1 mSy,
were experienced in the United Kingdom up to the
middle of the 1980s, but these later decreased by a
factor of more than 2. The annual doses to measurably
exposed workers (United States data only) were
typically greater than those to monitored workers by
a factor of about 2. All the individual and collective
doses rcferred to here need, however, to be qualified.
They are the doses recorded by the dosimeter. The
actual cffective doses would be smaller by a factor of
at least 2. This discrepancy is due to the relatively low
energy of the gamma-radiation emitted by weapons
materials. Data (available only for the United
Kingdom) on the fraction of workers receiving annual
doses in cxcess of 15 mSv indicate that, in general,
this fraction is zero or very small,

212. Fewer data are available on internal exposures.
In the United Kingdom, records of internal exposures
from the intake of actinides into the body (and, to a
lesser extent, tritium) have been kept since 1986.
Doses from intakes of actinides have been measured
using personal air samplers wormn by individual
workers, and those from intakes of tritium have been
measured by urine monitoring. Each year, about 1,000
workers were monitored for uranium and plutonium,
The avcerage committed cffective dose from intakes in
1986 was about 0.15 mSv from wuranium and
plutonium, and by 1989, these doses had decreased to
about 0.05 mSv. In cach year also about 500 workers
were monitored for tritium intake, and the average
annual dose declined from about 0.17 mSv to 0.1 mSv
between 1986 and 1989. The resuiting collective dose
from internal exposure is, therefore, small in
comparison with that from extcrnal irradiation. Indeed,
any underestimate as a result of its omission from the
doses reporied in Table 23 (at least for the United
Kingdom data) is negligible in comparison with the
overestimate of external dose as a result of including
the dosimeter measurement directly into dose records.

213. Comparable data are not available for other
countries that have developed nuclear weapons, More
limited data [B10, N2| have, however, recently
become available on exposures in reactors and
chemical reprocessing plants used in the production of
weapons-grade materials in the former USSR. Only
individual doses are reported, and in the absence of
information on the size of the workforce, no estimate
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could be made of collective doses. Morcover, data on
exposures arising at other stages of weapons produc-
tion and testing would be needed before these data
could be properly compared with the data presented in
Table 23. Nonetheless the data provide some perspec-
tive on the levels of dose cncountered in the weapons
programme in the former USSR.

214. The variation in average individual dosc (exter-
nal irradiation only) to workers in reactors and chemi-
cal reprocessing plants is illustrated in Figure XIX. In
the late 1940s these average doses were substantial
(about 1 Sv) in both the reactors and chemical plants.
They had declined to about 100 mSv by the late 1950s
and to about 10 mSv by the late 1960s. Thereafier the
rate of decrease in dose was more modest. The distri-
butions of dose among the respective workforces are
also illustrated in Figure XIX. In the late 1940s and
early 1950s, annual doses in excess of 1 Sv were
received by a few tens of per cent of workers in both
the reactors and chemical plants, with 1%-2% receiv-
ing annual doses in excess of 4 Sv. In the chemical
plants, essentially the whole workforce was exposed to
annual doses in excess of 25 mSv before the early
1960s; the percentage of workers exceeding this level
of exposure declined rapidly through the 1960s to
essentially zero by the end of that decade. In the
reactors, the percentage of workers receiving annual
doses in excess of 25 mSv decreased during the
1950s, from essentially 100% 1o a few tens of
per cent; this share subsequently varied from a few to
a few tens of per cent through the 1960s before
decreasing to a low level in the 1970s.

2. Cumulative doses

215. The distribution of cumulative doses among
workers employed in the nuclear weapons programme
in the United Kingdom at the end of 1989 [D1] is
summarized in Table 24. Less than 1% of the work-
force in 1989 received cumulative effective doses in
excess of 100 mSv and none received in excess of
500 mSv. In practice all the percentages are over-
estimates because the effective dose and the dosimeter
measurement arc assumed to be equivalent.

B. NUCLEAR-POWERED SHIPS
AND THEIR SUPPORT FACILITIES

1. Annual doses

216. Nuclear-powered ships (submarines and surface
vessels) are operated by several navies, in particular
China, France, India, the former USSR, the United
Kingdom and the United States. Pressurized water-

cooled reactors are used as the power source in almost
all cases; in the former USSR several reactors are
cooled by liquid metal. Radiation exposures arise on
board ship and also at shore-based support facilities,
where maintenance, refuelling cte. are carried out and
personnel are trained. Data are not available from all
countrics, but compilations have been made of the
exposures arising in the United Kingdom [D1, M11]
and the United States [M1, M9, M10, N1, S2].

217. Data on occupational exposures from nuclear-
powered ships in the United Kingdom and the United
States arc summarized in Table 23. The total number
of ships in the two navies increased from an average
of 135 in 1975-1979 to an average of 167 in 1985-
1989. Averaged over the whole period, about 90% of
these belonged to the United States navy. The total
number of monitored workers increased from about
42,000 in 1975-1979 to about 63,000 in 1985-1989.
Most of this increase occurred in the United States, as
the number of workers in the United Kingdom
remained relatively constant, at about 6,000,
throughout the period.

218. The total annual collective dose decreased from
about 92 man Sv in the first five-year period to about
57 man Sv in the third. Averaged over the whole
period, the contribution of the United States to the
total collective dose was about 73%; the magnitude of
the contribution differed, however, between five-year
periods. The annual dose averaged over all monitored
workers decreased from about 2.2 mSv in the first
five-year period to about 0.9 mSv in the third; the
corresponding dccreases in the two countries were
from about 4.1 to about 1.9 mSv in the United King-
dom and from about 1.9 to about 0.8 mSv in the
United States. Over this same period the fraction of all
monitored workers receiving annual cffective doses in
excess of 15 mSv decreased from about 0.5 to about
0.1; in the United Kingdom the values of this quantity
were, in gencral, about 50% larger than the average
values.

219. Estimates have been made of the normalized
collective effective dose, with the normalization
performed in terms of the number of ships. Averaged
over both countries, the annual normalized collective
dose has decreased by a factor of about 2, from about
0.7 man Sv per ship in 1975-1979 to about 0.34
man Sv per ship in 1985-1989. The corresponding
decrease in the annual normalized dose was from
about 1.8 to about 0.6 man Sv per ship in the United
Kingdom and from about 0.6 to about 0.3 man Sv per
ship in the United States. These and previously
identified decreases in exposures were achieved
despite a significant increase in the number of ships in
service and undergoing refit and maintenance during
the period.
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220. In general, higher exposures were received by
shore-based workers, in particular those who were
involved in inspection, maintenance (including refitting
and refuclling operations) and repair inside the reactor
compartmeit or on components that form the primary
cooling circuit. By comparison the exposures of
on-board personnel were gencrally much lower, owing
to the shiclding provided around the reactor and its
associated systems. These diffcrences are illustrated in
Figure XVIIIL

221. Averaged over the whole period and both
countries, about 45% of the total workforce comprised
shore-based workers, although there were significant
variations about this average value both with time and
between countrics; for example, in the United
Kingdom about 80% of all workers were shore-based.
About 70% of the total collective dose over the whole
period was received by shore-based workers, again
with variation about this average value between
countries and with time (e.g. about 85% of the
exposure in the United Kingdom was received by
shore-based workers).

222. The most noticcable difference between the two
groups of workers is in their average annual doses.
Averaged over both countries and over five-year
periods, the avcrage annual dose to shore-based
workers has decreased from about 3.2 mSv to about
1.5 mSv between the first and third periods; the
average doses to on-board workers were typically two
to three times lower, decreasing from about 1.3 to
about 0.5 mSv over the same period. The data for the
two countrics cxhibit the same trends, but the absolute
and relative magnitudes of the doses differ, sometimes
significantly. Somcwhat higher than average doses
may be received by particular subgroups within the
broader occupational groupings. For example, at civi-
lian dockyards in the United Kingdom, where much of
the maintenance and refitting of ships is undertaken,
average annual doses were as high as 10 mSv in some
years, although they decrcased, in general, over the
years. Differences are also apparent between the two
groups in terms of the fraction of workers receiving
annual doses in excess of particular levels (15 mSv for
the United Kingdom data and 10 mSv for the United
States data), with the fraction being considerably
greater for shore-based workers. In the UK the
distribution ratio, NR,s, for shore-based workers
decreased from about 0.09 to about 0.02 between the
first and third five-year periods; the corresponding
fractions of on-board workers exceeding that dose
decreased from about 0.03 to about 0.01 over the same
period. In the United States the distribution ratio,
NRIO, for shorc-based workers decreased from about
0.1 to about 0.03 between the first and third five-year
periods, while the ratio for on-board workers
decreased from about 0.02 to about 0.001.

2. Cumulative doses

223. The distributions of cumulative doses among
workers cmployed in the naval nuclear propulsion
programmec in the United Kingdom at the end of 1989
and in the United States at the end of 1991 are
summarized in Table 24. Data are given scparately for
on-board and shore-based personnel and for the total
workforce in the case of the United Kingdom.
Somewhat higher cumulative doses are evident for
shorc-based personnel than for those on board,
becausc the latter are naval personncl, whose mean
time of service in this capacity is much shorter than
that of the mainly civilian workforce in the
shore-based facilities, where much of the occupational
cxposure occurs. In general, the percentages of
workers excceding particular levels of dose in the
United Kingdom surpass those in the United States,
although not by a great amount.

224. In the United Kingdom, the highest cumulative
dose recorded among shore-based personnel was about
800 mSv accrued over a 30-year period. The distribu-
tion of cumulative doses varies considerably from one
shore-based facility to another, with much higher
doses at civilian dockyards, wherc much of the
maintenance etc. is undertaken. Cumulative doses at
operational naval bases arc lower, both because of
differences in the nature of the work carried out and
the generally greater mobility of naval personnel. For
example, about 20% of the civilian dockyard work-
force received a cumulative dose in excess of
100 mSv compared with about 8% for all shore-based
personnecl.

C. ALL DEFENCE ACTIVITIES
1. Annual doses

225. Data on occupational exposures from all defence
activitics are summarized in Table 23 for the United
Kingdom and the United States and for the sum of
both sets of data: the data are illustrated in
Figure XVIIl. The data include cxposures from
weapons production and testing, from nuclear ships
and from a wide range of other uses of radiation that
can be attributed to defence-related activities. These
uses include all those encountered in civilian
occupations, for example non-destructive testing,
transport, research, cducation and medicine. The
contribution from these other sources to the overail
levels of exposure from defence-related activities in
the United Kingdom varicd from about 20% in the late
1970s to only a few per cent in the later 1980s. In the
United States this contribution, averaged over the
whole period, was about 15%, decreasing over time.
By far the greater part of both the total defence
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workforce and the total collective dose are associated
with nuclear ships; this is not surprising, given the
large number of nuclear ships opcrated by these two
countries.

226. The total number of monitored workers, averaged
over five-year periods, has increased from about
100,000 to about 130,000 between the first and third
periods. This increase largely occurred in the United
States; the number of monitored workers in the United
Kingdom remained relatively constant, about 12,000,
over the period analysed. The total annual collective
dose, averaged over five-year periods, decreased from
about 140 to about 84 man Sv between the first and
third periods; averaged over the whole period, about
75% of the total collective dose was received by
workers in the United States. The annual dose to
monitored workers, averaged over both countries and
over five-year periods, has decreased from about
1.3 mSv to about 0.7 mSv between the first and third
periods. Given the much larger contribution made by
the United States to the ovcrall data, these average
individual doses mainly reflect experience in that
country; over the same period, the average annual
doses to workers in the United Kingdom were
somewhat larger, decreasing from about 3 mSv to
about 1.2 mSv.

227. The above data need qualifying with regard to
their completeness, in particular whether they include
all significant occupational exposures associated with
defence activities. For example, they do not include
occupational exposures incurred in the mining of
uranjum used in either the nuclear weapons or the
nuclear naval programmes; nor is it clear to what
extent the reported data include exposures arising
during the enrichment of uranium for both the
weapons and naval programmes or exposurcs arising
in the chemical separation and subsequent reatment of
plutonium. Such omissions, should they exist, are
significant only in the context of the proper
assignment of exposures to different practices; any
omission bere is likely to be compensated for by an
overestimate of exposures in other practices (e.g.
exposures in mining, enrichment and fuel reprocessing
attributed to the commercial nuclear fuel cycle).

2. Worldwide annual doses

228. The data presented above for all defence
activities include occupational exposures for only two
countrics, the United Kingdom and the United States.
Occupational exposures from defence-related activities
in China, France and the former Soviet Union (i.c. the
other countries which bave developed nuclear weapons
and/or that operate nuclear navies) are not available.
Any estimate of worldwide occupational exposures

from defence activities can, therefore, be made only
by cxtrapolating the available data to these other
countries. Inevitably, this can only be done very
approximately, and neither of the methods of
extrapolation presented in Section 1.C is appropriate.

229. It would be most useful if the extrapolation
could be based on normalized collective dose, with the
normalization performed in terms of unit explosive
yield for weapons and per ship or installed nuclear
capacily for the naval propulsion programmes. Data
sufficient for making these extrapolations could
probably be compiled on weapons stockpiles
worldwide and their potential yields and on the
worldwide capacity of nuclear navies. The validity of
such extrapolations would depend, however, on the
representativeness of normalized collective doses
derived from experience in the United Kingdom and
the United States. The limited data for the nuclear
weapons programme in the former USSR (see Figure
XIX) do not augur well in this respect; in particular,
the reported doses in carlier years in that country were
far in excess of thosc experienced clsewhere. These
much higher doses largely preclude the use of
normalized collective doses derived in onc or two
countries for estimating worldwide exposures from
defence activities.

230. Pending the acquisition of further data, a very
simple approach has been adopted for estimating
worldwide exposures from this source, namcly, that
the worldwide collective dose from defence activities
is greater by a factor of 3 than the sum of that
experienced in the United Kingdom and the United
States. Four assumptions underlie the choice of this
factor: first, the level of defence activities in the
former Soviet Union and the United States were
broadly comparable; secondly, the levels of exposure
in the former Soviet Union were greater than in the
United States by an indcterminate amount that did not
exceed a factor of 2 in 1975-1989; thirdly, the levels
of exposure in France bave been comparable with
those in the United Kingdom; and, fourthly, the
exposures in China were not large in comparison with
cither those in the former Sovict Union or in the
United States. Based on these assumptions the
cstimated worldwide average annual collective
cffective dose from defence activities would have been
about 400 man Sv in 1975-1979, falling to about
250 man Sv in 1985-1989. Given the coarseness of the
underlying assumptions, it would not be possible to
give a precise estimate of the collective dose; perhaps
all that can be concluded is that the worldwide
average annual collective dose during the period
analysed was about 300-400 man Sv. This estimate is
inevitably associated with much uncertainty, which can
only be reduced by relevant data from China, France
and the former Sovict Union.
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3. Cumulative doses

231. The cumulative doses to personnel employed in
defence activities in 1989 in the United Kingdom are
summarized in Table 24, where data are given scpa-
rately for scrvice and civilian personncl, Estimates of
cumulative doses to defence workers in the United
Kingdom [D1] have also been made by the NRPB
from data held within the Central Index of Dose Infor-
mation and the National Registry of Radiation
Workers, and these are summarized in Table 25.
Direct comparisons should not, however, be made
between these two sets of data, as the composition of
the respective workforces and the time over which
data were compiled differ; these differences are
summarized in footnotes to Table 25, Data identified
under the heading "weapons programme” in Table 25
are specifically for workers at the Atomic Weapons
Establishment but can, to a good approximation, be
assumed to be representative of exposures associated
with the weapons programme as a whole. The dala
under the heading "other defence activities” are for all
defence workers apart from those at the Atomic Wea-
pons Establishment; most of these cxposures will,
however, be associated with the naval nuclear propul-
sion programmie.

232. The mcan cumulative dose to classificd radiation
workers in all defence activities in the United King-

dom is 29 mSv; for the weapons programme the mean
dosc is 21 mSv, and for the naval nuclear propulsion
programme it is 37 mSv. These averages, however,
disguisc significant differences between employces of
the Ministry of Defence and contract workers. In the
naval nuclear programme the cumulative dose to
contracl workers is greater by a factor of morc than 3
than that to employces (58 mSv compared with
18 mSv), whereas in the weapons programme the dose
lo contract workers is less than half that to employees
(9.4 mSv compared with 21.8 mSv). About 7% of all
workers received cumulative doses in excess of
100 mSv and about 0.2% reccived in excess of
400 mSv; for contract workers in the naval nuclear
programme, the corresponding values were about 19%
and 0.7%.

233. The mean cumulative doses to workers in the
National Registry of Radiation Workers arc lower
(typically by a factor of about 2) than those in the
Central Index of Dose Information, because contractor
employecs are not included but both classified and
non-classified employees are. These results are of
interest mainly becausc they provide an opportunity to
determine what fraction of the cumulative dose arises
over particular periods or age intervals. Data are given
for doses accumulated to age 30 years, and the mean
cumulative dose over this period is about one third of
the mean cumulative dose overall,

IV. INDUSTRIAL USES OF RADIATION

234. Radiation is used for many purposes in industry.
Most of thesc uses involve sealed radioactive sources
or cquipment that is electronically encrgized to pro-
duce radiation, for example x-ray machines, electron
microscopes and particle accelerators. Some of the
main industrial uses include industrial radiography,
well logging, luminizing, non-destructive testing,
thickness gauging, tracer techniques and the use of
x rays for a variety of purposes, like crystallographic
and fluoroscopic analyses of materials. The levels and
trends in occupational exposure from industrial uses of
radiation are reviewed in this Chapter together with
those arising during the production of radioisotopes for
medical and industrial purposes. In addition, exposures
from the use of radiation in rescarch (excluding
rescarch undertaken in support of the nuclear power
industry) are estimated to the extent that they can be
scparately identified.

235. The compilation of reliable statistics on occu-
pational exposure in industry is complicated by the
diversity of uses to which radiation is put and differ-

ences in the way data are reported by different
countries, in particular the number and naturc of the
occupations for which data arc reported separately. By
far the greater number of occupational exposures in
general industry are small, and this has doubtless
influenced the relative lack of detail, or disaggrega-
tion, in their reporting. In genecral, data have been
reported separatcly only for those few occupations
with the potential for higher doses. Since the avail-
ability of reported data clearly determines the level of
detail that can be inciuded in this review, considera-
tion is fimited to the levels of exposure in industry
overall and in those few groups where higher doses
could arise and/or for which a number of countries
have reported data scparately. These separate groups
comprise  industrial radiographers, luminizers,
radioisotope producers and well loggers.

236. Dilferences may exist in the procedurces used in
various countries to group workers occupationally, and
this places limitations on the validity of direct
comparisons between data compiled in different
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countries. Where these limitations may be important,
they are identificd. The extent to which valid com-
parisons can be made between countries is also influ-
enced by differences in the respective approaches used
1o measure and report occupational exposures, ¢.g. the
type of dosimeter used, its minimum detectable level
(MDL), the dose entered into records when the measu-
red dosc is less than the MDL and doses assigned for
lost dosimeters. These differences and their implica-
tions for validity of comparisons between data were
discussed in Chapter I. The approaches used in
measuring and reporting occupational exposures in
each of the countries for which data were reported are
summarized in Table 2. Where important differences
in approach arc apparent, caution should be exercised
in making direct comparisons between data.

237. National data on occupational exposures arising
from the industrial use of radiation are given in
Table 26 for workers in each of the following areas:
industrial radiography, luminizing, production and
distribution of isotopes, well logging, tertiary
education and research institutes, accelerators and all
industrial uses of radiation grouped together. World-
wide levels of exposure have been estimated from the
reported national data for each industrial use, with
extrapolation within particular regions bascd on gross
national product. In general, the collective dose was
well correlated with gross national product, but there
were exceptions to this for some countrics. The degree
of extrapolation needed varied with the industrial use
considered but typically was about a factor of 2 on
average; there was, however, considerable variation
about this average value for particular regions or
periods. For some industrial uses insufficient data
were available to allow reliable extrapolation.

A. INDUSTRIAL RADIOGRAPHY

238. Industrial radiography is carried out in two quite
different sets of conditions. First, it may be undertaken
at a single location, usually in a permanent facility that
has been designed and shielded for this purpose; in
this case items to be radiograpbed arc brought to the
facility. Secondly, it may be undertaken at multiple
locations in the field, in which case the radiographic
equipment is transported to the place of interest. The
case and efficacy of exercising control, supervision
and protection in the two cases may be different, and
this may have implications for the resulting occupa-
tional exposures. Few of the reported data, however,
distinguish between exposures from the two types of
radiographbic practice.

239. Worldwide levels of dose have been estimated
from national data by extrapolation within regions
based on gross national product. The sum of the gross

national products for those countrics reporting data
was about 35% of the worldwide total in the first five-
year period, increasing to about 65% in the third. On
average, therefore, the reported data have been scaled
upwards by a factor of about 2 with considerable
variation, however, about this average for particular
periods and regions. Estimates of the numbers of
workers and doses in industrial radiography worldwide
are illustrated in Figure XX. The annual number of
monitored workers in industrial radiography, averaged
over five-year periods, is estimated to have increased
from about 70,000 in the first period to about 110,000
in cach of the last two periods. The average annual
collective effective dose is estimated to have increased
from about 190 man Sv in the first period to about
230 man Sv in the second, then to have decreased
significantly to about 160 man Sv in the third.
Roughly half of these collective doses are estimated to
have occurred in countries comprising the OECD and
about one quarter to one third in the countries of
Eastern Europe.

240. The annual effective dose to monitored workers,
averaged over five-year periods, fell progressively
from about 2.6 mSv in the first period to about
1.4 mSv in the third. This same downward trend is
evident in the data for most countries and regional
groupings, but there is considerable variation between
countries in both the level of the dose and extent of
the decrease. For example, average doses to monitored
workers were as low as 0.2 mSv in some countries
(e.g. France and the German Democratic Republic) to
as bigh as 13 mSv in others (the former USSR). From
data reported, the fraction of the monitored workforce
receiving annual doses in excess of 15 mSv is
cstimated to have decreased from about 0.04 in the
first period to about 0.03 in both the following
periods; the fraction of the coliective effective dose
arising from annual doses in excess of the same level
is estimated to have changed little over the period,
remaining at about 0.4, These fractions were estimated
from a smaller set of data than used to cstimate
collective and individual doses and, as a consequence,
are less reliable indicators of worldwide levels.

241. Relatively few data are available on average
doses lo measurably exposed workers as opposed to
monitored workers, and no attempt has been made to
estimate a worldwide average dose for the former
quantity. There is considerable variation betwecn
countries in both the absolute levels of these doses and
in the ratio of these to the average dose to monitored
workers. This ratio varies from about 1 to more than
10. While differences in operational practice and
standards of protection will account for some of this
variation, the more likely causes are differences in
bow doses are measured and formally recorded, in
who in the workforce is to be monitored and the



420 UNSCEAR 1993 REPORT

completencss of the occupations or uses included in
the data reported.

242. Data on occupational cxposurcs arising from
fixed and mobile radiography are included in Table 26
under "industrial radiography" for those few countries
where cxposures in the respective practices could be
separated. Data are given for the Netherlands, the
United Kingdom and the United States; the totals (or
averages) of the reported data arc dominated by expo-
sures in the United States, because the number of
workers and the collective dosc are generally much
larger than in other countrics for which data are
available.

243. The annual doses, averaged over five-year
periods and over all reported data, for workers under-
laking mobile radiography, (where control and super-
vision are potentially more difficult), exceed those
arising in fixed radiography. The average annual dose
from mobile radiography remained relatively un-
changed over the period, about 3 mSv, whereas that
from fixed radiography declined almost fourfold, from
about 1.4 to about 0.4 mSyv. The values of the ratios
SR,s and NRs are, likewise, larger for those involved
with mobile than with fixed radiography, with the dif-
ference being more pronounced in the case of SRy.
Exposures in the Netherlands are much lower than
average, but they do exhibit the same general trends
with respect to the differences between mobile and
fixed radiography. In the data for the United Kingdom,
however, only small differences are cvident in the
occupational cxposures for the two types of
radiography.

244. A further statistic of interest in the present
context is the number of workers receiving accidental
overexposures. There were indications in the past that
radiography workers, because of the nature of their
work (particularly in the case of mobile radiography),
might be more liable to reccive overexposures than
workers in most other occupations. Data on the per-
centage of radiographers recciving doses in excess of
an annual cffective dose of SO0 mSv, together with the
percentage of the collective dose arising from indivi-
dual doses above the same level, are summarized in
Table 27. The data are not complete enough to cnable
any time trends to be determined. Averaged over the
whole period and over all countries, the data indicate
that about 0.1% of industrial radiographers receive
cxposures in excess of SO0 mSv each year; about 6% of
the average annual collective dosc from radiography is
cstimated to result from such exposures. Significant
variation is apparent about the weighted average
values for particular countries.

245. If thesc percentages are assumed to be represen-
tative globally, about 100 radiographers worldwide

receive doses in excess of 50 mSv every year. While
in absolute terms this number is not large, the
occurrence of overexposures (normalized to the size of
the workforce) in industrial radiography cxceeds that
in most other occupations. By comparison, in 250,000
monitored workers of the United States Nuclear
Regulatory Commission licensces not involved in
industrial radiography, there were no reported cases of
overexposure in 1986.

B. LUMINIZING

246. Radioactive materials have been used in
luminizing for decades. The practice is still
widesprcad, although the numbers of workers involved
is modest. There has, with time, been a move away
from the use of radium to tritium and, to a lesser
extent, 147pm. Tritium is used both mixed with a
phosphor in paint and as a gas enclosed in phosphor-
lined, glass-walled tubes. The data reported in Table
26 are, in general, for luminizing with tritium gas, and
the doses arise via internal exposure; the exceptions to
this are the data for India, which include exposures to
tritium and 147Pm, and the United Kingdom, for which
the two components are presented separately.

247. The reported data shown in Table 26 are not
comprehensive enough to enable a reliable estimate of
the worldwide levels of dose from the luminizing
industry, but sums (or averages) of available data are
given. At least for those countries reporting data, the
overall number of monitored workers in the luminizing
industry is small and of the order of a few hundred.
The total average annual collective effective dose
decrcased from about 4 man Sv in the first five-year
period to about 1.4 in cach of the following periods.
Over the same period the overall average annual dose
to monitored workers decreased from about 7.4 mSv
to about 2.7 mSv. Large reductions also occurred in
both of the distribution ratios over this period, with the
value of NR, 5 decreasing from about 0.2 to about 0.03
and that of SR, decreasing from about 0.6 to about
0.3.

248. Considerable variation about these overall
average values and trends with time is cvident in the
data for individual countries. With the exception of
India, therc has been a substantial decrcase in the
annual collective effective dose in each country; the
factor by which dose decreased differed between
countrics within a range of about 2-4. The average
annual doses varied greatly between countries and
over time, from about 1 mSv to more than 11 mSv.
The annual effective doses, averaged over five-year
periods, in both Switzerland and the United Kingdom
fell by a factor of about 3 over the period analysed;
the dosc in India remained relatively constant, while
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that in France increased by about 30%. These five-
year averages disguise an even greater decrease in the
annual doses in the United Kingdom, which fell from
about 15 mSv in 1975 to 2 mSv in the late 1980s.

249. The average individual doses in the luminizing
industries have, historically, been much larger than
those in other industrics; this situation still prevails,
notwithstanding the major reductions in dose that have
been achicved in several countries. The number of
workers in the luminizing industries in those countries
reporting data was, however, small (about 500);
worldwide, the number may be significantly greater,
and this aspect warrants further analysis.

C. RADIOISOTOPE PRODUCTION
AND DISTRIBUTION

250. Radioisotopes are produced for a great variety of
industrial and medical purposes. The main source of
occupational exposure in radioisotope production and
distribution is external irradiation; internal exposure
may be significant in some cases, and arrangements
are then made for personal monitoring. In general,
however, internal exposures have not been included in
reported statistics for occupational exposure, except in
more recent years, and even then the practice is far
from universal. Reporting conventions for workers
involved in radioisotope production may also vary
from country to country (e.g. whether the reported
doses include only those arising during the initial
production and distribution of radioisotopes or whether
they also include those arising in the subsequent
processing, encapsulation, packaging and distribution
of radionuclides that may have been purchased in bulk
from clsewhere), and this may affect the validity of
comparisons between reported doses.

251. Worldwide levels of exposure have been
estimated from reported national data, with
extrapolation within regions based on gross national
product. The coverage and scaling of the data were
similar to that for industrial radiography. The annual
number of monitored workers from worldwide
radioisotope production and distribution, averaged over
five-year periods, increased from about 60,000 in the
first period to about 90,000 in the third period (scc
Figure XX). This reflects the increasing use of
radioisotopes in both industry and medicine.
Notwithstanding the increase, the worldwide average
annual collcctive effective dose is estimated to have
decreased from about 130 man Sv in the first period
to about 100 man Sv in both the second and third
periods. About 70% of these collective doses are
estimated to have occurred in countries comprising the
QECD, with about 20%, at least in the latter two
five-year periods, occurring in Eastern Europe.

252. The annual effective dose to monitored workers
worldwide, averaged over (ive-year periods, fcll from
about 2.3 mSv in the first period to about 1.1 mSv in
the third, with most of the decrease occurring between
the first and sccond periods. This same downward
trend is cvident in the data for most countries and
regional groupings, but there is considerable variation
between countries in both the level of the dose and the
extent of the decrease. The average dose to monitored
workers in different countries and for different periods
has varied within a range of 1-9 mSv, The decrease in
the average dose over time was less by as much as a
factor of 3 in some countrics, in others there was
essentially no change (in exceptional cases there was
even an increase over the period, particularly between
the first and second periods).

253, The fraction of the monitored workforce
receiving annual doses in excess of 15 mSv is
estimated to have decreased from about 0.1 in the first
period to about 0.03 in the third; the fraction of the
collective effective dose arising from annual doses in
excess of the same level is cstimated to have changed
little over the period, remaining at about 0.2. These
fractions were estimated from a smaller set of data
than used to estimate collective and individual doscs
and, as a consequence, arc less rcliable indicators of
worldwide levels.

254. Fewer data arc available on average doses to
mecasurably exposed workers than on those to
monitored workers, and again no attempt has been
made to estimate a worldwide average dose 1o
measurably exposed workers. The reported doses lie,
in gencral, within a range of 2-8 mSv and typically
exceed the corresponding doses to monitored workers
by a few tens of per cent (and, exceptionally, by
factors of 2-3).

255. In  the manufacture and processing of
radionuclides, there is potential for both internal and
external exposure. It is not always apparent, however,
from the reported data whether the internal component
was significant and whether it was included in the
dosc estimates. The data for the United Kingdom from
1985 and for Finland from 1987 include doses from
intakes of radionuclides; in general, the contribution to
the total dose was rcported to be a few per cent. All
other data on radiocisotope production and distribution
in Table 26 need clarification in this respect.

D. WELL LOGGING

256. Well logging has been identified in some
countrics as an occupation that can lcad to higher
levels of dose than other industrial occupations
involving the usc of radiation. Both gamma and
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neutron sources are usced in well logging, but the
contribution from cach to the reported doscs is not
generally indicated. Conscquently, it has not becn
possible to transform the reported effective dose
equivalents to effective doses. The assumption has
been made that the cffective dosc is equal to the
reported cffcctive dose cquivalent, while recognizing
that this is likely to underestimate the effective dose in
so far as the contribution from neutrons is concerned.

257. The data on well logging in Table 26 are not
completc enough to cnable a reliable estimate of the
worldwide levels of dose. Averaged values of the dose
to monitored workers and the two distribution ratios
arc presented in the Table, but summed data are not
included because the results could give a misleading
picture. The annual dose to monitored workers, from
reported data averaged over five-year periods,
decreased from about 1.3 mSv to about 1.1 mSv over
the period. Somewhat greater proportional reductions
arc apparent in the distribution ratios over this period,
with the value of NR,s decreasing from about 0.007
to about 0.002 and that for SR,s decreasing from
about 0.3 to about 0.04.

258. Variation about these overall average values and
trends with time is evident in the data for individual
countries. The extent of this variation is, however, less
than that observed for other occupations involving the
industrial use of radiation. With a few exceptions, the
average individual dose to monitored workers in most
countries falls within a range of 1-2 mSv. For those
countries rcporting data on measurably cxposed
workers, the average annual cffective doses typically
exceeded those to monitored workers by factors of 2-
3; a range of 2-5 mSv encompasscs most of the
variation in the reported average annual doses to
measurably cxposed workers.

E. EDUCATION AND RESEARCH

259, Radiation is a rescarch tool in a wide range of
disciplines and occupations. It is difficult to make
reliable estimates of the levels of exposure in this
arca, because there is no consistent reporting and few
data arc identified separately for this category. Data
that should rightly be attributed to this category are
often aggregated in broad practices of radiation use
(e.g. radioisotope manufacture). In many nuclear
rescarch cstablishments, radiation is used for many
industrial activitics other than support of the
commercial nuclear fuel cycle; however, the fraction
of exposurcs arising in the scparate activities cannot
be readily established.

260. In these circumstances the data in this Section
are intended to include only exposures arising in

tertiary  cducational establishments  (universitics,
polytechnics and rescarch institutes with an important
educational rolc) but not those associated with the use
of accelerators; data for the latter were in the past
ofien included with those for tertiary education.
Notwithstanding this intent, it is unlikely that all of the
data in this Section will have been compiled and
reporicd on a truly comparable basis. The data should,
therefore, be interpreted with care when comparing
them for different countries without further evidence
as to their comparability.

261. The data reported by countries are given in the
relevant part of Table 26, Worldwide levels of
exposures have been estimated from national data by
extrapolation within regions based on gross national
product. The coverage and scaling of data (by a factor
of about 2) were similar to that for industrial
radiography. The collective effective dose is less well
correlated with gross national product than that for the
other occupational categories analysed; the greater
potential for non-uniform reporting of data in this
category has doubtless contributed to this situation.

262. The annual number of monitored workers
involved worldwide in the use of radiation in tertiary
education, averaged over five-year periods, is
estimated to have varied within the range 140,000-
180,000 over the whole period (Figure XX). The
worldwide average annual collective effective dose is
estimated to have decreased from about 70 man Sv in
the first five-year period 1o about 20 man Sv in the
third. About 75% of these collective doses are
estimated to have occurred in the countries comprising
the OECD.

263. The annual effective dose to monitored workers
worldwide, averaged over five-year periods, fell from
about 0.55 mSv in the first period to about 0.14 mSv
in the third, with most of the decrease occurring
between the first and second periods. This downward
trend is evident in the data for most, but by no means
all, of the countries reporting data, but there is
considerable variation between countries in both the
level of the dose and the extent of the decrease. The
average doses were generally a small fraction of
a mSv, sometimes a very small fraction, and excceded
1 mSv only exceptionally. An important reason for
this variability is doubtless the adoption of different
protocols for who is 1o be monitored in the respective
workforces. The decrease in average dose over time
varied by a factor of as much as 3 in some countries;
more cxceptionally, there were increases in other
countries.

264. The fraction of the monitored workforce
receiving annual doses in excess of 15 mSv was small
and is estimated to have decreased tenfold, from about
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0.004 in the first period to about 0.0004 in the third;
the fraction of the collective effective dose arising
from annual doses in cxcess of the samce level is esti-
mated to have decreased from about 0.2 to about 0.07
over the same period. These fractions were estimated
from a smaller sct of data than used to estimate
collective and individual doses and, as a consequence,
are less reliable indicators of worldwide levels.

265. Fewer data are available on average doses to
measurably exposed workers than on those to moni-
tored workers, and again no attempt has been made to
estimatc a worldwide average dose to this group. The
average annual doses to measurably exposed workers
exhibited much less variability between countrics than
those to monitored workers and, in general, fell in a
range of 0.5-3 mSv.

F. ACCELERATORS

266. Consideration is limited here to occupational
exposures arising from accelerators used for nuclear
physics rescarch at universities and national and inter-
national laboratories. Accclerators (generally of
somewhat smaller size) are increasingly being used for
medical purpose; however, the exposures arising from
them arc more appropriately associated with exposures
arising from the medical uses of radiation. Most cxpo-
sures from accelerators result from induced radio-
activity and occur mainly during the repair, main-
tenance and modification of equipment. These expo-
sures come mainly from gamma-radiation from the
activation of solid surrounding materials by pene-
trating radiation. The potential for internal exposure in
the normal opcration of accelerators is slight, and
doses via this route are negligible in comparison with
those from external irradiation. Insufficient informa-
tion was available to enable doses, reported in terms
of ecffective dose equivalent, to be transformed to
effective dose; the simplifying assumption was,
therefore, made that they were numerically equal.

267. Early high-energy accelerators used internal
targets to produce either radioisotopes or sccondary
beams of normally unstable particles. Very high levels
of activation products were produced in the region of
the targets, and typical annual collective doses per
accelerator were 1-2 man Sv before 1960; this is still
true for many of the carly cyclotrons that are still in
operation. In 1960-1980, improved beam extraction
techniques were developed, which led to reduced
levels of activation products; these reductions were,
however, largely offset by the continuing increases in
beam power.

268. In the 1980s two developments had an important
influence on occupational exposures at accelerators.

The first was the increasing importance of colliding
beam tcchniques for the production of cvents of
interest to the particle physics community. Average
beam intensities, as measured by the number of
particles accelerated per day, are scveral orders of
magnitude lower than thosc used in fixed-target
physics experiments. Consequently, the production of
activation products has been greatly reduced, and this
is reflected in the exposures of maintenance personnel.
The sccond development was a move towards heavy-
ion operation, where again the accclerated bcam
intensitics are several orders of magnitude lower than
those with proton acceleration. This has also led to a
decrease in activation products and, conscquently, in
exposures during maintenance.

269. Following from these technical developments and
the greatcr emphasis given generally to ALARA pro-
grammes at accclerators, there were large reductions
in the annual collective cffective doses at major
accelerator laboratories between the mid-1970s and
mid-1980s [P4]. Decreases in annual collective dose,
from about 0.1 to 0.02 man Sv, were experienced at
Deutsches Elcktronen Synchrotron; from about 0.2 1o
about 0.02 man Sv at Daresbury Nuclear Physics
Laboratory; from about 5 to 1.5 man Sv at European
Organization for Nuclcar Research and from about 0.5
10 about 0.2 man- Sv at Lawrence Berkeley Laboratory.

270. The relevant data shown in Table 26 are not
complete enough to cnable a reliable estimate of the
worldwide levels of dose from accelerators, but the
sums (or averages) of the available data are shown. It
should be noted that these summed or average data
largely reflect experience in the United States, which
is by far the largest contributor to them. The total
average annual collective effective dose has decreased
from about 7 man Sv in the first five-year period to
about 3.5 man Sv in the third period. Over the same
period the overall average annual dose to monitored
workers decreased from about 1.6 to about 0.6 mSv.
The data on distribution ratios, averaged over those
countries reporting data, do not include data for the
United States, where most of the collective dose arose,
so it would be inappropriate to associate these ratios
with either the total numbers of workers or the total
collective doscs, as they were determined largely by
the doses from the United States.

271. Considerable variation about these overall
average values and trends with time is evident in the
data for individual countries. With the exception of
onc country, the average annual cffective doses to
monitored workers all fell within the range 0.3-
2.7 mSv. In the United Suates this dose decrcased
fourfold, from about 2 to about 0.5 mSv over the
period analysed; increases are apparent in some of the
other countries.
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272. The average annual cffective doses lo
measurably exposed workers exhibit trends similar to
those to the monitored workforce. With the exception
of onc country, these doses fcll within the range
1-7 mSv and were typically some two to three times
greater than those to the monitored workforce.

G. OTHER INDUSTRIAL USES

273. There are many other uses of radiation in
industry, c.g. soil moisture gauges, thickness gauges
and x-ray diffraction, but occupational exposure data
for these arc not, in general, scparately identified or
reported. The number of workers potentially exposed
in these other uses may substantially exceed those in
the few occupations for which data have been
scparately presented in this Chapter. The average
levels of exposure of workers involved in other uses
of radiation are, in general, small. However, because
of the way in which they arc aggregated, they may
disguise somewhat higher average doses in particular
occupations. The only way to ascertain the existence
of occupations, or subgroups within occupations,
receiving doses significantly in excess of the average
is for those responsible for compiling data to inspect
the data periodically. Such inspection is to be
encouraged. An indication of occupational cxposures
from other uses of radiation can be inferred from the
difference betwecn the data for all industrial uses
worldwide and those for individual occupations for
which it was possible to make worldwide estimates.

H. ALL INDUSTRIAL USES OF RADIATION

274. The last section of Table 26 shows the national
data on occupational exposures from all industrial uses
of radiation grouped together, excluding the nuclear
fuel cycle and defence. The data are more complete
than for the separate categories of industrial uses of
radiation. Worldwide levels have been obtained by
regional extrapolation based on gross national product.
The sum of gross national products for the countrics
reporting data was about 50% of the worldwide total
in the first five-year period, increasing to about 80%
in the third (the countries accounted for about 15%
and 30%, respectively, of the world population). On
average, therefore, the reported data have been scaled
upwards by a factor of about 1.5; there is, however,
considerable variation about this average in the scaling
for particular regions.

275. The collective effective doses from all industrial
uses of radiation in each country reporting data in
1985-1989 are shown in relation to gross national
product in Figure XXI. The broad correlation between
the two quantities is evident, with the degree of

correlation generally increasing when consideration is
limited to particular regional or economic groupings of
countrics. Data on the regional variations of exposures
in industrial uses of radiation are summarized in
Table 28. The data for the main regions contributing
to the collective dose are illustrated in Figure XXII.
Direct comparisons should not be made between the
normalized doscs for the respective periods as they
have been derived on different price bases (1977, 1983
and 1989, respectively); appropriate corrections would
nced to be made to enable direct comparison. Within
a given period, a factor of 2-3 encompasses the range
of variation in the normalized collective doses between
most regions; values for the United States were
typically greater by a factor of 2 than those for the
rest of the OECD countries.

276. For some countries within a geographical or
cconomic region, the normalized collective dose
(normalized in terms of gross national product)
differed greatly from the average for that region. In
most of these cascs the values were much smaller than
the average, suggesting that the reported data may
have been incomplete, that much less use was being
made of radiation in industry or that much higher
standards of protection had been adopted in those
countries. Notwithstanding these reservations on the
completeness of some of the reported data, no attempt
has been made to correct for this, and the reported
data were all included in the estimation of worldwide
levels of exposure. Any errors due to incompleteness
of the reported data are unlikely to be significant in
comparison with the uncertainty introduced by the
extrapolation process itself.

277. The annual number of monitored workers,
averaged over [ive-year periods, involved with the
industrial uses of radiation worldwide is estimated to
have varied within the range 500,000-700,000 over the
period; the great majority of thesc workers are
employed either in the United States (40%-50%) or in
the other countries comprising OECD (30%-40%). The
number of workers appears to have increased between
the first two periods and then declined in the third
(Figure XXII). The average annual collective effective
dose was about 900 man Sv in each of the two first
periods but decreased significantly in the third to
about 500 man Sv; in gencral, the data for later
periods are more reliable because of the smaller
degree of extrapolation nceded. Roughly equal
contributions to this collective dose were made by the
United States, the rest of the OECD countries, Eastern
Europe and the remainder of the world, although the
contribution from Eastern Europe was, in general,
smaller than that from the other groupings.

278. The annual effective dose to monitored workers,
averaged over five-year periods, fell from about




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 425

1.6 mSv in the first period to about 0.9 mSv in the
third. This same downward trend is evident in the data
for most countrics and regional groupings, but there is
considerable variation between countries in both the
level of the dosc and extent of the decrease. For
example, average doses to monitored workers vary
from as low as 0.1 mSv in some countrics (c.g.
Finland and Ircland) to as high as 16 mSv in others
(the former USSR). Not ail countries have provided
data on the distribution ratios NR,s and SR;s. The
fraction of monitored workers worldwide receiving
annual doses in excess of 15 mSv is estimated from
these data to have been about 0.01 in the first five-
year period and marginally less in the following two
periods. The fraction of the collective dose arising
from individual doses in excess of the same level is
also estimated to have been fairly constant over the
period, about 0.3.

279. Far fewer data are available on average doses to
measurably exposed workers than to monitored
workers. Most fall in the range 1-5 mSv, but values
for several countries fall well outside of this range.
Based on these data, the worldwide avcrage annual
dose to mcasurably exposed workers is estimated to
have decreased from about 3 mSv in the first two
periods to about 2 mSv in the third. Large variations
between countries are evident in the ratio of the
average dosc to measurably cxposed and monitored
workers. This ratio ranges from about 1 to more than
10; differences in monitoring and reporting practice
between countrics are probably mainly responsible for
this variation. The number of mecasurably exposed
workers is estimated, on a worldwide basis, to be
lower by a factor of 2-3 than that of monitored
workers. More data on average doses to measurably
exposed workers would be useful, as comparisons
based on these data are, in general, more reliable than
those based on the doses to monitored workers.

280. Some of the variations between countries in the
reported statistics undoubtedly arise from differences
in how doses are measured and formally recorded, in
who in the workforce is to be monitored and in the
completeness of the occupations or uses included in
the data reported; these aspects warrant closer analysis
in future in order to validate comparisons between the
data and improve the estimate of worldwide levels of
exposure.

I. CUMULATIVE DOSES

281. Few data have been published on cumulative
exposures to workers involved with the industrial uses
of radiation. Data reported in response to the
UNSCEAR questionnaire by Hungary for industrial
radiographers are summarized in Table 29 [S8]. The

data cxhibit, in gencral, the expected increase in
cumulative dosc with duration of cmployment. The
average annual increment in dosc incrcases, however,
with increasing duration of employment. For those
cmployed or exposed over a period of less than 10
years, the average annual dose was about 4 mSv; for
those employed for 15 years the average annual dose
was about 7 mSv, Various factors may have contri-
buted to this difference, for example, improvements in
practice and radiological standards over time and
variations in the type and volume of work undertaken
as expericnce is gained, which will at least be partially
correlated with employment duration. About 4% of
those employed for more than 10 ycars had received
cumulative doses in excess of 200 mSv; just over 40%
of those employed for 14 or 15 years had received
cumulative doses greater than 100 mSv.

282. These cumulative doses are broadly comparable
with those estimated for contract workers at LWRs in
the United States who had at some time in their career
been employed at the Calvert Cliffs nuclear power
station and are larger than those estimated by the
United States Nuclear Regulatory Commission (on the
basis of termination records) for all workers at LWRs
in the United States. Somewhat larger cumulative
doses were experienced at the reprocessing plant at
Sellafield in the United Kingdom, at lcast for those
who started working there before the 1970s; for those
who started working after that time, the cumulative
doses are comparable with those reported here for
radiographers.

J. SUMMARY

283. Worldwide exposures from industrial uses of
radiation are summarized in Table 30. Estimates have
been made for industrial uses as a whole and
separately for industrial radiography, for radioisotope
production and distribution and for tertiary education
and research institutes. By subtracting the data for
these separate categories from those for "all industrial
activities” given in Table 26, estimates have been
made of worldwide doses for "other™ industrial uses:
these other industrial uses also include doses from
those occupational categories that were analysed
separately in this Chapter but for which it was not
possible to make worldwide estimates (i.e. the
luminizing industry, well logging and accelerators).
The number of workers and average annual individual

and collective doses for these categories are illustrated
in Figure XX,

284. Of the average annual number of monitored
workers involved worldwide with the industrial uses of
radiation (ranging from about 550,000 to 700,000 over
the period analysed), about 16%, 13% and 27% arc



426 UNSCEAR 1993 REPORT

estimated to have been employed in industrial radio-
graphy, isotopc production and distribution and tertiary
cducation, respectively. Typically, about 40% or more
were assigned to the category of "other".

285. The avcrage annual collective effective dose
worldwide from all industrial uses has decreased from
about 900 to about 500 man Sv over the period ana-
lysed. On average about 25% of the total collective
dose arosc in industrial radiography, about 14% in
isotope production and about 6% in tertiary education.
On average more than 50% of the total collective dose
occurred in other industrial uses of radiation.

286. The average annual doscs to monitored workers
in industrial radiography exceeded the average doscs

from all industrial uses by about 50%. Those in
isotope production also cxceeded the averages for all
industrial uses but to a lesser extent and not in all
periods; the doses from tertiary education were, in
general, smaller than the overall average doses by
factors of 3-6, depending on the period. There is much
variation between the values of the distribution ratios
NR;s and SR;s for all industrial uses and the
particular occupational categories; those for industrial
radiography are invariably greater and those for
tertiary cducation smalier than those for all industrial
uses. In general, for cach occupational category, the
ratio, NRs, was obscrved to decrease with time; the
ratios, SR, however, with the exception of that for
tertiary cducation, varied little over the period
analysed.

V. MEDICAL USES OF RADIATION

287. Radiation is used in medicine for both diagnostic
and therapeutic purposes. Its wide range of applica-
tions and the types of procedures or techniques
employed in the context of patient exposure are
reviewed in Annex C, "Medical radiation exposures”,
where changes in practice and possible future trends
arc also discussed. Consideration is limited here to the
occupational exposures that arise from the application
of these procedures. Data on occupational exposures
are presented for workers in cach of the following
arcas: diagnostic radiography, dental practice, nuclear
medicine (diagnostic and therapeutic), radiotherapy
and all medical uses of radiation (for human purposes)
grouped together. In addition, separate consideration is
given to exposures in veterinary medicine.

288. Previous Chapters of this Annex contained
cautionary remarks about the accuracy or validity of
reported statistics on occupational exposures and the
extent to which they can be fairly compared, either
between countries for the same occupational group, or
between different occupational groups in the same or
different countries, It is in the arca of medical uses of
radiation where these cautionary remarks are most
important, and great care must be exercised in
interpreting and evaluating the various statistics. There
is considerable potential for drawing erronecous
conclusions as a result of the direct and unqualified
comparison of data in this area. The rcasons for this
were alrcady pointed out. They include differences in
monitoring and recording practice, in defining the
workforce to be monitored, in minimum detectable
levels and in the recording of doses less than the
minimum detectable level. More important in the
medical field, however, are differences in where

dosimeters are located (in particular, whether they are
above or below lead aprons when these are worn).
Further complicating factors are the non-uniformity
and low energy of the radiation that contributes most
to the overall occupational exposures from the medical
uses of radiation in such circumstances; the approach
used to derive effective doses from dosimeter
measurements can have major implications for the
comparability of occupational exposures.

289. To assist in the interpretation and/or qualification
of the statistics reported in this Chapter, the main
features of the dose monitoring and reporting
procedures adopled in each of the countries that have
responded to the UNSCEAR Survey of Occupational
Exposures in Medicine are summarized in Table 31.
Significant differences are evident, in particular in the
location of the dosimeter (above or below the lead
apron) and whether the direct dosimeter reading or
some corrected value was entered into the formal dose
record. Other important differences that may influence
the comparability and/or accuracy of reported statistics
are the minimum dectectable levels of the various
dosimelers and the manner in which doscs less than
this level or levels are recorded. These differences
must be recognized when comparing the data
presented in the following Sections.

290. Notwithstanding these qualifications and reserva-
tions, it proved impracticable in this analysis to revise
or normalize the reported exposures to ensure that fair
comparisons could be made between them. According-
ly, when worldwide levels of exposure were estimated
from the available data, no distinction was made
between doses measured, rccorded or reported in




ANNEX D: OCCUPATIONAL RADIATION EXPOSURLS 427

different ways; all reported doses were assumed to be
adequate surrogates for cffective dose. More atlention
needs to be given to this matter to afford better com-
parability between doses arising in different circum-
stances and to enablc more reliable estimates of world-
wide levels of occupational exposure.

291. National data on medical uses of radiation,
categorized as diagnostic radiography, dental practice,
nuclear medicine, radiotherapy, veterinary medicine
and all (human) medical uses of radiation grouped
together and averaged, where possible, over five-year
periods, are given in Table 32. Worldwide levels of
exposure have been estimated from these national dats
by extrapolation within particular regions based on
gross national product as described in Section I.C. In
general, the collective dosc for each practice was well
corrclated with gross national product, but there were
exceptions for some countries. The degree of extra-
polation needed varied with the medical use con-
sidered but was typically within a range of about 2 to
7 overall; there was, however, considerable variation
about these average values for particular regions or
periods.

292. The data on cxposures from medical uses of
radiation for the United States have been considered
seprately from the remainder of the OECD region
because of the major contribution to worldwide
exposures from this country and the much larger
collective dose per unit gross national product. Data
for the United States have been reported scparately for
all medical uscs of radiation and for dental radio-
graphy; the levels of exposure from diagnostic
radiography, nuclear medicine and radiotherapy, taken
together, can thus be estimated by simple subtraction
of exposures from dental radiography from those for
all medical uscs. Assumptions must be made, how-
ever, on the attribution of this residual dose between
the respective uses. In the absence of other indications,
the distribution between the three uses was assumed to
be the same as that on average for OECD countries
(or, more strictly, those reporting data).

A. DIAGNOSTIC RADIOGRAPHY

293. The estimation of occupational exposures from
diagnostic radiography is complicated by the fact that
the radiation comes largely from point sources fairly
close to the workers and is in general of very low
energy. Exposure is very non-uniform because of the
inverse square law and attenuation in the body.
Matters are further complicated by the fact that
dosimeters are not always worn at the same Jocation,
although they are commonly worn at the waist or
neck. Consequently, the effective dose is difficult to

infer {from a single personal dosimeter reading, espe-
cially if the dosimeter is not in the primary radiation
ficld striking the body. For a reliable estimate 10 be
made, detailed information on the circumstances of the
exposurc and the nature of the radiation arc needed.
Because of these difficultics, the direct dosimeter
reading is commonly used in formal dose records as
a surrogate for the effective dose. The compilation of
rcliable statistics in this area is further hampered by
the fact that many of the exposures are close to the
minimum detectable level of the dosimeter. Differ-
ences in MDLs for various dosimeters and in the pro-
tocols for recording doses below these may therefore
adversely affect the reliability of the data and
compromisc the validity of direct comparisons
between statistics compiled in different ways.

294. It was judged in the UNSCEAR 1988 Report
[U1] that for radiation qualities used in diagnostic
x-ray procedures, the dosimeter usually gives a
reading that is 2 to 4 times higher than the effective
dosc if no protective apron is worn and if the exposure
is relatively uniform. If a protective apron is worn and
the personal dosimeter is placed on the outside, then
the dosimeter reading could be as much as 10-20
times higher than the cffective dose. It can be seen
from Table 31 that in most cases, at least where the
information is available, the direct dosimeter reading
is entered into formal dosc records. The data given
may thus be considerable overestimates, particularly
for those countries where lead aprons are worn and
dosimeters placed above them. Significant differences
are also cvident in Table 31 in the minimum detect-
able levels of the dosimeters used and in the assign-
ment of doses when dosimeters are lost; these
differences must be recognized when comparing data
for the respective countrics.

295. Countries reporting data on occupational
exposurcs from diagnostic radiology comprised about
13% of the total gross national product worldwide in
the first five-ycar period increasing to about 18% in
the third. On average, therefore, the reported data have
been scaled upwards by a faclor of about 7; there was,
however, considerable variation about this average in
the scaling for particular regions.

296. The annual number of monitored workers,
averaged over five-year periods, involved worldwide
in diagnostic radiography approximately doubled, from
about 0.63 to 1.4 million over the period analysed (sce
Figure XXII); the grecat majority of these workers
(about 70%) were employed in those countries
comprising the OECD. The annual worldwide
collective effective dose, averaged over five-year
periods, was about 600 man Sv in the first period
increasing 1o about 760 man Sv in the third period.
About 75% of the worldwide collective dose occurred
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in countrics of the OECD in the first period; this
proportion dropped 1o about 63% in the third period.

297. The annual effective dose to monitored workers
worldwide, averaged over five-year periods, fell from
about 0.9 mSv in the first period to about 0.6 mSv in
the third. This same downward trend is evident in the
data for most countrics and regional groupings, but
there is considerable variation between countries in
both the level of the dosc and the extent of the
decrease. Most average annual doses fall in the range
0.1-1 mSv, but somewhat higher values are reported
for China, Indonesia and, in particular, Peru. In
practice, all of the above doscs, both individual and
collective, may be considerable overestimates, as it
was generally assumed that the dosimeter reading
could be equated with effective dose.

298. The fraction of the monitored workforce world-
wide receiving annual doses in excess of 15 mSv was
small and estimated to have been about 0.003 over the
first two periods, with an apparent increase to about
0.005 in the third period; the fraction of the worldwide
collective cffective dose from annual dosecs in excess
of the same level was about 0.1 in the first period,
decreasing to about 0.0S in the second period with an
apparent increase to about 0.2 in the third period.
Undue significance should not, however, be assigned
1o these apparent increases in the third period. These
increases are due to data for China only being reported
for the third period and the somewhat higher values of
the distribution ratios reported for this country. For
those countries reporting data for the whole period
analysed therc is evidence, overall, of a small down-
ward trend with time in the values of both ratios.

299. Fewer data are available on average annual doses
to measurably exposed workers than to monitored
workers, so no attempt has been made to estimate a
representative worldwide level. Most doses fall in the
range 1-5 mSv, but a few fall well outside of this
range (c.g. 11 mSv for China in 1985-1989). The per-
centage of monitored workers who are measurably
cxposed varies considerably between countries, from
about 5% to almost 90%. Large variations between
countries are cvident in the ratio of the average dose
to measurably exposed and monitored workers. This
ratio ranges from about 1 to more than 10; differences
in monitoring and reporting praclice are probably
mainly responsible for the variation.

B. DENTAL PRACTICE
300. Worldwide levels of dose and numbers of

workers in dental practice have been estimated from
national data by extrapolation within particular regions

based on gross national product. The sum of the gross
national products for those countries reporting data
was about 50% of the worldwide total in the first five-
year period, increasing to about 60% in the third. On
average, therefore, the reported data have been scaled
upwards by a factor of about 2 but with considerable
variation about this average valuc for particular
regions.

301. The annual number of monitored workers,
averaged over five-year periods, in dental practice
worldwide is estimated to have increased from about
400,000 to about 500,000 over the period analysed
(sce Table 32 and Figure XXIII); more than half these
workers were employed in the United States. The
average annual collective effective dose was about
120 man Sv in the first period, decreasing to about
25 man Sv in the third, with most of the decrease
occurring between the second and third periods. The
overall trend largely reflects that in the United States,
where the annual collective dose is reported to have
decreased over the same period, from about 80 to
12 man Sv. In other countries the downward trend was
less pronounced, not cvident at all or, occasionally,
reversed.

302. The annual cffective dose to monitored workers
worldwide, averaged over five-year periods, fell
progressively from about 0.3 mSv in the first period to
about 0.05 mSv in the third, again largely reflecting
experience in the United States, which makes a
dominant contribution to the total reported. While this
same downward trend is evident in most, but not all,
countries and regions, there is considerable variation
in both the level of the dose and the extent of the
decrease for particular countries or regions.

303. The fraction of the monitored workforce (sum-
med over the reported data) receiving annual doses in
excess of 15 mSv was very small and is estimated to
have varied within the range 0.0003-0.0008 over the
threc periods; the fraction of the collective effective
dose (summed over the reported data) estimated 1o
arise from annual doses in excess of that level varied
over a range of about 0.08-0.12. Because the data are
incomplete (i.e. no data reported for some countrics
and for limited periods in other cases), these ratios are
not reliable indicators of worldwide levels of these
quantities nor of trends in their values. The most that
can be concluded from them is that, in general, the
fraction of dental workers recciving an annual dose in
excess of 15 mSv is very small, i.c. significantly less
than one in a thousand workers.

304. Fewcr data are available on average annual doses
to measurably exposed workers than to monitored
workers. Most fell within the range 0.2-3 mSv, but
there were exceptions. The proportion of monitored
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workers who were measurably exposed varicd between
countries from a {cw per cent to esscntially 100%; this
is indicative of differences in practice with regard to
who is monitored and in the reporting and recording
of doses, which may partially cxplain some of the
wide variation in reported average individual doses to
both monitored and measurably cxposed workers.

C. NUCLEAR MEDICINE

305. Over the past decade there has been a rapid
expansion in the use of nuclear medicine. Many
radionuclides are used to label the pharmaceuticals,
but the two most important are ™Tc and 3],
Preparation and administration of pharmaceuticals arc
significant contributors to overall levels of exposure.
Moreover, as they arc administered by injection,
relatively high doscs to the hands of the workers are
also possible. Generally, lead shiclded syringes are
recommended, but they are not always used.
Following injection, the patient is another source of
exposure for the medical staff. Internal exposures of
workers may also occur, but few data have been
reported on their relative contribution. Radiopharma-
ceuticals are also used in therapy, and the main
sources of occupational exposure are the same as in
diagnostic use. Since the data on occupational expo-
sures arising in nuclear medicine rarely distinguish
between diagnostic and therapeutic applications, this
analysis is directed to overall levels of exposure in the
field. Consideration is limited here to effective doses
to which extremity doses do not contribute. Becausc
of the potential for significant extremity doses in
nuclear medicine, these would merit attention in any
future analysis.

306. Worldwide levels of dose and numbers of
workers involved in nuclear medicine have been
estimated from national data using the same
extrapolation procedures as described previously. The
sum of the gross national products for those countries
reporting data was about 12% of the worldwide total
in the first five-year period increasing to about 18% in
the third. On average, therefore, the reported data have
been scaled upwards by a factor of about 7 but with
considcrable variation about this average value for
particular regions.

307. The annual number of monitored workers,
averaged over five-year periods, in nuclear medicine
worldwide is estimated to have increased from about
60,000 to about 90,000 over the period analysed (see
Table 32 and Figure XXIII); more than half of these
workers were employed in countries of the OECD.
The average annual worldwide collective effective
dose was about 60 man Sv in the first five-year

period, increasing to about 90 man Sv in each of the
following two periods. The annual effective dose to
monitored workers worldwide, averaged over five-year
periods, was about 1 mSv and varied little over the
whole period analysed. A downward trend is evident
for some countries and regions, but there is con-
siderable variation between countries in both the levels
of dose and the trends. Most average annual doses fell
in the range 0.2-2 mSv, but there are exceptions to
this generalization, in particular for Mexico and Peru,
where somewhat higher doses were experienced in
some periods.

308. The fraction of the monitored workforce
worldwide receiving annual doses in excess of 15 mSv
was small and is estimated to have been about 0.002
for the first two five-year periods with an apparent
increase to about 0.004 in the third period; the fraction
of the worldwide collective effective dose from annual
doses in excess of the same level was about 0.09 in
the first period, decreasing to about 0.03 in the second
period with an apparent increase to about 0.1 in the
third period. Undue significance should not, however,
be assigned to these apparent increases in the third
period. These increases arc due to data for China only
being reported for the third period and the somewhat
higher values of the distribution ratios reported for this
country. For those countries reporting data for the
whole period analysed there is evidence, overall, of a
small downward trend with time in the values of both
ratios.

309. Fewer data arc available on average annual doses
to mcasurably exposed workers than to monitored
workers, so no attempt has been made to cstimate
worldwide Ievels for this quantity. Most doses were
between 1 and 4 mSv, but some were considerably
greater (e.g. 13 mSv in China in one period). The
proportion of monitored workers who were measurably
exposed varied from a few per cent to cssentially
100%; this is indicative of differences in practice with
regard to who is monitored and in the reporting and
recording of doses, which may partially explain some
of the wide variation in reported average individual
doses to both monitored and measurably exposed
workers.

D. RADIOTHERAPY

310. Occupational exposures during the practice of
radiotherapy come from several sources. In general,
the rooms in which external beam radiotherapy is
practised are very well shielded, and the staff receive
little exposure. An exception to this occurs with either
neutron beams or electron accelerators operating above
10 McV. The necutrons activate nearby materials,
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which then constitute a source of radiation and cxpo-
sure to the workers even after the primary beam has
been turned off. In such cases, about 75% of the
exposurc is duc lo photoactivation products in the
trcatment head [U1], and the remainder is due to other
activation products in the room; induced activity in the
patient is not a significant source.

311. An important source of occupational exposure
from radiotherapy is brachytherapy, which often
involves the inscrtion or surgical implantation of
radio-active wires, ncedles or seeds. Preloaded surgical
applicators arc also sometimes uscd. There has, how-
cver, been a trend in countries with a high level of
beaith care towards the usc of afier-loading devices,
whenever possible, to reduce occupational exposures.
This involves the prepositioning of an applicator or
holder on or in the patient and the insertion of the
radioactive material at a later time. The occupational
dose from brachytherapy is very dependent on whether
the source insertion is manual or automated in some
manner. Once the sources have been inserted, the
patient becomes a source of exposure to the medical
staff. Because brachytherapy contributes significantly
to medical occupational ecxposures, it should be
analysed separately. Since, however, few data have
been separately reported on brachytherapy, the analysis
of exposurcs has been carried out for radiotherapy as
a whole.

312. Worldwide levels of dosc and numbers of
workers involved in radiotherapy have been estimated
from national data using the same extrapolation pro-
cedures as described previously. The coverage and
scaling of data were similar to that for nuclear
medicine,

313. The annual number of monitored workers, aver-
aged over five-year periods, in radiotherapy world-
wide is estimated to have increased from about 80,000
to about 110,000 over the period analysed (sce Table
32 and Figure XXIII); more than half of these workers
were employed in countries of the OECD. The
average annual worldwide collective effective dose is
cstimated to have been reduced by almost half from
about 190 man Sv in the first period to about
100 man Sv in the third period, with the decrease
occurring mainly between the second and third
periods. The annual effective dose to monitored
workers worldwide, averaged over five-year periods,
fell from about 2.2 mSv in the first period to about
0.9 mSv in the third. This downward trend is evident
in many but by no means all countries and regions,
and there is considerable variation in both the level of
the dose and the cxtent of the decrease for particular
countrics or regions. Most average annual doses fell
between 0.5 and 2 mSv, but there were exceptions 1o
this generalization, in particular in Finland, where the

doses were much lower, and in Mexico and especially
Peru, where they were significantly higher.

314. The fraction of monitored workers, averaged
over the reported data, receiving annual effective doses
in excess of 15 mSv was small and is estimated to
have decreased from about 0.012 in the first period to
about 0.008 in each of the subsequent periods. The
corrcsponding fractions of the collective effective dose
arising {rom annual doses in excess of that level were
about 0.3 in the first period, decreasing to about 0.2 in
the subscquent periods. Since the data for most
countries generally exhibit the same trends, these
average values can be used to provide a rough
estimate of worldwide levels for these quantitics.

315, Fewer data arc available on average annual doses
to mecasurably exposed workers than to monitored
workers. Most fell between 1 and 5 mSv, but there
werc some cxceptions, for example in China, where
the reported dose for one period was 10 mSv. The
proportion of monitored workers who were measurably
exposed varied from less than 10% to essentially
100%; the variation reflects differences in practice
with regard to who is monitored and in the reporting
and recording of doses, which may partially explain
some of the wide variation in reported average
individual doses to monitored and measurably exposed
workers.

E. ALL MEDICAL USES OF RADIATION

316. National data on occupational exposures from all
medical uses of radiation, averaged over five-year
periods, are given in the last scction of Table 32.
Worldwide levels of exposure have been estimated
from the reported data by extrapolation based on gross
national product. In Figure XXI, the colleclive
effective doses from all medical uses of radiation in
each country reporting data in 1985-1989 are shown in
relation to the gross national product. The broad
correlation between the two quantities is evident, with
the degree of corrclation gencrally increasing when
consideration is limited to particular regional or
economic groupings of countries.

317. For some countries in a geographical or
economic region, the normalized collective dose
(normalized in terms of the gross national product)
differed greatly from the average for that region. In
most of these cases the values were much smaller than
the average, suggesting that the reported data may
have been incomplete, that much less use was being
made of radiation in medicine or that much higher
standards of protection had been adopted in those




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 431

countrics. Similar observations have been made for the
separate practices involving industrial uses of
radiation. Notwithstanding these reservations on the
completeness of some of the reported data, no attempt
has been made to correct for this, and the reported
data were all included in the estimation of worldwide
levels of exposurc. Any errors due to incomplcteness
of the reported data are unlikely to be significant in
comparison with the uncertainty introduced by the
extrapolation process itself and by the assumption that
all of the reported data arc good surrogates for
cffective dose.

318. The data on occupational exposures from all
medical uses of radiation are presented for various
geographic regions and cconomic groupings in
Table 33. Because of its much larger normalized
collective dose, the United States has been listed
separately from the other OECD countries. Since the
normalized collective doses for the respective periods
were derived on different price bases (1977, 1983 and
1989, respectively), direct comparisons cannot be
made without appropriate corrections. Within a given
period, the normalized collective doses vary by a
factor of about 2 between most regions. The main
exceptions to this generalization are the United States,
where the normalized collective dose is some two to
three times that for the remainder of the OECD, and
Latin America and Asia where the normalized
collective doses are substantially less.

319. The exposure data [or the major regional
groupings of countries are illustrated in Figure XXIV.
The worldwide annual number of monitored workers,
averaged over five-year periods, is estimated to have
increased from about 1.3 to about 2.2 million over the
period; the majority of these workers are employed in
the United States or in countrics comprising the rest of
the OECD. The average annual collective effective
dose was about 1,000 man Sv in the first and third
periods with evidence of an increase of about 10% in
the intermediate period; in general, the data for later
periods are more reliable because of the smaller
degree of extrapolation nceded. Notwithstanding this
relatively unchanged level of worldwide exposure over
the period analysed, somewhat grecater changes
occurred in particular regions. The significant decrease
in the average annual collective dose in the United
States and the increase in that from the rest of the
world, excluding Eastern Europe and the OECD, are
apparent. Half or more of the worldwide collective
dose occurs in countries of the OECD, although this
contribution bas decreased with time.

320. The annual effective dose to monitored workers
worldwide, averaged over five-year periods, fell from
about 0.8 mSv in the first period to about 0.5 mSv in
the third. This same downward trend is evident in the

data for most countrics and rcgional groupings, but
there is considerable variation between countries in
both the level of the dose and extent of the decrease.
The average annual doses, and their rate of decline,
were broadly comparable in Eastern Europe and in the
OECD (cxcluding the United States); somewhat higher
levels of average individual dose have been reported
for the United States. No undue significance should be
attached to the variation in individual doses illustrated
for those countries depicted as the "remainder” in
Figure XXIV; any trends in these data will have been
distorted because different countries were included in
this category in the different time periods. The average
annual doses reported by individual countries vary
over a considerable range, for example from as low as
0.1 mSv in some countries for some periods (e.g.
Germany, Ireland and Switzerland) to as high as a
few millisievert in others (e.g. China, Mexico and
Peru).

321. The fraction of the monitored workforce
worldwide receiving annual doses in excess of 15 mSv
was small and is estimated to have decreased from
about 0.003 in the first period to about 0.002 in the
second with an apparent increase to about 0.009 in the
third period; the fraction of the worldwide collective
effective dose from annual doses in excess of the same
level was about 0.14 in the first period, decreasing to
about 0.10 in the second period with an apparent
increase to about 0.24 in the third period. The
apparent increases in the third period are due to the
inclusion of the data for China, which had been
reported only for this period. For those countries
reporting data for the whole period analysed there is
evidence, overall, of a small downward trend with
time in the values of both ratios.

322. Few data are available on average doses to
measurably exposed workers than to monitored
workers. Most fell in the range 1-5 mSv, but values
for several countries are well outside of this range
(10 mSv for China in 1985-1989). Based on these
reportcd data, a worldwide average annual effective
dose of about 1.6 mSv has been estimated as generally
applicable over the entire period. Large variations
between countries arc cvident in the ratio of the
average dose to measurably exposed and monitored
workers, This ratio ranges from about 1 to more than
10; differences in monitoring and reporting practices
between countries are probably mainly responsible for
this variation. More data on average doses to
measurably cxposed workers would be uscful, as
comparisons made on this basis are, in general, more
reliable than those made on the basis of the dose to
monitored workers.

323. Some of the variation betwecn countrics in the
reported statistics undoubtedly arises from differences
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in how doscs are measured and formally recorded, in
who in the workforce is to be monitored and in the
completencss of the occupations or uses included in
the data reported; these aspects warrant closcr analysis
in future in order to validate comparisons between the
data and improve the estimate of worldwide levels of
cxposurc. For example, had data been available for
China for the cntirc period, it is likely that the
cstimated worldwide values of the two distribution
ratios would have shown a downward trend with time,
but their absolute levels would have been greater than
indicated above, at Icast for the first two periods.

F. VETERINARY PRACTICE

324. Diagnoslic radiography is the main source of
occupational cxposure in vcterinary practice. The
annual number of monitored workers, averaged over
five-ycar periods, worldwide is cstimated to have
increased threefold, from about 50,000 to about
160,000 over the period analysed (sec Table 32 and
Figure XXIIl); morc than 70% of the workers were
employed in OECD countrics. The average annual
worldwide collective effective dosc is estimated to
have increased twofold, from about 25 man Sv in both
the first and second periods to about 50 man Sv in the
third period. The annual effective dose to monitored
workers worldwide, averaged over five-year periods,
fell progressively from about 0.5 mSv in the first
period to about 0.3 mSv in the third, although there
was considerable variation about these values in the
doses for individual countrics {most fcll in the range
0.1-0.8 mSv). These trends in dosc and in the number
of monitored workers are largely a reflection of
cxperience in the United States, given its very large
contribution to the sum of the reported data. Indecd,
while a downward trend in individual dose is cvident
in many countries, it is not cvident in all, and the
cxtent of the decrease is, in general, less pronounced
than that in the United Statcs.

325. The fraction of monitored workers, averaged
over the reported data, receiving annual effective doses
in excess of 15 mSv was very small and is cstimated
to bave decreased from about 0.001 in the first period
to about 0.0001 in each of the subsequent periods. The
corresponding fractions of the collective effective dose
arising from annual doses in cxcess of the samc level
were about 0.1 in the first period decreasing to about
0.02 in the subsequent periods. These average valucs
arc based on insufficient data for them to be judged
truly representative of worldwide levels; at best they
can be considered as indicative of such levels.

326. Fewer data are available on average annual doses
1o measurably exposced workers than to monitored

workers. Most fell in the range 0.5-2 mSv, but there
were somic cxceptions to this. The proportion of
monitorcd workers who were mecasurably exposed
varied from about 10% to about 50%, owing to
diffcrences in practice with regard to who is monitored
and in the reporting and recording of doses, which
may partially explain some of the wide variation in
reported average individual doses to both monitored
and mcasurably exposced workers.

F. SUMMARY

327. Worldwide exposures from the medical uses of
radiation for treatment of humans (i.e. excluding
veterinary practice) are summarized in Table 34.
Worldwidc cstimates have been made for diagnostic
radiography, dental practice, nuclear medicine and
radiotherapy, and for all medical uscs of radiation. The
annual number of monitored workers involved
worldwide, averaged over five-year periods, increased
from about 1.3 million in the first period to about 2.2
million in the third. Averaged over the whole period,
approximately 65% of these workers were involved
with diagnostic radiography, 25% with dental practice,
4% with nuclear medicine and 6% with radiotherapy.

328. The worldwidc annual collective cffective dose,
averaged over five-year periods, remained relatively
uniform over the whole period, at about
1,000 man Sv. Therc is evidence that the dose was
about 10% greater in the second period than in the
first and third periods. This cstimate of 1,000 man Sv
is lower by a factor of 4 to 5 than the estimatc in the
UNSCEAR 1988 Rcport [U1], which was 1 man Sv
per million population. Tbe present estimate is based
on much more extensive rcported data. Even so, it
may itself bc an overestimate of the worldwide
collective dose (doscs from diagnostic radiography,
which makes by far the greatest contribution to the
reported collective dose from all medical uses of
radiation, arc suspccted to have becn overestimated).

329. Over the three periods, there appear to have becn
significant changes in the contribution of differcnt
practices to the total collective dose. The contribution
of diagnostic radiography is estimated to bavce
increased from 60% to 80% between the first and third
periods, whereas that from dental practice decrcased
from 12% 1o 3%. The contribution from nuclear
medicine increased from about 6% to about 9% over
the whole period, whereas that from radiotherapy
decreased from about 20% to 10%.

330. The average annual cffective doses to monitored
workers involved in medical uses of radiation and the
doscs to monitorcd workers in each of the main
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categories of medical use of radiation all decreased
with time, even if by differing amounts. This is
apparcent in Figure XXIII, where the trends in scparate
practices are indicated. Radiothcrapy has, in general,
resulted in the largest average annual doses (about
2.2 mSv decreasing to about 0.9 mSv between the first
and third periods), typically exceeding the average for
all medical uses by a factor of about 2-3, The average
annual doses from nuclear medicine (remaining at
about 1 mSv over the whole period) also exceeded the
overall averages but to a lesser degree. The average
annual doses from diagnostic radiography (about
0.9 mSv decreasing to about 0.6 mSv) were broadly
comparable with the averages for all medical uses,
whercas those for dental radiography (about 0.3 mSv
decreasing to about 0.05 mSv) were much lower. The
doscs from both diagnostic and dental radiography
may, however, be significant overestimates because
the dosimeter reading is gencrally used directly as a
measure of effective dose.

331. The fraction of monitored workers worldwide
exposed to annual effective doses in excess of 15 mSv
is small for each medical practice and for medicinc
overall. Typically, a small fraction of 1% of workers
receive annual doses in excess of this level. The
values of this quantity (NR,5) are somewhat greater
for radiothcrapy, and those for dental radiography
somewhat lower, than the average for all medical
practices. The fraction of the collective dose arising
from individual doses in excess of that level has
varied significantly between practices within an overall
range of about 0.03 to about 0.3; the larger values arc
generally associated with radiotherapy. For all medical
uses of radiation the value of NRg decreased from
about 0.003 in the first period to about 0.002 in the
second, increasing again in the third to about 0.009.
The valuc of SR followed the same trend, decreasing
from about 0.18 to about 0.12 between the first and
sccond periods and then increasing to about 0.24.
Thesc increases in the third period, however, are more
apparent than real. They are mainly due to the
somewhat higher values for China having been
reported only for the third period. For those countries
reporting data for the whole period analysed there is
evidence, overall, of small downward trends with time
in both distribution ratios.

332. The variation in occupational exposures from all
medical uscs of radiation between different geographic
or cconomic regions is summarized in Table 33 and
illustrated for selected regions in Figure XXIV.
Avcraged over the whole period, 33% of monitored
workers worldwide are estimated to have been in the
United States, with a similar percentage in the rest of
the OECD. In Eastern Europe (including the former
USSR) the estimated proportion is 20%; based on less
complete data, about 4% are estimated to be in Latin

America and 4% in countrics with centrally planned
cconomics in Asia. About 1% of the total workforce
is estimated to be on the Indian subcontinent and a
similar proportion in south and south-cast Asia (non-
centrally planned cconomies).

333, The contribution of the United States to the
worldwide annual collective cffective dose almost
halved over the period analysed, decrcasing from
about 46% to 27%. Averaged over the same period,
the contribution of the rest of the OECD was about
20% and that of Eastern Europe about 12%. Based on
less comprehensive data, Latin America and countrics
with centrally planned economies in Asia ecach
contributed about 20%, at least in the more recent
five-year periods. The Indian subcontinent and south
and south-cast Asia (non-centrally planned economices)
each contributed about 1%, and there is evidence of a
significant increase in the contribution of the latter to
about 3% in the most recent five-year period.

334. The data on average individual doses to
monitored workers indicate that, in general, the doscs
in the OECD (excluding the United States) and
Eastern Europe were less than the worldwide averages
for the respective periods. Those for Asia and Latin
America were, in general, significantly in excess of
the average, while those in the United States and on
the Indian subcontinent were, broadly, of the same
magnitude.

335. Normalized collective doses (normalized in terms
of both gross national product and population) for
individual regions, averaged worldwide, are summa-
rized in Table 33. Significant variation is evident
between the various values, with the range of variation
being far smaller when the normalization is carried out
in terms of gross national product as opposed to
population size. In terms of population, the normalized
collective doses for particular regions vary over more
than two orders of magnitude, from about 0.01 to
about 2 man Sv per million people, with a worldwide
average of about 0.2 man Sv per million people
{compared with a representative value of 1 man Sv per
million people assumed in the UNSCEAR 1988 Re-
port [U1]). When expressed in terms of gross national
product, the collective doses vary over less than an
order of magnitude, and with a few exceptions, the
variation is much less than this. A number of trends
are apparent in these normalized doses: those for the
United States are generally greater than those for the
rest of the OECD by a factor of 2-3; those [or the rest
of the OECD, Eastern Europe and the Indian subcon-
tinent arc broadly of the same magnitude; and those
for Latin America and the centrally planned economies
in Asia are substantially in excess of the worldwide
averages of this quantity.
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VI. NATURAL SOURCES OF RADIATION

336. All workers are incvitably exposed to natural
sources of radiation in the course of their work. With
the cxception of a few occupations, their exposures to
natural radiation do not differ significantly from the
gencral background. In the UNSCEAR 1988 Repont
[U1], a relatively comprchensive assessment was made
of available data on cxposurcs in those occupations or
industrial practices where enhanced levels of exposure
to natural sources of radiation might be experienced.
Estimates were made of doses to aircrew, workers at
coal-fired power stations, underground miners and
workers involved with the industrial and agricultural
uses of phosphates (but not with their mining). Under-
ground mining was estimated to make by far the great-
est contribution to the overall collective dose from
occupational exposure to natural sources of radiation.
These cstimates are updated here, with emphasis given
10 those occupations or practices contributing most to
the collective dose and to arcas where significant new
data have since become available. Exposures to natural
sources of radiation from the mining and subsequent
processing and use of uranium have already been
evaluated in the context of the nuclear fuel cycle and
are not considered further here.

A. EXTRACTIVE INDUSTRIES

337. The extraction and processing of earth materials
increase the exposure of workers to natural sources of
radiation. The general public may be somewhat expo-
sed from the subsequent utilization of the products or
by the disposal of wastes. The extractive industries
include all forms of mining; attention is focused here
on underground operations, where radon exposures are
greatest.

1. Underground mining

338. Mining is an extensive industry. As can be secn
in Table 35, there are about 4.7 million underground
miners worldwide, with 84% cngaged in coal mining
and 16% in the mining of other minerals {C2]. Among
the latter group are about 90,000 engaged in the
mining of uranium ores (see Table 3). China is the
largest employer of workers in coal mines and South
Africa in other mines (mainly gold mines). The num-
bers of workers listed in Table 35 are estimates for
1991. In addition to the inherent uncertainties in the
data, such estimates can fluctuate widely from year to
year owing 1o continually changing regional and global
economic conditions.

339. Exposures in underground mining may arisc
from external and internal sources; the main contri-

butors to internal exposure are the inhalation of radon
and thoron progeny and the inhalation of dust
containing long-lived alpha emitters of the uranium
and thorium scrics. The relative contribution of cach
will depend on the type of mine, the geology and the
working conditions, particularly the dcgree of
ventilation. Exposures to natural sources of radiation
arising from mining have received much less attention
than those arising from the industrial and medical uses
of man-made sources of radiation. Relatively few data
are available for the period of interest and, in gencral,
their quality or reliability is much less than that of the
data rcported elsewhere in this Annex for other
occupations. This is a consequence of the paucity of
the data as well as the fact that many were derived
from environmental, as opposed 1o personal,
dosimectry; considerable errors in dose estimates can
occur when they are based on grab samples of air
instead of personal air samplers. This situation is,
however, changing, and more comprehensive and
reliable data can be expected in the future.

340. Data on cxposures to radon and its decay
products in about 1,200 underground mines are sum-
marized in Table 36; the data arc presented separatcly
for coal and other (excluding uranium) mines. Consi-
derable variation is evident in the average levels of
exposure reported between countries. There is also
considerable variation between doses at mines within
a given country. This is indicated in Table 37, where
average individual doses are given for mines in the
United States and the former USSR; it should be noted
that the tabulated doses differ from those reported in
the respective references, in particular a conversion
factor of 5.6 mSv WLM-! has been assumed in con-
trast to a value of 10 mSv WLM'! in the data report-
ed. Data havce also been reported for coal and other
mines in China [P5, X1]; for non-coal mines, the
reported average annual doses are typically more than
an order of magnitude greater than the average values
reported for other countries. These data for non-coal
mines [PS5, X1] are not, however, thought to be repre-
sentative of China as a whole for two reasons: first,
the reported values arc based on a limited number of
grab samples which may not be representative of the
conditions experienced by the whole workforce and,
secondly, the data arc for mines in only onc province

of China [P6).

341. The data in Table 36 refer to various time
periods, which limits the extent to which they can be
evaluated in a coherent manner. Neither the quality
nor the extent of the data are considered adequatce
enough to allow their use to establish trends in
worldwide exposures from underground mining. They
have, however, been used to estimate worldwide doscs
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from the inhalation of radon progeny, which are
summarized in Table 38; these doses can be consi-
dered broadly representative for the latter half of the
1980s. The doses were estimated as the sum, over all
countries, of the products of the number of miners and
the reporled exposure 1o radon progeny. The average
exposure, for those countrics reporting data, has been
assumed applicable worldwide. A conversion factor of
5.6 mSv. WLM! has been assumed in estimating
effective doses from the exposures reported in
Table 36.

342. The worldwide annual collective effective dose
from the inhalation of radon progeny in underground
mines (excluding uranium mining) is estimated to be
about 5,300 man Sv, with about 1,500 man Sv (about
30%) arising in coal mines and about 3,800 man Sv
(about 70%) in other mines. About 30% of the
worldwide collective dose from coal mining arose in
Poland and about 10% in the former USSR. In other
mines, ¢xcluding uranium mines, about 50% of the
worldwide collective dose occurred in South Africa.
The worldwide average annual effective dose was
estimated to be about 0.4 mSv in coal mines and about
5 mSv in other mines.

343. Exposures may also occur from extemnal
irradiation and from the inhalation of thoron progeny
and of dust containing long-lived alpha emitters of the
uranium and thorium series; conscquently, the dose
estimates in Table 38 from the inhalation of radon
progeny alone arc underestimates of the total dose.
Few data are available on these other pathways of
exposure, and their relative magnitudes will vary from
mine to mine depending on the geology and working
conditions. Estimates made for a number of mines in
the former USSR [P1] suggest that the contribution
from other pathways is about 1 mSv per annum
which, except in coal mines, is a small fraction of the
dose from radon progeny. In the abscnce of better
data, the annual doses given in Table 38 for radon
progeny have been increased by 1 mSv to take
account of other exposure pathways. When such an
allowance is made, the annual collective effective dose
from all exposure pathways for coal mining worldwide
becomes about 5,400 man Sv and that from other
mining (excluding uranium) about 4,500 man Sv. The
corresponding average annual cffective doses from all
pathways are about 1.4 mSv and 6.4 mSv for coal and
other mines, respectively.

344. The doses estimated in the above manner
represent cxposures received while at work in
underground mines. They require further correction,
however, if they are to be compared directly with
exposures arising in otber industries, where exposures
from natural sources of radiation are not included in
the reported doses. Similar correction is needed if the

quantity of interest is the additional, rather than the
total, dosc reccived while at work. To cnable fair
comparisons with cxposures in other industrics and to
allow the derivation of a quantity that represents the
additional exposurc from the work, the above annual
dose estimates need to be reduced by about 0.5 mSv;
this is the annual dosc that the worker would
otherwise have received if not at work. This cstimate
is based on 2,000 hours work per ycar and a
worldwide average dose from cxternal irradiation and
inhalation of radon progeny of 2.4 mSv (scc Annex A,
"Exposures from natural sources of radiation”).

345. After correcting for other exposure pathways and
for exposures that would have been received
irrespective of work, the worldwide annual collective
effective dose from underground (non-uranium)
mining, during the latter half of the 1980s, is
estimated to have been about 7,500 man Sv; about one
half of this total collective dose arosec in coal mining
with the other half arising in other mines (excluding
uranium). For comparison, the annual collective dose
from uranium mining (see Table 3), averaged over the
period 1975-1989, was about 1,300 man Sv. Of those
countries identified separately in Table 38, South
Africa (about 27%) makes the largest contribution to
the total collective dose with significant contributions
also from the former USSR (about 11%) and Poland
(about 7%). The additional worldwide average annual
cffective dose received by underground miners from
their work is estimated to have been about 0.9 mSv in
coal mines and about 6 mSv in other mines (excluding
uranium), although there was considerable variation
about these averages between countries and between
mines in a given country. Somewhat greater individual
and collective doses are likely to have been received
before the latter half of the 1980s, because less
attention was paid to the control and reduction of
exposures from this source. Insufficient data are
available, however, to make a reliable estimate of how
much greater they might bave been; the few data in
Table 36 suggest that they may have been
substantially greater.

346. Very approximate and tentative estimates were
made in the UNSCEAR 1988 Report [Ul] of
collective doses from natural sources of radiation. For
coal mining, an upper estimate of 2,000 man Sv was
made for the worldwide annual collective cffective
dose; this was based solcly on exposures in mines in
the United Kingdom and on the worldwide production
of coal. Given the very approximate nature of this
carlier estimate and the change adopted here in the
conversion factor for cxposure to radon progeny, it
compares favourably with the current cstimate of
about 3,400 man Sv. A very rough estimate of
20,000 man Sv was also made in [U1] for the annual
collective effective dose from underground mining
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apart from coal and uranium; this carlier cstimate was
based on a very tentative assumption that the
arithmetic mean annual individual dose was 10 mSv
(from a range of reported values between 0.1 and
200 mSv) and that there were, on average, 500
underground miners (excluding coal and uranium) per
million population. This carlicr tentative cstimate
cxceeds the present estimate, of about 4,100 man Sv,
by a factor of about S. Differences in the number of
mincrs (about a factor of 3 lower than before) and in
the average individual dose (about a factor of 2 lower
than before) are responsible for the decrease in the
collective dose estimated previously. For  all
underground mining (but excluding uranium) the
collective dosc estimated here (about 7,500 man Sv)
is about a factor of 3 less than that estimated in the
UNSCEAR 1988 Repont [U1].

2. Surface mining

347. Mineral sands are mined and processed in
several countries. Monazite, an important constituent
of the sands, has concentrations of thorium of about
2.5 10° Bq kg‘l and concentrations of uranium an
order of magnitude less. Surface mining is followed
by a wet and then a dry processing stage. The
important pathways of ecxposure are external
irradiation from §amma-my emitting radionuclides of
the 32Th and 88U decay series and inhalation of ore
dust, the latter being quite pronounced at the dry
stage. Exposure and employment information are
scarce. Data for Western Australia, a major producer
of monazite, show that dry-process workers received
appreciable doses from the inhalation of dust [H6].
Annual effective doses for 376 dry-process workers
averaged 20 mSv for 1983-1988, with 50% of workers
above 15 mSv. About 90% of thec dose is from
internal exposure. For all categories of workers (1,318
in number), the average annual effective doses
averaged 7 mSv, with 15% above 15 mSv [H6]. This
information is supported by information from other
parts of Australia [J1] and from Malaysia [O1], India
[M4] and Brazil [C3], but more data are required from
such producer countries for a full global assessment.

348. Similar difficulties affect the assessment of
occupational exposurcs from the mining and pro-
cessing of phosphate ores. Sedimentary phosphate may
contain about 1,500 Bq kg! of uranium. Surface
mining is followed by milling and other physical
treatment to upgrade the ore, most of which is later
digested with acid to produce fertilizers. The main
mechanisms of exposure in the early stages are
gamma-irradiation and the inbalation of radon
progeny, with some inhalation of ore dust. Data for
the initial stages in two mines in the Syrian Arab
Republic [OS] indicate that exposures overall are
unremarkable and that even the maximum values are

not very high. The annual effective doses from gamma
rays averaged 0.3 mSv in two mines and 0.1 mSv in
wo processing plants. The doses from radon progeny
ranged from 0.1 WLM to a maximum of 0.7 WLM
(i.c. about 0.6 mSv to about 4 mSv using a conversion
factor of 5.6 mSv WLM"). The inhalation of dust
could have added 0.5-1 mSv to these doses. Limited,
but consistent data are available from India [L3),
Isracl [T1], United States [H9], Tunisia [M13] and
Yugoslavia [K7]; more arc nceded for a better
estimate of cxposures worldwide.

349. Based on the limited data available for the
mining and processing of mineral sands and phosphate
ores, it is evident that the collective doses from these
operations arc small in comparison with those from
underground mining. It is unlikely that the collective
cffective dose from such opcrations would exceed
about 100 man Sv, although further data are needed to
confirm such an estimate.

3. Transport, storage and use of phosphates

350. In the UNSCEAR 1988 Report [U1] very appro-
ximate estimates were made of the collective doses
worldwide arising in the processing and transport of
phosphate rocks and in the transport, storage and use
of phosphates as fertilizers. Based on the extrapolation
of limited expcrience in Germany, in which account
was taken only of exposure by external irradiation, a
worldwide annual dose of about 70 man Sv was attri-
buted to these operations. No further data have been
obtained that would allow updating this estimate,
which remains very approximate.

B. AVIATION
1. Air travel

351. Flight altitude and duration are the principal
determinants of cosmic-ray doses to airfine crews and
passengers. Modern commercial aircraft have optimum
operating altitudes near 13 km, but flight paths are
assigned according to use and safety rcquirements.
There do not scem to be enough data available to
determine average f{light patterns [W2]. In the
UNSCEAR 1988 Rcport [Ul], a representative
operating altitude of 8 km was assumed, because of
the predominance of short-distance flights, with an
average speed of 600 km h'l. Other studies assume
other altitudes and speeds: for example, an altitude of
9 km and a speed of 650 km h'! were used for an
assessment in the United Kingdom [H1], and an
altitude of 7 km was uscd for flights by United States
carricrs lasting less than an hour and 11 km for longer
flights [O4]. At 8 km the effective dose cquivalent
has been estimated 1o be 2 uSv b}, this being the sum
of the absorbed dosc in tissue of the directly and
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indircctly ionizing radiations [H4, N5]. A worldwide
measurcment programme on Lufthansa airplanes indi-
cated that most flight altitudes were in the range ol 10
1o 11.9 km with effective dose equivalent rates of less
than 5 uSv h! and 8 uSv bl respectively, at these
altitudes [R7, R8}.

352. Compultational codes have been developed to cal-
culate the radiation levels throughout the atmosphere
(c.g. [04)), and additional measurement cxperience is
being acquired (c.g. [R8]). Preliminary assessments of
cosmic-ray dose accounting for changes in quality fac-
tors [I7] are indicating that effective doscs are likely
to be a few tens of per cent greater than the effective
dose equivalents reported above. Pending these revised
estimates and given the other uncertainties inherent in
the cstimation of doses to aircrew, the simplifying
assumption is made here that the effective doses are
numerically equal to the reported cffcctive dose equi-
valents. In addition to variations with altitude, the
cosmic-ray dose changes with latitude and solar cycle
modulation.

353. Alimited number of supersonic airplanes operate
commercially and cruise at about 15 km. Doses on
board are routinely determined with monitoring equip-
ment. Effective dose equivalent rates are generally
around 10 uSv b'l, with a maximum around 40 USv
bl [U1]. In two years from July 1987, the overall
average on six French airplanes was 12 uSv b! with
monthly values up to 18 uSv b'! [P2]; in 1990, the
average was 11 uSv b™! and the annual dose to aircrew
about 3 mSv [MS5]. During 1990, the average dose rate
for about 2,000 flights by British airplanes was
10 uSv bl with a maximum value of 50 uSv h'!
(D4]; annual doses to aircrew are around 2.5 mSv on
average with a maximum around 17 mSv [H1]. Ncu-
trons contribute about half of the overall effective dose
equivalents. The monitoring equipment serves to warn
of solar flares so that the airplanes can be brought to
lower altitudes. This is a very small sector of the
commercial air transport industry.

354. In the UNSCEAR 1988 Report [Ul] annual
flying time of 600 hours was assumed to be represen-
tative for aircrew, which is compatible with experience
in the United Kingdom [H1], Germany [R7, Rg] and
France [M5]); flying times may be 50% higher in the
United States [F3]. The annual collective effective
dose equivalent to aircrew in the United States was
estimated to be about 400 man Sv in 1985, based on
an average annual effective dose cquivalent of 3.5
mSv to some 114,000 crew members (of which 46,000
and 68,000, respectively, were flight crew and cabin
attendants) [E3]. The annual collective effective dose
equivalent to Lufthansa aircrew in Germany has been
estimated to be about 30 man Sv, based on 12,000 air-
crew and average annual individual dose of 2.5 mSv
[R7, R8). Values reported for a number of other Euro-

pean carricrs [M5, M6, S9] are consistent with an
cstimate of annual effective dose equivalents to air-
crew of 2.5 mSv. An approximate cstimate of the
worldwide collective effective dose cquivalent can be
made by assuming an average annual dose of 3 mSv
(i-e. intermediate between European and United States
expcerience) and taking account of the number of air-
crew worldwide which, in the late 1980s, was about a
quarter of a million [112]. The resulting estimate of
the worldwide annual collective effective dose equiva-
lent is about 800 man Sv. This value is several times
higher than previously estimated [U1]. Although still
only approximate, it is better substantiated and should
be a morc accurate estimate.

355. In addition to aircrew, some other persons, such
as professional couriers, receive higher exposures in
air travel. An analysis of passengers using London
airport in 1988 showed that one in four had made 10
or more journcys during the previous year, corres-
ponding to 30 or more hours aloft, but some profes-
sional couriers undertook 200 journeys a year, im-
plying 1,200 flying hours [G2]. The number of these
individuals is unknown, but it must be some small
fraction of the number of aircrew.

2. Space travel

356. Space travel is restricied to a small number of
astronauts and cosmonauts. Current space travel from
the United States and the former USSR is restricted to
low earth orbits at various inclinations [B13]. Doses
are strongly dependent on altitude and less so on
inclination. Experimental results from six shutde
missions [B13, N3] and seven space-station missions
[B13, N4] indicated that daily effective dose cquiva-
lents at altitudes from 300 to 520 km were 0.1-
0.7 mSv. Low- and high-LET radiations were deter-
mined separately; each contributed about half of the
lotal. Because of the complexities of radiation fields in
space vehicles, it is not casy to estimate exposure in
terms of effective dose; the simple assumption is
therefore made that it is numerically equal to the fore-
going values. Because so few individuals are involved,
the collective dose from this practice is quite low.

357. A comprehensive review of radiation in space
bas been published by NCRP [N3]. It treats in detail
the physical and biological aspects of the subject and
projects dose for possible future space missions.

C. OTHER OCCUPATIONS
AND PRACTICES

358. Inaddition to mincs, other places of underground
work with potentially increased radon levels include
natural caves, subway systems and power stations. In
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Germany radon levels exceed 1,000 Bq m™ in 40% of
all such underground work locations; in 10%, they
exceed 5,000 Bq m?3 [S10]. Radon levels in caves in
the karstic or limestone regions of several countries
arc similar [H8, R4, S12]. Unlike mincs, caves may
not have efficient mechanical ventilation, so radon and
progeny levels may be quite high. Typical concentra-
tions of potential alpha energy are about 0.3 WL,
implying about 5 mSv effective dose in three months
or 20 mSv for a full working year (assuming a conver-
sion factor of 5.6 mSv WLM'I). Some caves cxceed
2 WL, however, which could imply substantial doses
for some guides.

359. In the UNSCEAR 1988 Report [U1] considera-
tion was given to a number of other industrial pro-
cesses and occupations that could lead to enhanced
levels of exposure to natural sources of radiation. In
general, the data for these practices and occupations
were not sufficient to enable reliable estimates to be
made of worldwide collective doses. Their contribution
to the total worldwide occupational exposure from
natural sources of radiation is, however, unlikely to be
significant. Nonetheless, the collective dose 1o workers
at coal-fired power plants was estimatcd. The main
source of exposure in this case is thought to be the
inhalation of airborne fly ash, which contains elevated
levels of a number of naturally occurring radio-
nuclides. The upper estimate of the worldwide annual

collective effective dose was 60 man Sv, subject to the
following assumptions: global annual production of
electrical encrgy of 600 GW a; a labour force of 500
to produce 1 GW a per year; and an individual annual
committed effective dose per worker of 0.15 mSv. The
last value was cstimated for the most exposed group
of power station workers in the United Kingdom,
assuming cxposurc to dust at concentrations of
0.5 mg m*3; this value, if applied to all workers, gives
an overestimate for the collective dose from the
practice.

D. SUMMARY

360. A summary of average individual and collective
effective doses to workers worldwide involved in
occupations or practices that have increased exposures
to natural sources of radiation are summarized in
Table 39. The worldwide annual collective effective
dose is estimated to be 8,600 man Sv. This dose arises
mainly (about 90%) from underground mining. About
45% of the collective dose from mining arises from
coal mining and about 55% from the mining of other
materials. The estimated collective dose to aircrew is
about 800 man Sv (about 10% of the total). The
contribution from all other activities is small by
comparison and appears unlikely to exceed a few
bundred man sievert.

VII. ACCIDENTS

361. Accidents that occur in the course of work add
10 occupational exposures. Accidents with clinical
consequences for those exposed that occurred in 1975-
1989 are listed in Table 40, separated into accidents
occurring in the nuclear fuel cycle and associated
research, industrial uses of radiation, tertiary education
and rescarch (including accelerators) and medical uses
of radiation. Most of the data were obtained in
response to the UNSCEAR Survey on Occupational
Exposures. Some additional entries have been made
from other compilations of accidents [I11, R3] to the
extent that dose information was available or clinical
conscquences could be ascertained. The accidental
exposurcs listed are for those which have occurred in
the course of work; accidental exposurcs from the
theft or loss of industrial or medical sources have been
excluded as have accidental exposures of patients
during diagnosis or therapy.

362. The majority of accidents occurred in industrial
uses of radiation, involving radiography sources and

irradiation facilitics. In most cases either human
carelessness or malfunction of the equipment has been
the cause. Two accidents resulted in high doses that
caused deaths: one death at Brescia, Italy in 1975, and
one in El Salvador in 1989. None of the accidents
reported 1o workers involved in medical uses of
radiation causcd deaths.

363. There have been relatively few accidents
involving serious radiation injury to workers in
operations of the nuclear fuel cycle. On the other
hand, the accident at Chernobyl in 1986 caused high
exposures and acute radiation sickness in 237 persons
and the deaths of 28 of them. These were workers at
the reactor and members of the fire-fighting and
emergency crew, who dealt with the accident in its
initial stages. Two other workers at the reactor died as
a result of the explosions and fire rather than of
radiation injuries. An accident at a criticality facility
at Bucnos Aires in 1983 resulted in the death of one
worker.
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364. While accidents causing deaths are well known,
there is likely to be substantial underreporting of other
accidents. Two considerations support this premise.
First, for the period 1975-1984, ‘the number of
accidents rcported here is almost twice as great as the
number reported by Rodrigues de Oliveira [R3], which
was based on a detailed and comprehensive review of
the literature; it would thus appear that many
accidental cxposures with actual or potential clinical
consequences have not been reported in the literature.
Sccondly, the data reported in response to the
UNSCEAR questionnaire  are¢ by no means
comprehensive, cither in terms of the countrics
reporting data or in the completeness of the data
reported for the period of interest. As is apparent from
Table 40, cither there have been very large variations
in the frequency of accidents in some countries in the
different five-year periods, or, as is more likely, the
rcporied data are incomplete. It is difficult to assess
the extent of any underestimate, but a very rough
extrapolation of the data provided in response to the
UNSCEAR Survey on Occupational Exposures
suggests that the number of accidents with potential or
actual clinical consequences may have been two or
three times as great as rcported here. There is much
uncertainty in this estimate, given the few countries
rcporting data.

365. It would be of interest to know the collective
dose to workers caused by accidents, but the data are
too incomplete to make other than a very rough esti-
mate. The doses to those acutely exposed in the Cher-
nobyl accident were rcported in detail in the
UNSCEAR 1988 Report [U1]. The collective dose 1o
the 28 workers who died was 240 man Sv. The
remainder of the workers accounted for 370 man Sv,

cstimated from the distribution of workers according
to degree of radiation sickness and using the mid-point
doscs that characterize these degrees. The three deaths
in other radiation accidents may be estimated to
account for 30 man Sv. The remaining entrics, even
assigning up to 0.5 Sv per accident and underreporting
by a factor of 2-3 could add at most about 200 man
Sv; this is likely to be a major overestimate, because
the majority of accidents involve skin or extremity
cxposures. This makes a total of less than 900 man Sv
for all accidents occurring in 1975-1989. About two
thirds of the total rcsulted from the Chernobyl acci-
dent, with the remainder adding at most about 15 man
Sv per year to occupational radiation exposures; in
reality the latter dose may be substantially less.

366. Additional occupational radiation exposure
occurs in the aftermath of accidents, in clean-up and
decontamination work. The Chernobyl accident alone
involved 600,000 workers, many or possibly most of
whom were exposed to the maximum permitted dose
limit. ~This represents a very special case, but
nevertheless a substantial collective dose. Only if
accurate and more complete records are maintained of
exposures caused by accidents can estimates of this
component of occupational radiation exposures be
improved.

367. In summary, the number of accidents to workers
worldwide with clinical consequences reported here
for the period 1975-1989 is about 90 involving 362
workers; because of underreporting, the actual number
of accidents, may have been two or three times
greater. The reported data are too incomplete to make
any reliable estimate of trends in accidental exposures
with time.

CONCLUSIONS

368. Occupational radiation exposures have been
evaluated for five broad categories of work, namely
the nuclear fuel cycle, defence activities, industrial
uses of radiation (excluding the nuclear fuel cycle and
defence), medical uses of radiation and occupations
where enhanced cxposures 1o natural sources of radia-
tion may occur. Results for 1985-1989 are summarized
in Table 41 and, in abbreviated form, for the whole
period of interest (1975-1989) in Table 42. The con-
tribution of each category to the overall levels of
exposure and the trends with time are illustrated in
Figure XXV. The worldwide average individual and
collective effective doses have been derived largely
from data reported in response to the UNSCEAR

Survey of Occupational Exposures, supplemented
where appropriale by data from the litcrature.

369. Summary of exposures in the period 1985-1989,
The average number of monitored workers worldwide
involved with man-madc uses of radiation in the
period 1985-1989 is estimated to be about 4 million.
The majority (about 55%) of these are involved with
medical uses of radiation, with about 22%, 14% and
10% with the commercial nuclear fuel cycle, industrial
uses of radiation and defence activitics, respectively.
About 5 million workers are estimated to be exposed
lo natural sources of radiation at levels in excess of
average background levels. By far the majority (about
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75%) arc coal miners; other occupational groups con-
tributing significandy to this total arc underground
miners in non-coal mines (about 13%) and aircrew
(about 5%).

370. The worldwide average annual collective
effective dose to workers from man-made sources of
radiation in 1985-1989 is estimated to be about
4,300 man Sv. The collective effective dose from
exposurcs to natural sources (in excess of average
levels of natural background) is estimated to be about
8,600 man Sv; it arises mainly from underground
mining (about 90%), with broadly comparable
contributions from coal mining and the mining of
other materials (other than uranium). The estimated
collective dose from natural sources of radiation is,
however, associated with much greater uncertainty
than that from man-made sources of radiation.

371. Of the annual collective effective dose from
exposure to man-made sources of radiation
(4,300 man Sv), about 58% arises from operations in
the nuclear fuel cycle (2,500 man Sv), about 23%
from medical uses (1,000 man Sv), about 12% from
industrial uses of radiation (510 man Sv) and about
6% from defence activitics (250 man Sv). The
contribution from medical uses of radiation may,
however, be an overestimate by a factor of 2 or more;
most of the exposures from this source arise from
low-energy x rays from diagnostic radiography, and
the dosimeter reading, which is gencrally entered
directly into dose records, may overestimate the
effective dose by a large factor.

372. The average annual cffective dose to monitored
workers varies widely between occupations and also
between countries for the same occupation. The
worldwide average annual effective doses to monitored
workers in industry (excluding the nuclear fuel cycle),
medicine and defence activities are less than 1 mSv
(about 0.9 mSv, 0.5 mSv and 0.7 mSv, respectively);
in particular countries, however, the average annual
dose for some of these occupations is several
millisievert or even, cxceptionally, in excess of
10 mSv. The average annual cffective doses to
workers in the nuclear fuel cycle are, in most cases,
larger than those in other occupations; for the fuel
cycle overall, the average annual cffective dose is
about 2.9 mSv. For the mining of uranium the average
annual effective dosc to monitored workers in
countries reporting data was about 4 mSv, and for
uranium milling operations it was about 6 mSv; there
are, howcver, very wide varjations about these average
values, with doses of about 50 mSv being reported in
some countries. The average annual effective dose to
monitored workers in LWRs is about 2 mSv, with
doses about 50% greater, on average, in HWRs and
smaller by a factor of about 2, on average, in GCRs.

The individual doses in fuel reprocessing are
comparable with those in rcactors, whereas those in
fuel earichment are much smaller,

373. The percentage of monitored workers worldwide
involved with the use of man-made sources of
radiation receiving annual effective doses in cxcess of
15 mSv is estimated, on average, to have been about
3% during the period 1985-1989. There is, however,
considerable variation in this value between
occupations. Typically, about 0.1% of monitored
workers in medicine and industry (excluding the
nuclear fuel cycle and defence) are estimated to have
received doscs in excess of this level. For the nuclear
fuel cycle as a whole, about 10% of monitored
workers, on average, exceeded this level of annual
effective dose. There is, however, considcrable
variation between different stages of the fuel cycle
(i.c. about 20% for uranjium mining and mitling, about
3% averaged over all reactors but varying within a
range of essentially zero to about 7% depending on
the reactor type, about 6% for reprocessing, on
average, about 0.2% for fuel fabrication and
essentially zero for enrichment). It should be noted
that the above percentages, where they include a
contribution from workers in uranium mining and
milling, may be ovcrestimates. This is due to the
assumption that the reported distribution ratios for
uranium mining and milling are applicable to an
effective dose of 15 mSv; strictly they apply to a dose
less than 15 mSv because of the change in the
conversion factor (compared with that used in the
reported data) for exposures to radon progeny adopted
in this Annex.

374. The percentage of the worldwide collective
effective dose from all uses of man-made sources of
radiation (or more strictly for those uses for which
data have becn reported) which arises from annual
individual doses in excess of 15 mSv is estimated to
have been about 30% to 40% during the period 1985-
1989. There is, however, considerable variation in this
value between occupations. Typically, about 25% and
30%, respectively, of the collective dose in medicine
and industry (excluding the nuclear fuel cycle and
defence) are estimated to have arisen from annual
individual doses in excess of this level. For the nuclear
fuel cycle as a whole, about 40% of the collective
dose arose from annual individual doses in excess of
15 mSv. There is, however, considerable variation
between different stages of the fuel cycle (i.e. about
50% for uranium mining and miiling, about 35%
averaged over all reactors but varying within a range
of essentially zero to about 50% depending on the
reactor type, about 10% for oxide fuel reprocessing,
about 2% for fuel fabrication and essentially zero for
enrichment). Tt should be noted that the above
percentages, where they include a contribution from
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workers in uranium mining and milling, may be
overestimates for the reasons set out above.

375. The average annual cffective dose to workers
exposed to cnhanced levels from natural sources of
radiation, in particular in underground mincs, varics
considcrably between mines and between countrics. In
coal mines, the average annual effective dose is
estimated to be about 1 mSv. In other (non-uranium)
mines the worldwide average effective dose is
estimated to be about 6 mSv. Aircrew are estimated to
receive an average annual cffective dose of about
3 mSv.

376. Trends in exposures over the period 1975-1989.
Trends in exposure from man-made sources are
illustrated in Figure XXV for each of the main
occupational categorics considered in this Annex. The
trends in occupational exposures from natural sources
bave not been quantified because insufficient data are
available to make meaningful estimates; the few data
that do exist, however, suggest that exposures
(excluding those to aircrew) before the second half of
the 1980s were greater than those estimated here,
possibly much greater. The latter is due to somewhat
less attention being given in the past to control and
reduction of exposures in underground mining.

377. The worldwide annual average number of
workers involved with man-made uses of radiation is
estimated to have increased from about 2.5 to about 4
million between the first and third five-year periods.
The greatest increase (from about 1.3 to about 2.2
miilion) has been in the number of monitored workers
in medicine. The number of monitored workers in the
nuclear fuel cycle has also increased significantly (by
about 50% from about 0.6 to about 0.9 million).
Increases in the numbers of the monitored workers in
defence activities and other industrial uses of radiation
have been modest by comparison.

378. The annual collective cffective dose, averaged
over five-year periods, for all operations in the nuclear
fuel cycle changed little over the period 1975-1989,
notwithstanding the large increase (three to fourfold)
in electrical energy generated by nuclear means; some
changes, however, occurred in particular stages of the
fuel cycle. The annual average collective dose from
uranium mining increased by about 25% between the
first and second five-year periods decreasing again to
about its former level in the third period. There was a
decrease by a factor of almost 2 for fuel fabrication,
reprocessing and research. The collective dose from
reactors increased over the period by a factor
approaching 2, with almost all of the increase
occurring during 1975-1979 and 1980-1985. The
increase in dose betwcen the first two five-year
periods was largely attributable to the major plant

safcty modifications carried out in the carlier 1980s in
response the accident at Three Mile Island. Indeed, but
for thc accident at Chernobyl, the annual average
colicctive dose from recactors in 1985-1989 would
probably have dccrcased relative to the preceding
five-year period. Average annual individual effective
doscs to monitored workers in nuclear fucl cycle
operations typically decreased by a factor of about 2
in most stages of the fuel cycle between 1975-1979
and 1985-1989; for uranium mining, the decrease with
time was only about 20%.

379. The normalized collective effective dose per unit
cnergy generated has decreased with time for the fuel
cycle overall and for most of its stages. For the fuel
cycle overall, the normalized collective dose has
decreased by almost a factor of 2 from about
20 man Sv (GW a)’l to about 12 man Sv (GW a)'l,
with most of this decrease occurring between the
second and third five-year periods. For reactors,
between the first and second five-year periods, the
normalized collective doses changed little, but large
decreases occurred in the third period; decreases by a
factor of about 2 occurred for PWRs, BWRs and
HWRs. These decreases in the third period were a
consequence of the completion of most of the safety
modifications made following the accident at the
Three Mile Island reactor and the much greater
attention paid by utilities and regulators to the
reduction of occupational exposures in both existing
and new reactors. Substantial reductions (by about an
order of magnitude) occurred in the normalized
collective dosc for the fabrication of LWR fuel,
although these doses may be underestimates because
they do not take account of internal exposures. The
normalized doses for the fabrication of other fuels did
not decrease. Indeed, those for GCRs would appear to
have increased with time; much of this increase,
however, is more apparent than real, due to the fact
that internal exposures were included only for the third
period. For uranium mining, the normalized collective
dose decreased by about 25% over the period
analysed. The normalized dose for reprocessing oxide
fuels changed litle over the period analysed, whereas
that for Magnox fuels decreased by about a third.

380. The worldwide average annual collective
effective dose from all industrial uses of radiation,
excluding the nuclear fuel cycle and defence activities,
was fairly uniform over the period 1975-1984. It
decreased, however, by a factor of almost 2 in the
scecond half of the 1980s. This same trend is reflected
in estimates of individual dose; the annual effective
dose to monitored workers decreased from an average
of about 1.5 mSv, over the period 1975-1984, 10 an
average of about 0.9 mSv in the second half of the
1980s. In defence activities both the average individual
and collective doses decreased by a factor of nearly
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2 over the period analyscd. These decrcases were
largely a conscquence of reductions in doses achieved
in the operation and maintenance of nuclear navies,
notwithstanding the increasc both in the number of
ships in operation and in those undergoing refit over
this time.

381. The worldwide average annual collective
effective dose from all medical uses of radiation,
about 1,000 man Sv, changed littlc over the three
five-ycar periods. A clear downward wucnd s,
however, cvident in the worldwide average annual
effective dose to monitored workers, which decreased
from about 0.8 mSv in the first five-year period to
about 0.5 mSv in the third; there was, however,
considerable variation between countrics. The annual
average number of monitored workers in medicine
incrcased by about 75% over the three periods, and
this is the recason why the collective dose remained
relatively uniform with time, notwithstanding the
significant decrease in average individual dose. The
extent to which some of these decreases in average
individual dose arc real or arc merely artifacts due to
changes in monitoring or recording practice, warrants
further analysis,

382. The percentage of monitored workers worldwide
involved with all uses of man-made sources of
radiation receiving annual effective doses in excess of
15 mSv has decreased progressively from an average
of about 5% to about 3% between the first and third
five-year periods. This same downward trend is
evident in the percentages of nuclear fuel cycle and
medical workers worldwide receiving annual doses in
excess of this same level. The tabulated data for
medical workers show an increase in the third period.
This increase, however, is more apparent than real and
is due to the inclusion in this period only of data for
one country with a very high value of this fraction; if
this country were excluded, the trend would be
downwards for medical workers throughout the period
(see Section V.E). For industrial workers (excluding
the nuclear fuel cycle and defence) worldwide there is
little evidence in support of any clear trend in the
percentage of workers receiving annual doses in
cxcess of 15 mSv.

383. The percentage of the worldwide annual
collective effective dose from all man-made uses of
radiation arising from annual individual doses in
excess of 15 mSv has also decreased progressively
from about 45% to about 36%, on average, between
the first and third five-year periods. The same
downward trend is evident for the collective dose from
the nuclear fuel cycle and from medical uses of
radiation. The tabulated data for medical uses show an
increase in the third period; however, for the reasons
set out above, this increase is merely an artifact of the

data, and the trend has in fact been downwards over
the whole period, For industrial workers there is little
evidence of any clear trend with time in the fraction of

the collective dosc arising from annual doses in cxcess
of 15 mSv.

384. Curmulative exposures. Cumulative or lifctime
exposurcs of workers have been analysed to only a
limited extent. The examination of termination records
has given average rates of dosc accumulation for
various career lengths, but there was no assurance that
the records were cither complete or accurate. Some
indications of lifetime cxposures may be provided by
estimales of average annual cxposures and career
lifetimes, but both parameters arc extremely variable
between individuals within particular occupations, as
well as between occupations and from one country to
another. To evaluate actual experience, the need exists
for more complete records of employment at all
locations and complete dosimetry, including external
and internal exposures. Improved data on this aspect
can be expected in the next few years with the
increasing use of computerized databases for occupa-
tional cxposures and the compilation of data suitable
for epidemiological studies on workers,

385. Accidental exposures. Occupational exposures
to workers caused by accidents give an added compo-
nent of dose or injury to thosc involved. The data
compiled indicate that most of the accidents occurred
in the industrial uses of radiation and that most of
them involved industrial radiography sources. By far
the majority of accidental exposures of sufficient
magnitude to cause clinical effects were associated
with localized exposures to the skin or bands. From
1975 to 1989, 31 people died as a result of radiation
exposures received in accidents; 28 of these were at
Chernobyl. The number of accidents to workers world-
wide with actual clinical consequences that has been
reported in the period 1975-1989 is about 90. Because
of underreporting of non-fatal accidents, the actual
number may have been two or three limes greater.

386. Comparison with previous estimates of
occupational exposures. The estimates of occupa-
tional radiation exposure in this Annex have benefited
from a much more cxtensive and complete database
than was previously available to the Committee. The
efforts by countries to record and improve dosimetric
data have been rcflected in the responses lo the
UNSCEAR Survey and have led to improved esti-
mates of occupational exposures. The current estimate
of the annual collective effective dose during the
second half of the 1980s from occupational exposures
to man-made sources of radiation (4,300 man Sv) is
lower by a factor of 2 than the estimate made by the
Committee in the UNSCEAR 1988 Report for the first
half of the 1980s [U1]; the current analysis, however,
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suggests that the latter was an overestimate by about
a factor of 2 and that the actual rcduction in collective
dosc over this period was relatively small, about 15%-
20%.

387. The largest change in the cstimates of annual
collective dose is for medical uses of radiation. The
currcnt estimate indicates that the annual collective
dose has remaincd relatively unchanged over the
whole period analysed at about 1,000 man Sv. This is
lower by a factor of 5 compared with the cstimate
made in the UNSCEAR 1988 Report [U1] for the first
balf of the 1980s, indicating that the latter was over-
estimated by a large factor; morcover, as has been
noted, the current estimate may still be too large by a
factor of 2 or more. The annual collective dose from
industrial uses of radiation (excluding the nuclear fuel
cycle and defence) is estimated in this analysis to have
decreased by about a factor of 2 (from about 900 to
500 man Sv) between the first and sccond halves of
the 1980s. The current estimate of the collective dose
for the first half of the 1980s is about a factor of 2
lower than that estimated previously in the UNSCEAR
1988 Report [U1], bascd on data available at that time.

388. For the nuclear fuel cycle the greatest changes,
compared with carlier estimates, are for the mining
and milling of uranium and reactor operation. The
present estimate of the normalized collective dose
during the second half of the 1980s from mining and
milling of uranium [about 4.8 man Sv (GW a)!] is
about seven times greater than estimated previously
[U1]. This previous estimate would, however, appear

1o have been an underestimate by an cven greater
factor. The current analysis indicates that the
normalized collective dosc in the carly 1980s was
actually about 20% greater than that for the second
hall of the 1980s. The present estimate of the
normalized collective dose from reactor operation
[about 5.8 man Sv (GW a)’l] for the sccond balf of
the 1980s is smaller, by a factor of about 2, than
cstimated previously [U1] for the first half of the
1980s; this change reflects a real reduction in dose
between the first and second halves of the 1980s, due
largely to the completion of plant modifications to
LWRs following the accident at Three Mile Island
and, to a lesser extent, to the commissioning of new
reactors in several countries.

389. The present estimate of the collective effective
dose from cxposures to enhanced natural sources of
radiation at work is about two to three times smaller
than the cstimate made by the Committee in the
UNSCEAR 1988 Report [U1]. Significant differences
are apparent, however, in the respective estimates
depending on the occupation. For coal mining and
aircrew, the present estimates are factors of about
2 and 4 times greater, respectively, than those made
previously; the present estimate for other mining
(excluding uranium) is, however, a factor of about 5
tlimes smaller than that made previously. The estimates
of exposures o natural sources of radiation are not,
however, as well supported by data as those for man-
made sources. Further monitoring and investigation are
needed of this important component of occupational
cxposures.
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Table 1
Occupationul categories used by UNSCEAR for evaluating exposures

Exposure sowrce Occupational categories

Nuclear fuel cycle Uranium mining and milling
Uranium enrichment and conversion
Fuel fbrication
Reactor operation
PWRs, BWRs, HWRs, GCRs, LWGRs, BRs
Fudl reprocessing
Rescarch and development °

Defence activities Nuclear weapons production
Naval nuclear propulsion
Other ®

Industrial uses of radiation All industrial uses
(excluding the nuclear fuel cycle and defence activities) Industrial radiography
Fixed, mobile
Luminizing
Radioisotope production and distribution
Well logging
Aceelerator operation ¢
Tertiary education and research d
Other ¢

Medical uses of radiation All medical uses
Diagnostic radiography
Dental radiography
Nuclear medicine
Radiotherapy
Veterinary practice

Natural sources Under ground mining
coal
other (excluding uranium)
Surface mining
Ajrcrew
Other

Limited, in principle, to activities directly stiributed to the commercial nuclear fuel cycle. It is recognized, however, that because of the way data are collected,
the data attributed 1o this calcgory may include exposures arising from other activities.

To include all other uses cocountered in civilian occupations (c.g. non-destructive testing, transport, research, education, ctc.)

Limited to accelerators used for nuclear physics research at universities and naticnal or international Jaborataries.

Limited to tertiary educational establishments (e.g. universitics, polytechnics, rescarch institutes with an important cducational rdle, ctc.).

The sum of all other industrial uses of radistion (c.g industrial irradiation facilities, etc.). The exposures stiributed to this category should be equal to that for
all industrial exposures less the sum of the exposurcs for those uscs separately reported.




Table 2

Dose monitoring and recording procedures for occupational exposures in industry
Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Minimum detectable Dose recorded Doses to Corrections made to avoid
Country Occupation Monitored workforce level (MDL) when less than Dose recorded for lost dosimeters contractors multiple eniries for the
or recording level MDL included same individual
Argentina All Those in controlled areas 0.1 mSv 0 Mecan value of previous 3 months Yes No
Australia All Those using radiation devices 0.01 mSv (x) 0 0 Yes
0.07 mSv (y)
Canada * Mining and milling 0.01 WILM 0 No fizxed pdlicy Yes Yes
Reactor operation 0.01-0.2 mSv 0 No fixed pdicy Yes Yes
Other 0.2 mSv 0 No fixed palicy Yes Yes
Chile Al Category A workers 0.05 mSv 0.05 mSv Mean value of periods without accident
China Reactor operation Reading Pocket dosimeter or average dose Yes No
(Taiwan Province) All other 0.003-0.05 mSv 0 0
Czechoslowvnkis Reacter operation Those wearing personal dosimeters 0.1 mSv ot Mean value for previous 12 months No No
Other 0.2 mSv 0 Mean value for previous 12 moaths No No
Denmark Al 0.1 mSv 0 0 Yes Yes
Finland © Reactor operation 0.1 mSv 0 Estimate based on working conditions Yes No
Other Those who may exceed 173 of dose 0.1 mSv 0 0 Yes No
limit plus optional users
France Reacter operation Those pravided with a personal 0.01 mSv 0.1 mSv Based on clectronic dosimeter reading Yes ¢ No
Reprocessing dosimeter 0.15 mSv 0 Dose reconstruction after enquiry Yes No
Uranium mining Various Attributed by local RP officer Yes No
Research 0.20 mSv 0 Attributed by local RP officer Yes No
German Dem. Rep. Mining Those in regions where alpha cnergy approx. 2 48v Attributed by coatralling authority Yes Not necessary
(other than uranium) concentrations exceed 0,64 yd/m’
Germany, Fed. Rep. Reactar operation As dcfined by Radiation Protection 1 uSv (GM) Redundant system used; if both lost Yes No
Ordinance 0.1 mSv (film) estimate based on working conditions
Other Those in controlled areas 0.1 mSv (>1978) 0 Yes No
0.4 mSv (<1979) 0
Hungary * Al Those who may exceed 1/10 of dose 0.1 mSv? 0, 0 Yes Not necessary
limit
India 0.05 mSv (x) 0 Mean value of previous 12 months ' Yes
0.1 mSv (n,y)
Indonesia Al 0.05 mSv 0.05 mSv Yes Yes
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Table 2 (continued)

Minimum detectable Dose recorded Doses to Corrections made to avoid
Country Occupation Monitored workforce level (MDL) when less than Dose recorded for lost dosimerers contractors multiple entries for the
or recording level MDL included same individual
Ireland All 0.2 mSv (<1987) 0 0 Yes No (not significant)
0.15 mSv (>1987)
Iraly At 0.1 mSv 0 Mean valuc for remainder of year
Japan Reactor operation Those in controlled arcas 0.1 mSv 0 Maximum individual dose in group Yes No
Other Those in controlied areas 0.1 mSv (TLD)
0.2 mSv (film)
Netheilands Accelerators 0.01 mSv 0 0 Yes
Norway Al 0.4 mSv 0 0 Yes No
Portugal Al 0.2 mSv
Republic of Korea Fuel fatxication 0.05 mSv 0.05 mSv Pocket dosimeter or average dose Yes Yes
Reactor operation 0.001 mSv 0 Pocket dosimeter or work condition Yes Yes
Research 0.1 mSv 0.095 mSv 30 mSv per quarter No No
Spain Reactor operation 0.1 mSv 0 Arca o other dosimeter or 4 mSv Yes No
Mining and fucl 0.2 mSv 0 Arca or other dosimeter or 4 mSv Yes No
fabrication Yes No
Other 0.05 mSv 0 Area or other dosimeter or 4 mSv
South Africa Reactor operation 0.1 mSv 0 Based on QFD reading Yes Yes
Other 0.2 mSv 0 4 mSv Yes No
Sweoden All 0 0.1 mSv 0 No No
USSR 0.1 mSv 0.1 mSv
United Kingdom BNFL sites Those in controlled areas 0.1 mSv As assessed Working conditions or dose limit rate Yes * Not nccessary
Weapons 0.05 mSv (external) 0F 4.15 mSv No Partially
0.01 mSv (intemal)
United States USNRC licensees 0.01 mSv 0 Estimated by licensee Yes No

-

O R N

A change from {ilm to TLD dosimetry took place over a five-year period from 1977 to 1981 without any significant change observed in the statistics.

Average individual and collective doses estimated from Jog-normal 6ts to data and therefore account is taken of doses occurting below MDL. and recorded as zero.
The database includes only workers who have exceeded the recording level, which for reactars was 0.1 mSv with dosimeters issued monthly and 0.5 mSv for all other industrial occupations with dosimeters issued quarterly; the latter recording
jevel was reduced to 0.3 mSv in 1989. Before 1990 the database docs not contain the numbers of monitored woekers.
Only in collective dose estimates.

Doses recorded above the recording level, which is 0.1 mSv per month for reactor workers and 0.2 mSv per two months for workers elsewhere.

For three out of four power stations.
Before 1986 the dosc recorded when less than MDL was 0.05 mSv (external) and 0.01 mSv (internal).
In the BNFL (British Nudcar Fuels plc.) data presented in this Annex, contractors are included only for reprocessing operations.

144

JLHOdTY £66T YVIDSNN




Table 3

Exposures from uranium mining °

Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Annudl collective effective dose ®

Average annual cffective dose

Contribution of expasure pathway (%)

Distribution ratio

Annual Equivalent Monitored Measurably Average per | Average per Per Per
Country amount of amount 7‘ workers exposed Total unit uranium unit energy monitored measurably Radon o
and uranium energy workers extracted generated worker exposed External re NRg SR ©
period mined € (man Sv [man Sv worker daughiers dust
(k1) (GW a) (thousards) | (thousands) | (man Sy per ki GW o)} (mSv) (mSv)
Underground mines
Argentina ! 1975-1979 0.04] 0.19 0.25 4.59 11 24.5 18.0 0.54 0.95
Australia £ 1988-1989 0.41 0.41 1.63 3.98 3.98 39 25 36 0.061 0.22
Bulgaria {110] 1985-1989 0.50 23.1 46.1 0 100 0
Canada * 1975-1979 4.73 215 5.78 5.06 40.2 8.51 1.87 6.96 795 37 63 0.25 0.20 0.57
1980-1984 597 27.1 8.06 6.90 49.6 8.30 1.83 6.15 7.18 43 57 0.30 0.23 0.62
1985-1989 5.10 23.0 5.19 4,36 30.2 5.59 1.23 5.82 6.93 40 60 0,26 0.26 0.67
China [110]  1985-1989 6.6 114 17.3 as 65 0
Czechoslovakia /
1975-1979 1.78 8.11 9.06 60.4 339 7.45 6.67 14 86 0
1980-1984 2,02 9.19 8.48 50.2 24.8 5.47 5.92 20 80 0 0.16 0.35
1985-1989 1.96 8.93 7.46 36.9 18.8 4.14 4.95 16 84 0 0.12 0.28
France ¥ 1983-1984 1.8S 8.42 1.28 1.25 17.0 9.18 2.02 13.3 13.6 28 72 0 0.48
1985-1989 2.29 10.4 1.34 1.28 12.4 5.39 1.19 9.22 9.67 29 71 0 0.40
Gabon [[10)  1985-1989 0.24 5.06 21.0
German Dem. Rep. !
1975-1979 6.26 28.5 14.7 147 160 25.5 5.61 109 ° 10.9 29 57 14 0.46 0.72
1980-1984 4.73 21.5 15.1 15.1 147 310 6.82 9.69 9.69 29 57 14 0.42 0.65
1985-1989 4.07 18.5 16.1 16.1 133 27 7.18 8.24 8.24 29 56 15 0.31 0.57
India ™ 1981-1984 0.13 0.58 1.16 13.8 108 23.7 11.9 24 76 0
1985-1989 0.15 0.68 1.35 15.2 101 223 113 23 77 0
South Africa * 1975-1979 3.27 14.9 79.0 347 107 233 4.39 23 75 0
1980-1984 5.07 23.0 93.6 399 78.8 173 427 25 75 [4
1985-1989 353 16.0 822 278 78.8 17.3 338 25 75 0
USSR [110]  1985-1989 16.3
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Table 3 (continucd)

Annual collective effective dose ¥ Average annual effective dose Contribution of exposure pathway (%) Distribution ratio
Annual Equivalent Monitored Measurably Average per Average per Per Per
Country amount of amount ‘o/ workers exposed Total unit uranium unit energy monitored measurably Rad o
and uranium energy workers extracted generated worker exposed External on re NRg SRe ¢
period mined € (man Sv [man Sv worker daughters dust
(k1) (GW a) (thousands) | (thousands) | (man Sy per ki) (GWa)'} (mSv) (mSv)
Total uranium mining
World 1975-1979 52 240 240 1300 26 57 5.5 26 70 38 0.37 0.69
1980-1984 64 290 310 1600 23 5.5 5.1 27 69 31 0.30 0.61
1985-1989 59 270 260 1100 20 43 4.4 28 69 3.2 0.25 0.52
®  The data are annual values averaged ovet the indicated periods.
5 Doscs from inhalation of radon daughters estimated using 3 conversian factor of 5.6 mSv WLM-; this nccessitated a revision of most of the data actually reported which were, in peneral, based on a conversion factor of 10 mSv WM,
¢ Uranium production data are those reported in response to the questionmaire, If nothing was reported, data were taken from [02).
¢ Estimated on the simplifying assumption that all the mined uranium is used in LWRs. The assumed fucl cycle requirement is 220 t uranium per GW a,
 The values of NR and SR arc those reported for the monitored workforce for E = 15 mSv, where the component of dose from radon progeny was derived assuming a conversion factor of 10 mSv WLM'!, Because the radon doses have been modified
here using 1 conversion factor of 5.6 mSv WLM', the value of E to which the distribution ratios refer will be less than 15 mSv, the cxact value varying with the country and period of interest (i.c. depending on the relative contribution of radon
progeny to the total dose).
{  Estimated by subtracting of reported data on open-pit mining from reported data for total mining underground mining ceased after 1979,
*  Data reported for exposed workers,which have been assumed to be the same as monitored workers.
* For 1975-1983 the reported data contain a contribution from milling.
' Reported data from before 1981 did not include external radiation; an external dose of 2.6 mSv (the average external dose to monitored workers in 1982-1983) has been added here to reported doses before 1981, The reported distribution ratios
before 1981 did not take account of external exposure and are therefore underestimates.
! Exposures from inhalation of dust are not included; measurements have indicated that it would contribute less than 3 mSv to the annual commited effective dose.
£ The contribution indicated for radon daughters includes the contribution from inhalation of radon daughters and inhalation of dust; in 1989 the contribution of each of these components was comparable [P3).
! Doses estimated on basis of grab samples.
™ The contribution from the dust is very small because of the low grade of the ore and has been ignored.
" Data are for gold mines. In S mines out of 40, uranium is produced as a by-product. The numbers of workers and total and normalized collective doses arc those that can be attributed to uranium mining Estimates of dose have been made for the
whole workforce from measurements and knowledge of working eavironments. This average dose has been assumed for the period, and the tabulated cotlective doses are the product of this dose and the reported annual number of workers.
®  Reported data only include exposures from inhalation of radon daughters.
£ Tabulated data on uranium mined, number of workers, doses and distribution ratios comprise the sum or sverages of data for Argentina, Canada, Czechoslovakia, France, the German Democratic Republic, India, South Africa and the United States
(i.c. those countries for which data for at least one period are complete in terms of these quantities); the percentage contributions to exposute pathways are averaged over Australia, Canada, China, Czechoslovakia, the German Democratic Republic,
France, India and South Affica, countries for which data are reported on all three contributions, These data should be interpreted with care, particularly when comparisons are made between different periods, as the countries included in the respective
summations may differ from one period to another, The distribution ratios are averages of thase reported, and the data on these are often less complete than data for the other quantities.
7 Estimates extrapolated from total of reported data, based on total uranium mined worldwide relative to that mined in reporting countries,

Reportcd data before 1981 did not include external radiation; an external dose of 0.3 mSv (the average cxternal dosc to monitored workers in 1982-1983) has been added here to reported doses before 1981, The reported distribution ratios before
1981 did not take accoum of external exposure and are therefore underestimates.

Normalized collective dose and number of workers from [P3] as approximate average of French open-pit mines in 1989; total coltective dose and individual doses derived here using estimate of amount mined by subtracting that reported for
under ground mining from total mined given in (02), The percentage contributions of each cxposurc pathway are approximate averages for open-pit mines in France,

Indudes only external exposure; contribution from internal exposure judged negligible by comparison.
Tabulated data on wanium mined, number of workers, doses and distribution ratios comprise the sum or averages of data for Argentina, Australia and Canada (i.c. thase countries for which data for at least one period are complete in terms of these

quantities); the pereentage contributions ta exposure pathways are averaged aver Argentina, Australia Canada and China, countries for which data are reported on all three contributions. These data should be interpreted with care, particularly when
comparisons are made between different periods, as the countries included in the respective summations may differ from one period to another, The distribution ratios are averages of those reported, and the data on these are often less complete

.

than data for the other quantities.
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ANNEX D: OCCUPATIONAL RADIATION EXPOSURES
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Table 6

Exposures from fuel fabrication °
Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Annual collective effective dose

Average annual effective dose

Distribution ratio

Country Annual amount Equivalent Monitored Measurably Average per Average per unit Per Per
and of fuel amount of workers exposed Total fuel energy monitored measurably
period fabricated energy ® workers fabricated generated worker exposed worker NRy € SR;s
(ke) (GW a) (thousands) (thousands) (man Sv) {man Sv per ki) [man Sv (GW )"} (mSv) {mSv)
LWR fuel
Japan ¢
1979 0.82 14.5 1.02 0.54 0.66 0.037 0.53 0
19R0-1984 1.06 18.1 1.44 0.86 0.82 0.048 0.60 0
1985-1989 1.28 20.7 1.67 0.52 0.40 0.025 0.31 0
Republic of Korea
1988-1989 0.03 0.87 0.20 0.06 1.83 0.068 0.30 0 0
Spain
1986-1989 0.16 4.43 0.35 0.25 0.38 233 0.086 1.09 1.53
Sweden
1986, 1988-1989 0.26 7.01 0.35 0.09 0.21 0.82 0.030 0.61 2.20
United States */
1975-1979 0.95 25.8 111 5.85 19.0 19.8 0.734 171 3.24 0.013 0.39
1980-1984 1.19 323 9.45 5.49 8.68 7.26 0.269 0.92 1.58 0.003 0.12
1985-1989 1.92 518 9.95 3.88 4.5% 235 0.087 0.45 1.16 0.0003 0.014
Total of repasted data &
1975-1979 1.12 28.7 1.3 19.1 17.0 0.664 1.69 0.013 0.39
1980-1984 225 50.4 10.9 9.54 4,23 0.189 0.88 0.003 0.12
1985-1989 3.50 80.6 12.2 5.48 1.57 0.068 0.45 0.0003 0.015
World *
1975-1979 1.6 42 17 29 18 0.69 1.7
1980-1984 3.7 81 17 15 4.1 0.19 0.87
1985-1989 6.8 160 24 11 1.6 0.069 0.45
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Table 6 (continued)

Annual collective effective dose Average annual effective dose Distribution ratio
Courntry Annual amount Equivalent Monitored Measurably Average per Average per unit Per Per
and of fuel amount of workers exposed Total Juel energy monitored measurably
period fabricated energy b workers fabricated generated worker exposed worker | NRys ¢ SRys
(k1) (GW a) (thousands) (thousand's) (man Sv) (man Sv per k1) [man Sv (GW a)) (mSv) (mSv)
FBR fuel
Japan
1975.1979 0.01 0.42 0.15 30.14 0.36 0
1980-1984 0.01 0.69 0.52 68.81 0.75 0
1985-1989 0.01 0.99 0.48 90.53 0.48 0

The data are annual values averaged over the indicated periods. Contributions of internal exposures to doses arc included for Spain (32%), Canada (0%) and United Kingdom (35% average for both types of fuel in 1985-1989). All other doses
are from external exposure cnly.

5 The amounts of fuel (uranium) required 1o generate 1| GW a of clectrical energy by cach reactor type are taken to be as follows: PWR, 37 t; HWR, 180 t; Magnox, 330 1; AGR, 38 1.

¢ The values of NR ¢ are for the monitored workforce, Values or the exposed wotkforce can also be estimated where data are given for both monitored and measurably exposed workers.

4 Intemal exposure negligible.

©  Summary data from annual reports of the United States Nuclear Regulatory Commission. The data for 1975-1981 include exposures during fuel reprocessing. The distribution ratics are not reported formally by United States Nuciear Regulatory
Commission licensees. They have been estimated as the mean of the distribution ratios for individual doses of 10 and 20 mSv. This approximation will, in general, cause the tabulated distribution ratios to be overestimates because many occupational
exposure dose distributions are log-normal,

/" No data were available for the annual production of fucl. In their absence, annual fuel production was assumed to be equivalent to the energy generated in the respective years by LWRs in the United States, This assumption is likely to underestimate
the fuel produced (and overestimate the normalized collective doses) as some of the fuel was used in teactors outside the United States; morcover, fuel production and epcrgy gencration are not contemporancous,

®  Thesc data should be interpreted with care, particularly when making comparisons between different periods, as the countrics induded in the respective summations may differ from onc period 1o anather. The distribution ratios are averages of
those reported, and the data on these are oficn much less complete than data on the other quantities,

b The reported data have been scaled by the ratio of the worldwide production of fuel to that included in the reported data; in the absence of data on warldwide fuel production, this was assumed to be the annual fuel requirement needed 10 generate

~ the clectrical energy produced by LWRs in the same year. In the absence of better data, the values of the ratios NR ¢ and SR, averaged over the reported data, can be considered indicative of worldwide levels.

' Contribution from internal exposure not included but estimated 1o be less than 10%.

i NR distribution ratios reported for measurably exposed workers adjusied for monitored workforce.

£ No data reported on the amount of fuel fabricated; assumed to be that needed for the actual generation of energy in India in cach period by the particular reactor type.

! The countries reporting data arc assumed lo represent the total worldwide production of fuel of this type.

™ Some GCR fucl has been fabricated in other countries, but the amount is small in comparison with that fabricated in the United Kingdom and has been ignored.

Intemal exposures were included in the reported doses for 1985-1989, but nat for catlier periods; the increase in the distribution ratio is more apparent than real.
Data include workers associated with and doses incurred in fuel fabrication and the conversion of uranium 1o and from uranium hexafluoride for enrichment. About 5% of the collective dose arises during conversion but data on the fraction of
the workforce invalved in the respective activities are not available; the average individual doses in conversion and fabrication arc similar. The data are mainly for the fabrication of AGR fuel, but about 10% of the production is PWR fuel.

SRANSOIXT NOLLVIAVYH TVNOLLVANIDO 0 XIINNV

1594



456 UNSCEAR 1993 REPORT

Table 7
Summary of worldwide exposures from fucl fubrication °
Average Collective Collective Average
Annual Equivalent Monitored annual dffective effeciive dose annual Distribution ratio
amount amount of workers collective dose per per unit energy effective
Fuel type of fuel energy b effective unit mass generated dose o
Jabricated dose of fuel . monitored
workers NR;g SR
(k) GWa) (thowsands) | (mansv) | (mansvike!l) | fman Sv (GW o))} (mSv)
1975-1979
LWR L6 42 17 29 18 0.69 1.7 0.013 0.39
HWR 0.61 34 0.53 0.68 1.1 0.2 13 0.005 0.10
Magnox 0.95 29 0.88 20 21 0.71 23 0.003
AGR 0.4 12 1.7 38 8.6 0.33 22 0.002
Total 60 20 36 0.59 1.8 0.012 0.38
1980-1984
LWR 37 81 17 15 4.1 0.19 0.87 0.003 0.12
HWR 1.2 6.5 L1 L 0.90 0.16 1.0 0.0002 0.002
Magnox 0.80 243 1.0 20 24 0.81 20 0.002
AGR 0.40 11 1.9 32 8.0 0.31 1.7 0.001
Total 100 21 21 0.21 1.0 0.002 0.11
1985-1989
LWR 6.8 160 24 11 1.6 0.07 0.45 0.0003 0.015
HWR 1.6 8.7 1.1 1.9 1.2 022 1.7 0.003 0.042
Magnox 0.81 25 11 35 43 1.4 3.1 0.018 ¢
AGR 0.46 12 1.9 5.5 12 0.45 3.0 0.014 ¢
Total 180 2 2 0.12 0.78 0.002 0.019

The dats are annual values averaged over the indicated periods.

% The amounts of fuel (uranium) required to generate 1 GW a of electrical encrgy by cach reactor type are taken 10 be as follows: PWR, 37 t; HWR, 180 ¢;
Magnox, 330 t; AGR, 38t

€ The value for NR;¢ for Magnox and AGR fuel for the period 1985-1090 take account of intemal exposures which were not included in carlier periods. The

incrcases in the NR in 1985-1989 are therefore appatent rather than real.




Table 8
Exposures at reactors ¢

Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Annual collective effective dose Average annual effective dose Distribution ratio
Average Average Average Per Per
Couniry number of Installed Energy Monitored Measurably per per unit monitored measurably
and reactors capacity generaled b workers exposed Total reactor energy worker exposed NRys ¢ SRy ¢
period over the workers generated worker
period {man Sv
(GW) (GW a) (thousands) (thousands) (man Sv) (man Sv) (GW u)"] (mSv) (mSv)
PWRs

Belgum 4 [BS]

1975-1979 4.0 1.67 1,14 239 5.28 1.32 4.63 221

1980-1984 52 2.5 2.01 4.50 10.1 1.94 5.00 2.24

1985-1989 16 5.49 4,26 8.38 179 2.36 422 2.14
China (Taiwan Province)

1984 1.0 0.95 0.34 3.68 0.26 0.26 0.77 0.07

1985-1989 20 1.90 1.06 2.52 1.41 071 1.34 0.56
Czechostovakia

1975-1977 1.0 0.41 0.11 0.87 0.08 0.09 0.09 0.79 0.10 1.17 0.001 0.12

1980-1984 22 0.90 0.62 1.56 0.80 1.4 0.83 297 1.18 2.30 0.010 0.17

1985-1989 7.0 294 211 4.14 2.43 397 0.57 1.88 0.96 1.64 0.005 0.12
Finland

1977-1979 1.0 0.47 0.34 0.93 0.47 0.79 0.79 231 0.84 1.69 0 0

1980-1984 1.8 0.84 0.67 1.26 0.73 1.80 1.00 2N 1.43 2.48 0.006 0.072

1985-1989 20 093 0.84 1.09 0.65 1.73 0.87 2.05 1.59 2.66 0.007 0.073
France ¢

1977-1979 35 3.15 1.93 3.40 0.89 4,34 1.24 224 1.28 4.87

1980-1984 12.2 15.5 11.1 14.4 6,40 29.4 1.71 2.65 2.05 4.60 0.032

1985-1989 41.0 40.1 28.3 29.7 16.8 78.9 1.92 2.79 2.65 4,68 0.047
German Dem. Rep.

1975-1979 40 1.39 0.60 341 5.10 1.28 8.48 1.50 0.036 0.45

1980-1984 5.0 1.83 1.33 312 B.65 1.73 6.49 277 0.060 0.44

1985-19R9 5.0 1.83 1.35 3.80 1.58 9.24 1.85 6.86 2,43 5.85 0.050 0.42
Germany, Fed. Rep. of

1975.1979 48 394 2N 391 17.5 3.64 6.45 4.47

1980-1084 6.6 6.46 5.03 8.54 34.4 521 6.83 4.02

1985-1989 11.4 12.9 9.53 15.2 326 2.86 343 2.15
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Table 8 (continued)

Annual collective effective dose

Average annual effective dose

Distribution ratio

Average Average Average Per Per
Country number of Installed Energy Monitored Measurably per per unit monitared measurably
and reactors capacity generated b workers eposed Total reactor energy worker expased NRyg© SRy
period over the workers gencrated worker
paiod [man Sv
GwW) (GW a) (th ds) (th ds) (man Sy (man Sy GwW a!] (mSv) (mSv)

Hungary

1983-1984 15 0.66 0.36 1.26 0.29 0.32 0.21 0.89 0.25 1.09 0 0

1985-1989 34 1.50 1.19 2.81 0.99 1.70 0.50 1.43 0.61 1.72 0.002 0.053
Japan

1975-1979 7.0 4.76 2.02 121 6.11 14.1 2.02 6.99 1.96 232 0.020 0.18

1980-1984 11.8 8.69 5.44 13.2 9.22 307 2.60 5.65 232 3.33 0.020 0.16

1985-1989 16.2 12.6 9.22 18.6 121 335 2.07 3.63 1.80 2.76 0.012 0.12
Netherlands

1975-1979 1.0 0.48 0.37 0.60 4,10 4.10 11.0 6.89 0.136 0.44

1980-1984 1.0 0.48 0.39 0.96 358 3.58 9.24 3.75 0.057 0.30

1985-1989 1.0 0.48 0.39 1.14 2.83 2.83 7.21 248 0.018 0.15
Republic of Korea

1977-1979 1.0 0.59 0,27 0.48 1.66 1.66 6.09 3.49

1980-1984 1.4 0.85 0.54 0.96 4.50 321 B.32 4.67

1985-1989 5.8 4.65 332 4.67 12.8 2.20 3.85 273
South Africa

1984 20 1.92 0.45 1.72 0.08 0.12 0.06 0.27 0.07 145 0.001 0.29

1985-1989 20 1.92 0.96 1.72 0.59 1.61 0.81 1.68 0.94 275 0.008 0.18
Spain /

1975-1979 1.0 0.16 0.13 0.22 2.60 2.60 20.7 1.7

1980-1984 26 1.65 0.67 ‘1.51 6.76 2.60 10.1 4.21

1985-1989 5.6 4.51 325 5.30 3.81 17.7 LAY 545 3.35 4.65
Sweden &

1975-1979 1.0 0.80 0.47 0.62 1.52 1.52 3.28 2.46 0.027 0.2¢

1980-1984 2.2 1.88 0.87 0.97 3.58 1.63 4.10 3.68 0.033 0.27

1985-1989 3.0 2.60 1.93 1.82 4.80 1.60 2.49 2.65 0.027 0.19
Switzerland

1975-1979 22 0.89 0.71 0.63 4.16 1.89 5.83 6.64

1980-1984 3.0 1.64 1.44 1.49 7.46 2.49 5.20 5.01

1985-1989 30 1.64 1.44 1.67 6.60 2.20 4.58 3.95
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Table 8 (continued)

Annual collective effective dose Average annual effective dose Distribution ratio
Average Average Average Per Per
Country number of Installed Energy Monitored Measurably per per wnit monitored measurably
and reacfors capacity generated workers exposed Total reactor energy worker exposed NR;s © SR;s
period over the workers generated worker
period [man Sv
GW) (GW a) (thousands) (thousands) (man Sy (man S\ (GW a)ly (mSv) (mSy)

United Kingdom #

1975-1979 30 6.04 3.40 8.56 24.5 0.82 7.20 2.86 0.02

1980-1984 32 7.40 4.40 18.0 26.4 0.82 6.00 1.46 0.0054

1985-1989 37 10.4 6.09 25.4 19.5 0.52 3.20 0.77 0.0002
Total of reported data ¥

1975-1979 31.2 6.56 3.79 8.95 25.0 0.80 6.59 2.80 0.020

1980-1984 340 B.08 4.86 203 278 0.82 5.72 1.37 0.005

1985-1989 39.2 11.1 6.52 216 20.8 0.53 319 0.75 0.0002 0.008
Wald !

1975-1979 40 9.1 5.4 13 36 0.90 6.6 28

1980-1984 41 10 6.0 25 34 0.84 5.8 1.4

1985-1989 44 13.3 14 31 24 0.54 32 0.75

Prototype FBRs

France

1986-1989 1 1.10 0.094 0.50 0.033 0.033 0.351 0.067
USSR (BR350) 7 [B11}

1978-1979 1 035° 0.59 0.61 0.61 1.03

1980-1984 1 0.35 0.60 0.81 0.81 0.35

1985-1987 1 0.35 0.49 0.98 0.98 2.00
USSR (BR600) [B11]

1980-1984 1 0.6 0.34 0.92 0.40 0.40 1.19 0.43

1985-1987 1 0.6 0.41 1.08 0.83 0.83 2.04 0.77
Total of reported data/ *

1980-1984 1 0.60 0.34 0.92 0.40 0.40 1.19 0.43

1985-1989 14 1.24 0.32 1.04 0.52 037 1.64 0.50
World ¥

1980-1984 4.0- 1.0 0.50 1.4 061 0.15 1.2 0.44

1985-1989 48 1.9 0.73 2.1 1.0 0.21 14 0.48

LWGRs

World *

1978-1979 12 59 435 .37 356 297 8.18 6.64

1980-1984 16.2 10.1 1.50 9.80 62.2 3.84 8.30 6.35

1985-1987 20 14,7 10.4 13.1 173 8.67 16.7 132

9%
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Table 8 (continued)

Annual collective cffective dose Average annual effective dose Distribution ratio
Average Average Average Per Per
Country number of Installed Energy Monitored Measurably per per unit monitored measurably
and reactors capacity generated © workers expased Toral reactor energy worker exposed NRys ¢ SRys
period over the workers generated worker
period [man Sv
GwW (GW a) (thousands) {thousands) (man Sv) (man Sv) (GWay') (msv) (msv)
HTGRs
Wald *
1975-1979 1 0.33 0.034 115 0.059 0.031 0.031 0.90 0.027 0.52
1980-1984 1 0.33 0.071 1.16 0.046 0.017 0.017 0.24 0.015 0.37
1985-1989 1 0.33 0.030 0.78 0.148 0.097 0.097 325 0.124 0.65

n o oa

o

> w o~

> a4 % o

The data are anoual values averaged over the periods indicated.

Data on enagy generated taken, unless otherwisc indicated, from responses to questionnaite or from (I8].

The values of NR, ¢ arc for the monitored workforce. Values far the exposed workforce can also be estimated where data arc given for both monitored and measurably exposed workers.

The numbers of workers include utility workers and contractor workers. Data on number of reactors, installed capacity and energy generated from (I8].

Additional data from [BS, B6). The reported data ate for utility workers, except for collective doses, which arc for utility and contractor workers. Additional data have been reported on the exposure of about 30%-40% of contractors (L2, P2).
The numbers of workers and average doses tabulated have been estimated from the reported annual collective doses for the whole workforce (i.e. utility workers and contractor workers), subject to the assumption that the exposures reported for
a fraction of the contractor workers are representative of the contractor workers as a whole. The average doses to utility workezs are significantly lower than those to contractor workers. During the 1980s the average anpual dose 10 monitored
utility workers was about 1 mSv and to monitored contractars about 4 mSy; the corresponding doses to measurably exposed workers were about 2 mSv and 7 mSv, respectively.

Data include both utility workers and contractor workers.

Data on numbers of workers are from {BS), The distribution ratios arc averages for Swedish LWRs overall rather than for PWRs,

The data have been scaled, on the basis of energy generated, from those reported, which did not cover all PWRs in the USSR.

Summary dats from annual reports of USNRC. Data are uncorrected for the reporting of transicnt workers. The NR ratios arc for the monitored workforce and have been derived from the ratios reported by [R2) for the measurably cxposed
workforce. The distribution ratios are not reported formally by USNRC licensces. They have been cstimated [R2] as the mean of the distributica ratios for individual doses of 10 and 20 mSv. This approximation will, in general, cause the tabulated
distribution ratios to be overestimates because many occupational exposure dose distributions are log-normal.

These data should be interpreted with care, particularly when comparisons arc made between different periods, as the countries included in the respective summations may differ from one period to another. The distribution ratios are averages
of those reported, and the data on thesc are often much less complete than data on the other quantities. ‘

These data are the sum of reported data above scaled to account for missing data; the numbers of monitored workers and the collective doses have been scaled on the basis of the total energy generated by the respective reactor type and that for
the reported data, In the absence of better data, the values of the ratios NR, ¢ and SR, averaged over the reported data, can be considered indicative of worldwide levels.

Data availablc arc averages for LWRs as a wholc and not separately for PWRs and BWRs,

During the early 1980s administrative constraints were placed on encrgy gencration by nudear means; as a consequence, collective doses per unit enagy generation are higher than they would have otharwisc been.

Data are for a HWGCR (all the other entries in the Table are for water-cooled reactors); data for NR ¢ and SR, are for measurably exposed workers.

Sum of reported data, excluding Czechoslovakia.

Dats included for all commeraal GCRs in the United Kingdom, including Magnox and AGRs; data for the various types of GCRs differ significantly and are summarizsed in Table 11.

The plant is used for desalination.

Thearmal installed capadty.

Excluding the USSR/BR350, which is a desalination plant.

These data have been scaled on the basis of total encrgy generated compared to that for the reported data, which did not cover all LWGRs in the USSR,

Thesc data are for the Fort St. Vrain prototype reactor; there were nat enough data to allow estimating waxldwide doses from other prototype HTGRs.
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Table 9
Dose distribution ratios for measurably exposed LLWR workers in the Uniled States
(B2, R2]
Percentage of workers receiving annual effective dose above specified values (NRg x 100)
Year
1 mSv 5 mSv 10 mSv 15 mSv 30 mSv
1973 63 43 M 24 6.3
1977 67 40 2% 17 4.7
1981 64 37 23 14 10
1985 57 29 16 8.4 0.86
1989 55 2 9.2 3.3 0.10
Percentage of collective dose from annual individual doses above specified values (SRg x 100)
1 mSv 5 mSv 10 mSv 15 mSy 30 mSv
1973 98 93 85 7 30
1977 98 88 76 60 pal
1981 97 86 n 52 18
1985 96 80 60 39 6.4
1989 94 0 43 19 0.90
Table 10
Collective effective dose among five occupational groups of LWR workers in the United States in 1987-1989
(B2]
) Monitored workers Average anfmul effective dose 10 Average annual coll:clivc effective
Occupational group (thousands) monitored workers dose
(mSv) {man Sv)
Maintenance 538 49 263 (66.4)
Health physics 125 4.5 55.8 (14)
Opezations 10.4 3.2 33.6 (9)
Esgincering 10.4 31 32.5 (8)
Supervisory 4.56 25 11.4 (3)
Total 91.7 43 396 (100)

The percentage of the total collective dose is gven in parentheses.

Table 11

Exposures to workers in different types of GCRs in the United Kingdom

Average annual effective dose per monitored worker Average normalized collective effective dase
Type of (mSv) [man Sv (GW n)‘l]
GCR
1975-1979 1980-1984 1985-1989 1975-1979 1980-1984 1985-1989
Magnox SPC °© 83 9.2 8.2 r 31 27
Magnox SPV 8 ¢ 3.0 1.7 11 9.4 58
Magnox CPV 4 ¢ 1.2 0.63 0.15 1.2 0.57
AGR ¢ 018 Li
Average ¢ 29 1.5 a7 1.2 6.0 3.2
*  First-generation Magnax reactors with steel pressure vessels (SPVs); used for defence purposes and generation of electrical energy.
b Second-generstion commercial Magnox reactors with SPVs (B8]
€ Average values for reactors operated in England and Wales only [M8).
4 Third-generation Magnox reactors with concrete pressure vessels (CPVs).

Averape values for all types of GCRs in the United Kingdom.




Table 12

Summary of worldwide exposures at reactors ¢

Average fhncragc Average annual Moni!ora{ Avaa‘gz annmfl Collective ej}'ec‘n' ve A\wa.ge annual Average annual Average annual
Reactor f installed energy workers collective r{{]«mc dose per unit effective dose 10 value of value of
type " . 2 capacity generated b dose energy genereated monitored workers NRy< xR
reactors (GW) (GW a) (thousands) (man Sy [man Sv (GW @)} (msv) 15 13
1975-1979
PWR 78 49 27 (49%) 63 (43%) 220 (37%) 8.1 35 0.085 0.56
BWR 51 29 15 (27%) 59 (39%) 280 (46%) 18 4.7 0.066 0.61
HWR 12 5.0 3.1 (6%) 6.8 (5%) 32 (5%) 1 48 0.12 0.71
LWGR/ 12 5.9 4.4 (8%) 5.4 (4%) 36 (6%) 8.2 6.6
GCR 40 9.1 5.4 (10%) 13 (9%) 36 (6%) 6.6 28 0.020
HTGR ¢ 1 0.33 0.03 1.2 0.03 0.90 0.03
Total 190 99 55 150 600 11 41 0.078 0.60
1980.1984
PWR 140 98 56 (55%) 140 (47%) 450 (43%) 8.0 3.1 0.061 0.48
BWR 65 44 25 (25%) 100 (34%) 450 (43%) 18 45 0.079 0.5
HWR 19 9.0 5.7 (6%) 14 (5%) 46 (4%) 8.0 32 0.073 0.58
LWGR 16 10 1.5 (1%) 9.8 (3%) 62 (6%) 8.3 6.4
GCR 4] 10 6.0 (6%) 25 (8%) 34 (3%) 5.8 1.4 0.005
FBR 4 1.0 0.50 1.4 0.61 1.2 0.44
HTGR 1 0.33 0.07 1.2 0.02 0.24 0.01
Total 280 170 100 290 1000 10 35 0.069 0.52
1985-1989 ,
PWR 220 180 120 (65%) 230 (53%) 500 (46%) ’ 43 22 0.034 0.32
BWR 84 67 42 (23%) 140 (33%) 330 (30%) 79 24 0.026 0.36
HWR 26 14 10 (5%) 18 (4%) 60 (6%) 6.2 34 0.066 0.48
LWGR * 20 15 10 (5%) 13 (3%) 170 (16%) 17 13
GCR 44 13 7.4 (4%) 31 (7%) 24 (2%) 3.2 0.75 0.0002 0.01
FBR ' 5 1.9 0.73 21 1.0 1.4 0.48
HTGR 1 033 0.03 0.78 0.10 33 0.12
Total 400 290 190 430 1100 5.9 2.5 0.033 0.34

I T N )

The dats are annual values averaged over the respective five-year periods and are, in general, quoted to two significant figures.

Values in parentheses are the percentage contributions, rounded to the nearest per cent, made by that reactor type to the total encrgy generated.
Values in parentheses are the percentage contributions, rounded to the nearest per cent, made by that reactor type to the total number of monitored workers.
Values in parentheses arc the percentage contributions, rounded to the nearest per cent, made by that reactor type to the total collective effective dose.

The values of the ratios, NR¢ and SR, are only indicative of worldwide levels. Data on these ratios are not available from all countries, and the tabulated values are averages of those data reported.

Averages of 1978 and 1979 tabulated and assumed representative of whole petiod in absence of data for earlicr years.
Includes data for Fort St. Vrain only; insufficient data to extrapolate to other pratotype HTGRs.

Averages of 1985-1987 tabulated and assumed representative of whole period in absence of data for later years in period.
Averaged ova 1986, 1987 and 1989, as data for other years in period wae unavailable.
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ANNEX D: OCCUPATIONAL RADIATION EXPOSURES
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Table 14

Exposures from commercial nuclenr fuel cycle research and developmen
Data from UNSCEAR Survey of Occupational Exposure unless otherwise indicated

‘ab

Average annual effeciive dose

Distribution rario

Annual Per Per
Couniry Monitored Measurably collective monitored measurably
and workers exposed effective worker exposed NRys € Ry
period workers dose worker
(thousands) {thousands) (man Sv) {mSv) {mSv)

Argentina

1975-1979 0.2 0.01 0.2 1.0 20 0 0

1980-1984 0.2 0.01 0.17 0.85 17 0 0

1985-1989 0.13 0.018 0.7 0.54 3.9 0 0
Canada ¢

1975-1979 4.49 394 135 295 3.36 0.055 0.44

1980-1984 4.56 4.30 111 2.43 257 0.043 0.41

1985-1989 420 3.97 6.1 1.45 1.54 0.026 0.40
Chile ©

1975-1979 0.02 0.02 0.04 241 241 0.013 0.031

1980-1984 0.03 0.03 0.05 200 2.00 0.032 0.11

1985-1989 0.05 0.05 0.06 1.23 1.23 0.017 0.055
Czechoslovakia

1975-19719 0.36 0.17 0.48 0 0

1980-1984 0.34 0.18 0.52 0 0

1985-1989 0.36 0.13 0.38 0 0
Fintand /

1975-1979 0.01 0.01 1.58 0

1980-1984 0.00 0.01 2.58 0

1985-1989 0.01 0.05 3.47 0.25
France

1975-1979 209 3.19 9.32 0.44 292 0.005

1980-1984 21.0 286 8.47 0.40 297 0.004

1985-1989 19.6 248 6.14 0.31 247 0.002
Gemany, Fed. Rep. of £

1975-1979 071 3.80 5.37

1980-1984 0.84 3.04 3.64

1985-1989 1.66 L15 0.69
Hungary A

1977-1979 0.12 0.01 0.01 0.06 1.49 0 0

1980-1984 0.13 0.01 0.00 0.03 0.83 0 0

1985-1989 0.12 0.0 0.01 0.07 0.96 0 0
India

1980-1984 278 197 6.36 229 3.3 0.034 0.36

1985-1989 3.62 238 4.55 1.28 1.96 0.010 0.18
Indonesia *

1975-1979 0.02 0.09 3.87 013 0.37

1980-1984 0.03 0.04 0.10 310 272 0.16 0.72

1985-1989 0.10 0.10 0.9 0.95 0.95 0.025 0.47
laly

1985-1989 244 0.45 0.26 0.11 0.58 0.000 0.012
Japan

1978-1979 4.12 213 0.52 0.002

1980-1984 7.01 19 1.14 0.017

1985-1989 9.18 [AY] 0.84 0.008
Norway 4

1980-1984 0.68 0.14 0.53 0.77 3.7 0.008 0.34

1985-1989 0.76 0.15 0.58 0.76 3.88 0.012 0.35
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Table 14 (continued)

Average annual effective dose Distribution ratio
Annual Per Per
Country Monitored Measurably callective monitored measwrably
and workers exposed effective worker exposed NRys © SRyg
period workers dose worker
(th ds) (th ds) {man Sv) (mSv) (mSv)
Republic of Korea !
1975-1979 0.25 0.12 0.46 0.004
1980-1984 0.79 0.14 0.50 0.64 3.58 0.007
1985-1989 0.99 0.15 0.65 0.65 436 0.009
South Africa
1975-1979 0.25 0.12 0.46 0.004 0.065
1980-1984 0.24 0.08 0.33 0.004 0.090
1985-1989 0.23 0.07 0.34 0 0
United Kingdom ™
1975-1979 8.49 374 4.40 0.085
1980-1984 9.00 28.2 313 0.050
1985-1989 9.40 24.0 255 0.033
United States *
1975-1979 303 148 33.0 1.09 2.24
1980-1984 2.8 127 24.2 0.84 1.90
1985-1989 31.7 11.9 19.2 0.60 1.61
Total of reported data ©
1975-1979 63.4 96.3 1.52 0.035 0.42
1980-1984 75.5 89.4 1.18 0.021 0.39
1985-1989 82.6 66.0 0.80 0.011 0.30
World »
1975-1979 120 170 1.4
1980-1984 130 150 1.1
1985-1989 130 100 0.82

E B B S

-

3

The data are annual values averaged over the indicated periods.

Intended to be exposures directly attribulable to research and development solely for the commercial nuclear fuel cycle, Because of the way data are collected,
there may be contributions from other activities, partial coverage or other inhomogencities.

The values of NR ;¢ are for the monitored workforce. Values for the exposed workforce can also be estimated where data are given for both monitored and
measurably exposed workers.

Data are for research activities carricd out by Ontario Hydro and AECL; for 1975-1987, the data contain a component arising from isotope production, which
was then undertaken by AECL.

Inciudes data for fuel rescarch, a rescarch reactor and radioisotope production.
Comprises only personnel working at one research reactor.

Comprises only workers at research and prototype reactors.

Includes only workers employed at the research reactor of the Atomic Energy Institute; some other nuclear fuel cycle research may be carried out at other
research and university institutes.

Comprises data for workers at rescarch reactors.

Comprises cxposures of workers at test and rescarch reactors, the nuclear ship, ATR, critical assemblics, and at rescarch facilities for nuclear fuel materials.
Comprises only workers at the Institute of Energy Technology.

Comprises exposures of workers at TRIGA rescarch reactors and other fuel research facilities.

Additional data from [W4]. Most of the exposures arise at AEA Technology (formerly UKAEA) sites, but the contribution from other organizations conducting
research and development associated with the nuciear fuel cycle are also included. Almost half the collective dose arises from the operation of the prototype
SGHWR.

These data are the sum of exposures of particular catcgorics of cmployees and contractors of the United States Department of Energy; they include the total
exposures attributed by USDOE to fusion and wastc management and processing and one half of the exposures attributed to each of the following categories:
reactors, gencral research, offices, maintenance, support and other. This allocation exezcise is an attempt 10 separate out the nuclear fuel cycle component from
the broader range of rescarch activities undertaken by USDOE. Some categories of data were excluded from the summation because they were not considered
relevant to nuclear fuel cycle research (c.g weapons fabncation) or were already included in another UNSCEAR category (e.g. accelerators). The tabulated
doses are likely 10 be an overestimate of the doses from rescarch that can properly be attributed to the commercial nuclear fuel cycle.

These data should be interpreted with care, particularly when making comparisons between different periods, as the countries induded in the respective

summations may differ from one period to another. The distribution ratics are averages of those reported, and the data on these are aften much less complete
than dats on the other quantities.

In the absence of better data values of the ratios NR ¢ and SR for the sum of the reported data can be considered indicative of worldwide levels.
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Table 15
Predicted cumulative doses for radiation workers in Canada
(s3]
Cumulative
Job classification N . 0{ effecrive dose (mSv) *
workers Mean Median
Nuclear power station workers
Chemical and radistion control 240 459 269
Reactor operations 1371 456 32
Mechanical maintenance 1132 454 283
Fudl handling 228 288 152
Control technicians 564 266 173
Training staff 44 240 127
Electrical maintenance 179 22 115
Construction 1008 130 61
Administration/security/janitorial 1339 120 61
General maintenance 1092 116 67
Health physics 60 106 61
Scicntific/professional staff 1454 89 54
Total 9391 242 109
Uranium miners 5429 138 90
Nudear fuel processors 115 166 114
Industrial radiographers 2076 296 131

Cumulative dose over an assumed working lifetime of 40 years.

Table 16

Distribution of cumulative doses to measurably exposed workers at LWRs in the United States who terminated

employment between 1977 and 1989

(R2)
Duration of Average career . .
A Percertage of workers with cumulaiive '
employment effective dose effective dose above specified values '
(years) (mSv)

Range Average 3 mSv 10 mSv 20 mSv 50 mSv 100 mSv 200 mSv 500 mSv
1.3 1.9 1.02 408 2.5 10.6 4.0 0.29 0 0
3-5 4.0 1.63 489 378 17.9 9.4 20 0.07 0.04
5-10 7.2 257 60.4 50.2 293 18.9 7.1 0.89 0.01

10-15 120 436 68.0 8.5 39.2 28.2 13.9 3.6 0.09

15-20 16.6 58.0 79 62.6 444 334 18.8 71 0.45

20-25 218 117 813 .1 5.5 51.8 374 19.9 31
>25 40.9 4 56.4 475 359 304 204 12.2 28
All 33 14.4 42.1 315 13.7 17 27 0.51 0.02
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Table 17

United States

Characteristics of the dose distributlons for monitored workers at the Calvert Cliffs nuclear power plant in the

{G1)
Contract workers Utility workers
Parameters Durasion of employment (vears) Duwration of employment (years)
<l 1-5 3-10 10-15 >15 <1 1-5 3-10 10-15 >15

Number of workers 1347 1434 946 146 26 1972 1691 849 203 7
Mean cumulative dose (mSv) 6.5 2 57 78 124 3.4 12 p: ] 37 61°
Percentage of workers

with E_ > 50 mSv 0.76 14 42 48 65 0.04 6.1 19 26 57°¢
Percentage of workers

with E_> 100 mSv 053 38 3 31 50 0.04 1.6 6.1 9.9 29°
Percentage of workers

with E_ > 200 mSv 0.23 0 4.1 11 19 0 0.6 0.6 20 0°

¢ Since the estimates arc based on only scven workers, the statistical significance is very weak.
Table 18
Number of workers and cumulative doses at the Calvert ClifTs nuclear power plant in the United States
(G1)
Number of monitored workers ° Mean cumulative cffective dose (mSv) ©
Job category Utility workers Comract Utility workers Conracs
Plant Non-plant workers Plant Non-plant workers

Maiotenance 2300 1000 2000 13 13 19
Operation 400 250 440 13 4 18
Health physics 110 220 710 47 4 71
Supervisory 90 53 140 29 7 25
Engjineering 110 150 590 17 7 2%
All categories 4960 4000 13 31

Rounded to two significant figures.
b To mcasurably exposed workers.
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Table 19

Average cumulative effective doses (mSv) from external radiation to workers at Sellafield

(B9]

Follow-up Year of first monitoring
periad
(ears) 10491950 | 1053.1954 | 1957.1058 | 1061-1062 | 1065-1986 | 1960-1970 | 1073.1974 | 1077-1978 | 1081-1082 | 1985-1986

1 23 10.1 8.8 5.6 51 5 7.6 53 3 23
2 13 24.8 244 14.8 15 16.6 23.3 15 1.2 5.8
3 308 42.9 438 24 26.5 315 413 254 12.6
4 59.5 64 61.7 323 40.1 46.1 56.8 354 193
5 83.8 B1.2 78.9 46.5 53.8 58.2 n 4.4 234
6 110 96.1 94.6 63.6 101 73.2 84.4 52.9 298
7 144 114 108.8 B2.5 85.7 87 97.9 61.5
8 179 135 125.2 100 101 97.2 112 69.5
9 201 150 144.1 116 117 109 125 3.4
10 20 164 161.3 133 132 120 136 76.1
11 245 174 180.7 147 142 136 148
12 266 187 201 160 156 147 157
13 288 202 219 173 166 156 162
14 300 218 239 185 176 164 147
15 319 236 258 196 184 171
16 335 251 275 207 191 176
17 359 271 291 215 203 179
18 379 285 302 229 217 149
19 404 304 314 238 217
20 429 317 323 243 28
21 451 335 332 251 234
po 468 347 346 259 2
23 485 363 365 266
24 502 363 381 280
25 524 376 387 288
2% 553 395 399 329
27 569 414 408
28 587 422 430
29 622 426 443
30 632 441 460
31 665 447
32 667 462
33 673 467
34 686 472
35 704
36 721
37 751
38 750
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Tuble 20
Cumulative doses to workers at industrial and research establishments in the United Kingdom
(K5)
Number of Collective Mean cumulalive Number of individuals in
Distribution workers effective effective dose cumulative effective dose range (thousands)
basis dose (mSv)
(thousands) (man Sv) <10 mSy 10-50 mSv 350-100 mSv >100 mSv
Distribution by site (employer)

BNFL 25.6 1805 70.4 10.2 7.46 3.08 4.85
MOD-AWE 10.2 85 83 8.6 1.25 0.24 0.15
MOD-DRPS 212 381 14.0 20.7 4.64 1.02 0.88
Nuclear Electric 8.2 198 24.1 4.5 253 0.7 0.48
UKAEA 239 730 305 149 5.46 1.63 1.9

Total * 95.2 3198 336 58.9 213 6.67 8.27

Distribution by year of birth

Before 1915 6.40 361 56.4 333 1.53 0.57 0.97
1915-1919 3.46 276 .7 1.47 0.89 0.38 0.72
1920-1924 6.36 437 68.8 L7 171 0.69 1.20
1925-1929 7.30 456 62.4 330 1.95 0.83 1.23
1930-1934 7.98 406 50.8 3.86 218 0.84 110
1935-1939 8.29 309 373 443 2.30 073 0.83
1940-1944 8.97 259 289 532 239 0.61 0.66
1945-1949 111 61 3.6 1.09 264 0.68 0.67
1950-1954 10.9 211 194 738 2.34 0.61 0.52
1955-1959 12.7 156 123 9.73 2.09 0.53 0.31
1960-1964 9.14 59 6.5 715 113 0.20 0.06
1965-1969 27 7.9 29 251 0.19 0.01 0.00
After 1970 0.01 0.0 0.1 0.01 0 0 0

Total ¢ 95.2 3198 336 58.9 213 6.67 8.27

Distribution by year in which radiation work hegan

1940-1944 0.00 0.0 35.0 0 0.001 0 0
1945-1949 1.64 83.6 50.9 0.76 0.41 0.23 0.25
1950-1954 5.92 664 112 2.05 1.55 0.68 L64
1955-1959 10.8 752 69.8 4.34 3.02 1.30 21
1960-1964 10.6 460 43.3 5.47 2.85 1.00 1.32
1965-1969 8.34 333 39.9 n 293 0.79 0.90
1970-1974 10.2 363 358 4.98 3.28 0.90 1.00
1975-1979 2Ss 399 17.7 15.7 4.52 1.31 0.93
1950-1984 17.9 125 1.0 149 244 0.42 0.12
After 1985 .39 19.2 26 6.98 0.35 0.06 0.00

Total © 95.2 3200 33.6 58.9 213 6.67 8.27

Minor inconsistencics in tolals arc duc to rounding of values after summation.
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Table 21

Worldwide average annual exposures from the commercial nuclear fuel cycle ¢

Monitored Average annual Average annual Distribution ratio ®
Praciice workers collective effective dose 1o
effective dose monitored workers .
(thousands) (man Sv) (mSv) NRis s
1975-1979
Mining 4 ¢ 240 1300 5.5 0.37 0.69
Milling 4 ¢ 12 120 10 0.41 0.76
Enrichment ¢ 11 53 0.5 0 0
Fud fabrication 20 36 1.8 0.012 038 *
Reactor operstion 150 600 4.1 0.078 & 0.60
Reprocessing 7.2 53 7.3 0.16 029/
Rescarch 120 170 1.4 0.035 0.42
Total 560 2300 4.1 0.20 0.63
1980-1984
Mining ¢ ¢ 310 1600 5.1 0.30 0.61
Milling ¥ ¢ px! 120 5.1 0.30 0.64
Enrichment ¢ 43 0.8 02 0 0
Fud fabrication 21 21 1.0 0.002 011 %
Reactor operation 290 1000 3.6 0.069 £ 0.52°
Reprocessing / 9.4 47 49 0.10 o/
Research 130 150 L1 0.021 039
Total 800 3000 37 0.16 0.55
1985-1989
Mining 4 ¢ 260 1100 4.4 0.25 0.52
Milling ¢ 18 120 6.3 0.18 0.43
Enrichment ¢ 5.0 0.4 0.08 0 0
Fud fabrication 28 n 0.78 0.002 0.019*
Reactor operation 430 1100 25 0.033 ¢ 0347
Reprocessing / 12 3% 3.0 0.054 0.12/
Reasarch 130 100 0.82 0.011 030
Total 880 2500 29 0.10 0.42

> o~

The data arc annual values averaged over the indicated periods.

The values of the distribution ratios should ooly be considered indicative of worldwide levels as they are based, in general, on data from far fewer countrics

than the data for number of wotkera and collective doses.
This ratio applies to monitored workers.

Also indludes wanium obtained or processed for purposcs othet than the commercial nuclear fuel cycle.
The data for mining snd milling (except for NR and SR) have been modified from those reported by using a conversion factor of 5.6 mSv WLM-! for exposure
10 radon daughters (cf. 10 mSv WLM™! used in the reported data). The ratios NR ¢ and SR g ate averages of reported data in which, in general, the previously
used conversion factor has been applied. The tabulated ratios are thus strictly for & value of E somewhat less than 15 mSv. The relationship between the reposted
and revised data is not linear because exposure occurs from other than just inhalation of radon progeny.

Also includes the reprocessing of some fuel from the defence nuciear fuel cycle.

Does not include data for LWGRs, FBRs and HTGRs.

Ratio applies to LWR and HWR fucls only, as data for other fucls are not available; the ratio would be smaller if all fuel types werc included.
Does not include data for GCRs, LWGRs, FBRs and HTGRs.
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Table 22

Summary of normalized collective effective doses for the fuel cycle based on speclific reactor types ¢

Normalized collective effective dose {man Sv (GW a)" ]

Praciice
LWRs GCRs
HWRs
PWRs BWRs All Magnax AGRs
1975-1979
Mining 5.7 5.7 5.7 47 8.5 5.9
Milling b 0.52 0.52 0.52 0.42 0.78 0.52
Enrichment ¢ 0.2 0.02 0.02 0 0 0.02
Fud fabrication 0.69 0.69 0.69 0.20 071 0.33
Reactor operation 8.1 18 12 11 7.8 11
Reprocessing 0.7 0.70 0.70 17 0.75
Rescarch ¢ 1 1 1 1 1 1
Total without reprocessing 16 % 20 17 19 9.4
Total with reprocessing 17 27 21 36 8.7
1980-1984
Mining ® 5.5 5.5 55 43 8.3 5.5
Milling b 0.41 0.41 0.41 0.33 0.61 + 0.41
Enrichment © 0.02 0.02 0.02 .0 0 0.02
Fud (abrication 0.19 0.19 0.19 0.16 0.81 0.31
Reactor operation 8.0 18 11 8.0 8.0 L1e
Reprocessing 0.75 0.75 0.75 12 0.75
Research ¢ 1 1 1 1 1 1
Total without reprocessing 15 25 18 14 19 8.4
Total with reprocessing 16 26 19 31 9.1
1985-1989
Mining & 43 43 43 3.6 6.7 43
Milling ® 0.44 0.44 0.44 0.36 0.66 0.44
Enrichment ¢ 0.02 0.02 0.02 0 0 0.02
Fuel fabrication 0.07 0.07 0.07 0.22 1.4 0.45
Reactor operation 43 79 5.2 6.2 6.7 1.1
Reprocessing 0.65 0.65 0.65 11 0.65
Rescarch ¢ 1 1 1 1 1 1
Total without reprocessing 10 14 11 11 16 15
Total with reprocessing 11 15 12 27 8.1

The dats are annual values averaged over the indicated periods and sre, in general, quoted to two significant figures.

The data for mining and milling (except for NR and SR) have been modified from those reported by using a conversion factor of 5.6 mSv WLM™! for exposure
10 radon daughters (cf. 10 mSv WLM'! used in the reported data). The ratios NR ;s and SR 5 are averages of reported data in which, in general, the previously
used conversion factor has been applied. The tabulated ratios are thus strictly for a value of E somewhat less than 15 mSv. The relationghip between the reported
and revised data is not linear because expaosure accurs from other than just inhalation of radon progeny.
Probably an overestimate, as the collective doses from which the normalized values were derived contain a contribution from enrichment for purposes other

than the commercial nuclear fuel cycle.

This rounded approximate value has been estimated by associating the collective dose received from research carried out in the period 1955-1989 with the sum

of the energy generated in the same period plus that likely to be generated by existing reactors over the next 30 years. The vaiue is judged to be an overestimate.
The value for 1985-1989 was assigned in the absence of other data.
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Table 23

Exposures to workers from defence activities ¢
Data from UNSCEAR Survey of Occupational Exposures

Average annual effective

Distribuiion ratio

dose
Annual Annual Per
Country Number Moniltored Measurably collective collective Per measurably
a.n.d of . workers exposed effective effective x‘io.rc monitored exposed NRs R,
period ships workers dose per ship worker worker
(thousands) | (thousands) | (man$i) | (manSi)® (msv) (mS)
Weapons fsbrication and associsted nctivities
United Kingdom ¢
1975.1979 ¢ Not 314 295 Not 0.94 0 0
1980-1984 applicable 371 3.56 applicable 0.96 0.0002 0
1985-1989 4.20 246 0.59 0 0
United States *
1975-1979 Not 17.6 9.31 10.9 Not 0.62 117
1980-1984 applicable 183 8.26 11.7 applicable 0.62 1.41
1985-1989 159 7.54 119 0.75 1.58
Total /
1975-1979 Not 20.8 13.8 Not 0.67
1980-1984 applicable po ) 15.2 applicable 0.68
1985-1989 20.1 14.4 0.71
Nuclear ships and their suppoct [acilities
On-board personnel
United Kingdom ¥
1975-1979 ¢ 15 1.81 5.89 0.39 3.26 0.025
1980-1984 16 0.89 230 0.14 2.57 0.018
1985-1989 19 0.86 L4 0.075 1.68 0.011
United States *
1975-1979 120 2.1 29 0.19 1.14 0.017
1980-1984 136 26.2 163 0.12 0.62 b
1985-1989 148 341 154 0.10 0.45 0.002"
0.001*
Total /
1975-1979 135 219 288 0.21 1.31
1980-1984 153 271 18.6 0.12 0.68
1985-1989 167 349 16.8 0.10 0.48
Shore-based personnel
United Kingdom &
1975-1979 4 15 4.55 204 14 4.48 0.088
1980-1984 16 5.54 17.8 1.1 3.21 0.056
1985-1989 19 5.39 10.2 0.53 1.89 0.021
United States * .
1975-1979 120 151 43.0 0.36 2.84 0.096 '
1980-1984 136 19.1 2.5 0.22 1.54 0.027'
1985-1989 148 23 30.2 0.21 1.36 0.029 '
Total /
1975-1979 135 19.7 63.4 0.47 R
1980-1984 153 24.7 473 0.31 1.92
1985-1989 167 1.7 40.4 0.24 1.46
All personnel
United Kingdom £
19751979 4 15 6.36 2.3 18 413 0.071
1980-1984 16 6.43 20.1 1.2 3.11 0.050
1985-1989 19 6.24 11.6 0.61 1.86 0.019
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Table 23 (continuecd)

Average annual effective

Distribution ratio

dose
Annual Annual Per
Country Number Monitored Measurably collective collective Per measwrably
and of workers exposed effective effective dose monitored exposed NR¢ SR;¢
period ships ® workers dose per ship worker worker
(thousands) (thousands) (man Sv) (man Sv) b (mSv) (mSv)

United States * )
1975-1979 120 35.2 65.9 0.55 1.87 0051
1980-1984 136 453 45.8 0.34 1.01 0.012 ’
1985-1989 148 56.4 45.6 0.31 0.81 0.012'

Total f
1975-1979 135 41.6 92.2 0.69 222
1980-1984 153 51.8 65.8 0.43 1.27
1985-1989 167 62.6 573 0.34 0.91

All defence activities

United Kingdom /

19751979 ¢ Not 119 35.8 Not 3.00 0.04
1980-1984 applicable 128 26.3 applicable 206 0.028
1985-1989 12.2 14.6 1.19 0.010

United Stales
1975-1979 Not 92.5 55.8 101 Not 1.09 181
1980-1984 applicable 104 61.5 56 applicable 0.54 0.91
1985-1989 1S 73.0 69 0.60 0.95

Total /

1975-1979 Not 104 137 Not 13
1980-1984 applicable 116 82 applicable 0.71
1985-1989 127 B4 0.66

LI LI

The data arc annual values averaged over the indicated periods.
This column applics only for entries under *Nuclear ships and their support facilities®.
Data from [D1). The actual effective doses are typically less than 50% of the tabulated values, which are those measured by the dosimeter.
The value for this period arc averages for the year 1979,

Includes cxposurcs of cmployees of the United States Department of Energy and contractors cugaged in weapons fabrication and testing, Before 1987 the
collective doses were evaluated as the sum of the products of the number of workers and the mean dose in cach dose interval; subsequently, actual individual

doses were used in the summation.

Values derived as the sum or weighted average of the five-year averaged data for the United Kingdom and the United States.
£ Daa from [D1]. The data arc reported for on-board and shore personnd. Shore-based personnel may comprise both civilian and service personnel. Since the
carly 1980s, dosimeters have been issued only to on-board personnel who need it during thar duties at sca and to those designated as classified persoas oca

shore.

. lack of direct equivalence between the respective categorics.
' The values are for the fraction of the workfotce receiving annual doses in cxcess of 10 mSv.
! Dats from {D1), including exposures from all defence activities.

Data from {N1, M9 and M10]; the data reported for flect and shipyard personnel are categorized here under “on-board® and "shore based® notwithstanding the
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Table 24

Distribution of cumulative doses from defence activities In the United Kingdom and in the United States

Cunudative effeciive dase (mSv)

Percentage of workforce

Nuclesr wespons programme

United Kingdom, 1989

0- 50 96.4
50-100 234
100-200 0.90
200-300 0.25
300-400 0.05
400-500 .03
>500 0
Number of personnel in 1989 ° 3843
Nuclear ships (operation and support)
United Kingdom, 1989 On board On shore Total
0- 50 98.0 83.0 87.4
50-100 1.8 9.2 7.0
100-200 0.2 52 37
200-300 0.0 1.8 1.3
300-400 0.0 0.57 0.40
400-500 0.0 0.18 0.13
>500 0.0 0.03 0.02
Number of personnel in 1989 1929 4627 6556
United States, 1991
0- 50 99.67 88.85
50-100 0.32 6.99
100-150 <0.01 23
150-200 0 112
200-250 0 0.47
250-300 0 0.26
300-500 0 0.08
>500 <0.01
Delence workers
United Kingdam, 1989 Service persoanel Givilian personnel Total
0- 50 973 85.7 89.7
50-100 22 7.4 5.6
100-200 031 4.4 3.0
200-300 0.03 1.6 1.1
300-400 0.07 0.54 0.37
400-500 0.08 0.25 0.19
>500 0.001 0.04 0.03

* Indudes about 95% of the workforce invalved with the nuclear weapons programme.




Table 25

Cumulative doses in dose registries for defence workers in the Unlted Kingdom

Percentage of workforce

National Registry on Radiation Workers ®

Cumulative Central Index on Dose Information *
effective
dase Weapons programme © Other defence ¢ All doses © Doses to age 30 years |
All
(mSv) defence Weapons Otha All Weapons Othe Al
Employees Contract Employees Contract employees programme © defence defence programme © defence defence
workers workers activities ¢ acrivities activities ¢ activities
<l 19.9 21.6 28.8 9.6 20.0 18.7 37.7 33,1 61.8 61.0 61.2
1.5 249 28.3 20.8 127 209 33.0 25.5 27.3 21.4 19.9 202
5-10 127 19.3 13.0 10.7 126 16.7 1.5 12.8 8.4 75 17
10-20 15.7 18.6 131 1.7 14.1 14.9 9.9 11.1 53 5.5 54
20-50 16.0 9.8 14.7 20.1 16.4 119 8.4 9.2 24 38 35
50-100 5.7 23 6.3 16.5 83 3.2 38 3.6 0.50 14 1.2
100-200 39 0 25 11.8 52 1.2 2.2 1.9 0.18 0.65 0.53
200-3200 0.84 0 0.52 4.5 1.6 0.7 0.67 0.57 0.05 0.14 0.12
300-400 0.28 0 0.16 1.7 0.58 0.08 0.26 o 0 0.02 0.01
400-600 0.03 0 0.12 0.74 o 0.02 0.12 0.09 0.01 0.01 0.01
>600 0.03 0 0 0 0.01 0.01 0.03 0.03 0.01 0.02 0.01
Number of workers 3913 388 2490 2157 8948 10278 32523 42810 10278 32523 42810

Average cumulative dose (mSv) 21.8 9.4 18.3 58.1 29.0 “13.0 14.5 14.1 35 53 49

> e

PN

Data from the Central Index on Dose Information (CID)) are for classified radistion workers anly, including employees and contractoes of the Ministry of Defence. External and internal doses are included.
Data from the National Registry on Radiation Workers are for classified and non-classificd workers up 1o 1986, including only employees of the Ministry of Defence and not contractor workers, External and internal doses are included.
Data sirictly (or the Atomic Weapons Establishment anly, but can be assumed to be representative of the weapons programme as a whole,

Data are for those monitared by the Defence Radiological Protection Service. They comprisc all defence employees and contractors apart from those of the Atomic Weapons Establishment. Most of these exposures are associated with the naval

nuclear propulsion programme.

The peroentages are for the lotal cumulative dose received by individual workers on the National Registry on Radiation Workers.

The percentages arc for the cumulative dose received by individual workers up to the age of 30 years.

SRINSOdX: NOLLVIAVY TYNOLLVANDIO A XIINNV

6Ly



480 UNSCEAR 1993 REPORT

Table 26

activities) ?
Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Exposures to workers from Industrial uses of radistlon (excluding the commercial nuclear fuel cycle and defence

Average annual effective dose

Disiribution ratio

Country Annual Per Per
and Monilored Measurably collective monitored measurably
period workers exposed effective worker exposed NR g b SR,
workers dose worker
(thousands) (thousands) (man Sv) (mSv) (mSv)
Industrial radiography
Argentina
1985-1989 0.046 0.01 0.027 0.59 27 0 0
Australia € ¢
1985-1989 0.40 0.26 0.40 1.01 1.52 0.007 0.11
Brazil
1985-1989 33 14.5
Canada
1975-1979 1.07 0.71 4.33 4.05 6.08 0.0m7 0.51
1980-1984 1.46 0.76 4.88 3.35 6.41 0.056 0.50
1985-1989 1.43 0.84 6.47 4.51 7.75 0.093 0.57
China (Taiwan Province)
1985-1989 1.01 1.53 1.52
Czechaslovakia
1975-1979 0.54 1.24 231 0.027 0.31
1980-1984 1.03 219 212 0.016 0.16
1985-1989 1.32 215 0.011 0.14
Deamark
1975-1979 0.24 0.23 0.98 0.003 0.080
1980-1984 0.33 0.43 1.33 0.009 0.12
1985-1989 0.41 0.48 119 0.004 0.076
Finlend
1980-1984 0.03 0.05 1.51 0
1985-1989 0.06 0.11 1.65 0
France ¢
1975-1979 1.28 1.47 115 0.027
1985-1989 1.6 0.09 0.28 0.18 i 0.002
German Dem. Rep.
1980-1984 209 0.43 0.83 0.40 1.93 0.002 0.17
1985-1989 215 0.32 0.39 0.18 123 0.002 0.2
Germany, Fed. Rep. of
1985-1989 4.67 1.61 7.10 1.52 4.41 0.023 0.33
Hungary
1975-1979 113 0.41 254 225 6.13 0.029 0.40
1980-1984 1.24 0.39 1.47 119 379 0.012 0.2
1985-1989 1.16 0.37 115 0.99 3.14 0.005 0.13
India
1980-1984 293 1.39 9.0 3.07 6.50 0.055 0.55
1985-1989 4.23 216 13.2 3R 6.10 0.058 0.54
Indoncsie
1980-1984 0.14 0.02 0.2 1.53 10.8 0.033 0.45
1985-1989 0.43 0.03 0.40 0.95 14.9 0.059 0.10
Ireland
1980-1984 0.07 0.04 0.05 0.75 1.39 0 0
1985-1989 0.05 0.03 0.06 1.41 257 0.010 0.15
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Table 26 (continued)

Average annual effective dose

Distribution ratio

Country Annual Per Per
and Monitored Measurably collective monilored measwrably
period workers exposed effective worker exposed NH g L4 SR, s
workers dose worker
(th ds) {th ds) (man Sv) (mSv) (mSv)
Japan
1980-1984 331 1.58 5.67 1.7 3.59 0.015
1985-1989 283 1.08 335 1.19 3.9 0.006
Mexico
1985-1989 0.82 0.49 5.10 6.23 10.5 0.102 0.67
Netherlands /
1980-1984 0.97 0.34 0.35 0.002 0.13
1985-1989 1.02 0.48 0.47 0.004 0.20
New Zealand [M2)
1980-1984 0.15 0.35 233
Norway
1980-1984 0.80 0.44 0.79 0.99 1.81 0.001 0.038
1985-1989 0.82 0.40 0.62 0.76 1.56 0.003 0.10
South Africa
1975-1979 0.57 0.31 0.11 0.19 0.35 0 0
1980-1984 0.75 045 238 3.18 530 0.052 0.44
1985-1989 0.72 0.32 1.68 233 529 0.033 0.36
Spain
1985-1989 0.82 0.66 1.23 1.50 1.87 0.018 0.32
Sweden
19751979 0.77 0.19 0.49 0.63 2.56 0.005 0.16
1980-1984 0.66 0.17 0.38 0.57 ¥4 0.002 0.059
1985-1989 0.64 0.25 0.28 0.43 L12 0.002 015
USSR
1975-1979 227 30.0 13.2
1980-1984 253 20.2 7.98
1985-1989 263 17.2 6.55
United Kingdom ¥
1980-1984 1.82 3.60 1.98 0.023 0.43
1985-1989 4.82 4.08 5.67 1.18 139 0.009
United States *
1975-1979 17 50 294
1980-1984 27 80 2.96
1985-1989 23 12 39 170 335
Total of reported data
1975-1979 24.0 89.5 3.74 0.037 0.39
1980-1984 42.1 125 2.98 0.028 0.42
1985-1989 499 98.7 1.98 0.026 0.44
World /
1975-1979 n 190 2.61
1980-1984 116 230 1.98
1985-1989 108 160 1.44
Radiography carried out at fixed locations ¢
Netherlands
1980-1984 0.49 0.04 0.07
1985-1989 0.54 0.06 0.11
United Kingdom [K3, H2]
1980-1984 1.29 2.00 1.55 0.026
United States !
1975-1979 2: 2.80 1.35 0.009 0.42
1980-1984 3.54 3.9 1.10 0.007 0.17
1985-1989 1.85 0.67 0.36 0.001 0.19
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Tuble 26 (continucd)

Average annual effective dose

Distribution rario

Country Arnual Pea Per
and Monitored Measurably collective monitored measirably
period workers exposed ffective worker exposed NR s b SR,y
workers dase worker ’
(thousands) (thousands) (man Sv) (mSv) (mSv)
Total of reported data ’
1975-1979 207 280 135 0.009 0.42
1980-1984 3.54 3.90 1.10 0.007 0.17
1955-1989 1.85 0.67 0.36 0.001 0.19
Radiography carried out with mobile unita *
Nethertands
1980-1984 0,28 0.24 0.84
1985-1989 0.30 0.34 1.17
United Kingdom [K3, H2)
1980-1984 0.57 0.9 175 0.015
United States ™
1975-1979 10.4 5.78 30.9 297 5.34 0.033 0.50
1980-1984 ) 4.93 25.1 3.26 5.10 0.042 0.49
1985-1989 6.13 4.30 200 327 4.66 0.043 0.44
Total of reported data |
1975-1979 10.4 30.9 29 0.033 0.50
1980-1984 8.56 26.4 3.08 0.041 0.47
1985-1989 6.42 204 .17 0.043 0.44
Luminizing industries £
France [P2]
1975-1979 0.071 0.375 5.30 0.66
1980-1984 0.044 0.242 5.52 0.14 0.55
1985-1989 0.027 0.182 6.84 0.17 0.52
India *
1980-1984 0.067 0.028 0.077 1.16 278 0.011 0.16
1985-1989 0.151 0.056 0.190 1.26 3.37 0.021 0.54
Switzerland {S13]
1975-1979 0.206 23 112 0.25 0.53
1980-1984 0.130 1.02 7.82 0.14 0.39
1985-1989 0.158 0.68 4.31 0.039 0.18
United Kingdom
(paint) (U3]
1975-1979 0.093 0.40 4.32 0.35
United Kingdom
(iritium) °
1975-1979 0.25 1.46 5.89 0.12 0.65
1980-1984 0.33 1.10 3133 0.057 0.40
Total of teported data |
1975-1979 0.51 wm 7.44 0.18 0.58
1980-1984 0.27 1.34 5.01 0.081 0.37
1985-1989 0.54 1.45 27 0.026 0.31
Radioisotope production and distribution
Asgeatina
1975-1979 0.17 0.67 4.05 0 0
1980-1984 0.22 0.45 210 0 0
1985-1989 0.18 0.44 247 0 0
Canada ?
1975-1979 0.046 0.032 0.12 2.67 3.84 0.017 0.14
1980-1984 0.033 0.027 0.19 5.83 7.8 0.090 0.41
1985-1989 0.295 0.162 0.48 1.61 294 0.014 0.18
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Table 26 (continued)

Average annual effective dose

Distribution ratio

Annual Per Per
and Monitored Measurably collective monitored measurably
period workers exposed effective worker exposed NR;s L SRy
workers dose worker
(thousands) (thousands) (man $v) (mSv) (mSy)

Czechoslovakia

1975-1979 0.18 0.50 2.76 0.018 0.19

1980-1984 0.33 0.60 1.80 0.022 0.30

1985-1989 0.40 0.81 2.05 0.035 0.42
Finland ¢

1975-1979 0.003 0.011 423 0

1980-1984 0.005 0.020 3.92 0

1985-1989 0.013 D.052 4.10 0
Hungary

1975-1979 0.21 0.079 0.27 1.33 3.49 0.014 0.21

1980-1984 0.25 0.090 0.30 118 3.35 0.005 0.097

1985-1989 0.24 0.088 0.32 131 3.56 0.008 0.16
India

1980-1984 0.40 0.31 0.67 1.69 220 0.010 0.17

1985-1989 0.51 0.35 0.71 1.39 202 0.008 0.14
Indonesia

1975-1979 0.025 0.11 4.34

1980-1984 0.034 0.030 0.060 1.76 2.03 0 0

1985-1989 0.046 0.040 0.083 1.81 2.10 0 0
Netherlands /

1985-1989 0.18 0.87 4.97 0.040 0.13
Republic of Korea

1975-1979 0.023 0.020 0.12 5.2 6.00 0.095 0.32

1980-1984 0.020 0.020 0.15 7.43 7.65 0.34 0.64

1985-1989 0.016 0.013 0.086 5.38 6.52 0.063 0.17
South Africa

1975-1979 0.019 0.16 8.74 0.23 0.71

1980-1984 0.029 0.16 527 0.10 0.57

1985-1989 0.031 0.18 5.75 0.12 0.52
United Kingdom "

1975-1979 0.97 6.39 6.59 0.14

1980-1984 1.26 4.82 .84 0.067

1985-1989 1.72 4.63 2.70 0.029
United States

1975-1979 20 40 200

1980-1984 29 30 1.03

1985-1989 30 17 25 0.83 1.47
Total of reported data

1975-1979 21.6 483 223 0.095 0.18

1980-1984 31.5 373 1.18 0.045 0.23

1985-1989 33.2 327 0.98 0.025 0.23
World /

1975-1979 57 130 225

1980-1984 82 100 1.26

1985-1989 88 98 112

Well logging £

Canada

1975-1979 0.45 0.21 0.52 1.16 243 0.008 0.17

1980-1984 1.01 0.58 1.28 1.27 221 0.005 0.11

1985-1989 111 0.74 1.37 1.24 1.85 0.003 0.051
Czechoslovakia *

1975-1979 0.057 0.058 1.02 0 0

1980-1984 0.092 0.15 160 0.002 0.032

1985-1989 0.114 0.20 1.72 0.002 0.016
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Table 26 (continucd)

Average annual effeciive dase Distribution ratio
Couniry Annual Per Per
and Monitored Measurably collective monitored measurably
period workers exposed effective worker exposed NRj¢ b SHg
workers dose worker
(th is) (th ds) (man Sv) (mSv) (mSv)
India
1980-1984 0.19 0.041 0.072 0.38 1.75 0.006 0.39
1965-1989 0.64 0.30 0.38 0.54 1.25 0.002 0.086
Indonesia
1980-1984 0.14 0.038 0.12 0.82 am 1] 0
1685-1989 0.56 0.45 0.84 1.51 1.89 0 0
Mexico
1985-1989 0.36 0.013 0.004 0.012 0.32 0 0
South Africa
1975-1979 0.043 0.012 0.000 0.007 0.025
1980-1984 0.040 0.017 0.064 1.61 3.7
1985-1989 0.03S 0.012 0.053 1.49 4.55
United States “
1975-1979 16 103 136 03
Total of reporied data ¥
1975-1979 1.32 0.007 0.27
1980-1984 117 0.004 0.10
1985-1989 107 0.002 0.039

Tertiary education and research institutes

Australia <¢
1975-1979 0.55 0.055 0.10
1985-1989 2 0.94 0.069 0.03 0.07 0 0
Canada *
1975-1979 5.01 0.89 0.69 0.14 0.78 0.0005 0.090
1980-1984 1.40 1.02 0.80 0.11 0.78 0.0003 0.044
1985-1989 9.51 1.62 1.05 0.11 0.65 0.0003 0.086
Chins (Taiwan Province)
1985-1989 071 0.04 0.056
Czechoslovakia
1975-1979 0.08 0.04 0.45 0.003 0.23
1950-1984 0.18 0.18 0.97 0.017 0.58
1985-1989 021 0.12 0.56 0.001 0.030
Finland *
1980-19584 0.95 0.023 0.038 0.040 1.63 0 0.062
1985-1989 1.18 0.032 0.053 0.045 1.68 0.008 0.11
France [P2]
1985-1989 38 0.09 0.20 0.053 22 0.00]
German Dem. Rep. ¥
1975-1979 27 0.034 0.013
1980-1984 3. 0.056 0.018
1985-1989 325 0.30 0.16 0.048 0.52
Germany, Fed. Rep. of *
1985-1989 21.1 1.08 1.53 0.072 1.46 0.0004 0.17
Hungary *°
1975-1979 0.22 0.008 0.022 0.104 279 0.00{0 0.19
1980-1984 0.21 0.003 0.003 0.M5 0.93 0 0
1985-1989 .21 0.005 0.009 0.044 2.02 0 0
India &
1980-1984 1.01 0.17 0.29 0.29 1.74 0.003 0.24

1985-1989 1.92 0.47 045 0.24 0.97 0.0005 0.067
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Table 26 (continucd)

Average annual effective dose

Distribution ratio

Country Annual Per Per
and Monitored Measurably collective monitored measw ably
period workers exposed effective worker exposed AR, b SRy
workers dose worker
(thousands) (thousands) {man Sv) (mSv) (mSv)

Indonesia

1980-1984 0.28 0.19 0.25 0.92 1.33 0.018 0.37

1985-1989 0.66 0.64 0.48 0.72 0.7s 0.003 0.11
Italy

1985-1989 0.66 0.085 0.054 0.082 0.634 0.0003 0.001
Japan

1980-1984 21.4 0.79 0.49 0.023 0.62 0.0002

1985-1989 276 0.69 0.46 0.017 0.67 0.0000
Narway

1980-1984 0.42 0.025 0.014 0.032 0.55 ] 0

1985-1989 0.45 0.029 0.026 0.057 0.90 0.001 0.48
Portugal

1985-1989% 0.78 037 0.33 0.42 0.88
South Africa

1975-1979 0.23 0.042 0.002 0.007 0.04 0 0

1980-1984 0.36 0.091 0.47 129 512 0.020 0.45

1985-1989 0.43 0.070 0.21 0.49 3 0 - 0.10
Switzerland ¥

1975-1979 7.44 591 0.79 0.007

1980-1984 8.48 EX:Y) 0.41 0.0006

1985-1989 8.83 2 0.33 0.0003
United Kingdom !

1980-1984 12.5 1.3 0.10 0 0

1985-1989 117 0.49 0.38 0.32 0.78 0.002
United States ™

1975-1979 25 18 0.72

1980-1984 26 15 0.58

1985-1989 17 6 0.35 0.86
Total of reported data °

1975-1979 38.6 235 0.61 0.004 0.19

1980-1984 66.0 20.4 0.31 0.0007 0.11

1985-1989 85.7 13.6 0.16 0.0004 0.072
World /

1975-1979 140 74 0.55

1980-1984 180 3 0.24

1985-1989 160 22 0.14

Accelerators

Canada

1975-1979 0.58 0.19 0.17 0.30 091 0.0003 0.098

1980-1984 0.88 0.23 0.40 0.45 1.76 0.0009 0.043

1985-1989 1.00 0.53 1.06 1.06 pd 0.0038 0.067
Finland

1980-1984 0.008 0.010 1.3 0

1985-1989 0.007 0.013 1.75 0
Netherlands

1980-1984 0.18 0.009 0.006 0.03 0.67 (] 0

1985-1989 0.16 0.010 0.004 0.03 0.46 0 0
South Africa

1975-1979 0.m 0.03 0.030 0.46 1.00 0 0

1980-1984 0.10 0.04 0.27 272 6.59 0.046 0.55

1985-1989 0.2 0.07 0.34 1.56 4.76 0.035 0.61
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Table 26 (continued)

Average annual effective dose

Distribution ratio

Couniry Annual Per Per
and Monitored Measurably collective monitored measurably
period workers exposed effective worker exposed NR;g b Ry
workers dose worker
(thousands) (thousands) (man Sv) (mSv) (mSy)
United Kingdom (H2] *
1985-1989 0.50 0.25 0.50 0 0
United States [M1] 7
1975-1979 3.96 1.73 7.19 1.82 4.16
1980-1984 3.92 1.44 3.07 0.78 212
1985-1989 425 1.66 207 0.49 1.24
Tota) of reparted data ’
1975-197¢ 4.50 7.38 1.62 0.0004 0.12
1980-1984 4.93 ENE] 0.76 0.005 0.26
1985-1989 51 3.52 0.62 0.008 0.19
* All industrial activities (excluding nuclear luel cycle and defence activities)
Argentina
1985-1989 0.066 0.031 0.085 1.29 274 0.030 0.61
Australia €4
1975-1979 221 0.92 0.41
1985-1989 7.10 3.33 0.78 0.11 0.23 0.001 0.091
Brazil (D2)
1985-1989 15 3.1 24 1.6 7.69
Canada
1975-1979 8.06 3.60 13.2 1.63 3.66 0.022 0.42
1980-1984 11.0 4.36 14.4 1.31 3.30 0.016 0.34
1985-1989 10.7 4.70 16.2 1.52 345 0.023 0.39
China (Taiwan Province)
1980-1984 242 1.91 0.79
1985-1989 3.04 1.97 0.65
Czechoslovakia
1975-1979 1.65 226 1.38 0.011 0.23
1980-1984 29 wn 1.29 0.010 0.18
1985-1989 3.62 n 1.04 0.010 0.21
Denmark
1975-1979 0.46 0.32 0.68 0.002 0.058
1980-1984 0.64 0.49 0.76 0.005 0.11
1985-1989 0.80 0.52 0.65 0.002 0.071
Finland 88
1975-1979 0.67 0.05 0.14 0.21 297 0.20
1980-1984 209 0.15 0.26 0.12 1.75 0.0000 0.046
1985-1989 2.36 0.17 0.32 0.14 1.94 0.0004 0.063
France (P2]
1985-1989 9.90 24.0 2.42
Germany, Fed. Rep. of
1985-1989 58.6 147 25.6 0.44 1.74 0.008 0.29
Hungary
1975-1979 3.26 0.58 3.01 0.92 5.14 0.011 0.36
1980-1984 336 0.56 1.93 0.58 3.47 0.00S 0.19
1985-1989 3.26 0.53 1.57 0.48 297 0.003 0.12
Indonesia
1980-1984 0.02 0.01 0.01 0.75 1.25
1985-1989 0.03 0.03 0.03 112 112
Ireland
1985-1989 0.74 0.06 0.08 0.31 137 0.0003 0.089
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Table 26 (continucd)

Average annual effeclive dose Distribution ratio
Country Annual Per Per
and Monitored Measurably coilective monitored measurably
period workers exposed effective worker exposed NR; b SR,
workers dose worker
(thousands) (thousands) (man Sv) (mSv) (mSv)

Italy i

1985-1989 1.98 0.44 0.87 0.44 1.97 0.004 0.35
Japan

1975-1979 216 3.93 8.93 0.32 by 0.008

1980-1984 29.0 4.06 11.0 0.38 270 0.005

1985-1989 320 3.06 8.48 0.27 xmn 0.002
Mexico

1985-1989 1.63 0.51 523 3.21 10.2 0.047 0.66
Netherlands

1980-1984 11 0.63 0.37 0.005 0.34

1985-1989 227 0.88 0.39 0 0.1
New Zealand [M2}

1950-1984 0.28 0.43 1.50
Nocway ¥

1980-1984 121 0.51 0.85 0.70 1.67 0.002 0.042

1985-1989 1.44 0.51 0.68 0.47 138 0.002 0.094
Portugal [C1]

1985-1989 0.63 0.52 0.18 0.28 0.34
South Africa

1975-1979 201 0.79 0.21 0.11 0.27 0 0.046

1980-1984 290 1.18 6.11 211 517 0.026 0.41

1985-1989 237 0.55 57 241 10.5 0.004 0.69
Spain

1985-1989 3.02 249 3.98 1.32 1.60 0.009 0.018
Switzerland

1975-1979 11.7 10.2 0.87 0.010 0.31

1980-1984 129 5.92 0.46 0.003 0.14

1985-1989 13.6 4.08 0.30 0.001 0.081
USSR

1975-1979 7.78 126 16.2

1980-1984 9.85 122 124

1985-1989 12.8 104 8.15
United Kingdom

1980-1984 28.0 2.0 0.93

1985-1989 18.8 15.1 210 1.12 139 0.008
United States #

1975-1979 202 290 1.44

1980-1984 305 380 1.25

1985-1989 274 101 150 0.55 1.49
Total of reported data

1975-1979 240 445 1.81 0.014 0.36

1980-1984 386 552 1.43 0.008 0.29

1985-1989 423 343 0.81 0.007 0.34
World /

1975-1979 530 290 8§70 1.64 3.0 0.010 0.35

1980-1984 690 300 940 1.36 3.2 0.007 0,28

1985-1989 560 250 510 0.90 20 0.009 0.31

The data are annual values averaged over the indicated periods. They were derived ss averages over the years for which data were reported; in some cases,
data were reparted for only a limited number of yeats in the periods of interest here.

The values of NR are for the monitored workforce. Values for the exposed workforce can also be cstimated where data are given for both monitored and
measurably exposed workers.

Data also from [M7) and [S6); numbers of workers and the collective doses reported in questionnaire for about 70% of the exposed workforce have been
extrapoiated for entire country.
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Table 26 (continucd)

¢ The method of dosc tecording was different in the two petiods for which data are reported, and this may partly account for the differences in data. Average

individual doses for 1975-1979 were calculated from the total of the reported doses for an occupational category divided by the estimated number of workers
in that category with the results rounded 1o the nearest 0.1 mSv. In 1990 the estimates were based dircetly on the results of individual monitoring; in the absence
of data for 1985-1989, the data for 1990 have been assumed to be representative of this period.
Data from {U3] for 1975-1979 and from {P2] for 1985-1989.
/' The reported data (covering about 80% of the workforce) have been scaled to represent the whole country,
£ Data for 1980-1984 from [K3] and [112] include only those workers whose dose records are held within the Dosemeter Issuc and Record Keeping (DIRK)
service of the NRPB. The total number of radiographers in the United Kingdom is somewhat larger. Data for 1985-1989 from (7] and [B7) arc for classified
workers only.
Date from [EL, E2 and E3]; data are for 1975, 1980 and 1985 but assumed here 1o be representative of the respective five-year periods,
These dats should be interpreted with care, particularly because the countries included in the summations for the respective five-year petiods may not be the
same, depending on whether data were reported for the period in guestion. Consequently, direct comparison of data for different periods is invalid to the extent
that the data comprise contributions from different countries. It should also be noted that the data on NR 4 and SR 5 arc averages of data reported on these
 ratios. In genenal, these data arc less complete than those that form the besis of the summated number of workers and collective doses.
J The estimates are extrapolations of tegional values based on the gross national product (GNP); because of insufficient data, the estimates of NR ¢ and SR,
are averages of reported data, but these may be considered representative for worldwide exposure.

¢ Insufficient data arc available for these calegories to enable a reliable estimate of worldwide exposures.

! Data for liccncees of the Nuclear Regulatory Commission only.

™ Data arc for licensces of the United States Nuclear Regulatory Commissioa caly.

"  The doses include exposures (rom tritium intake and external radiztion from promethium-147.

°  Data for 1980-1984 from [H1) and [H2]. Data for 1985-1989 from [H7} and [B7] include only classified workers.
?

Before 1989 radicisotope production was undertaken by Atomic Energy of Canada Limited, and scparate statistics for this group of workers are not available.
The average data tabulated for 1985-1989 are those for 1989, when production was transferred from Alomic Energy of Canada Limited; this accounts for the
significant difference compared with the previous period. The contribution of internal exposure is small.

9 Internal exposurc included after 1986; it amounted to about S0%.

" Internal exposure included after 1984; its contribution is small.

¥ For 1980-1989, neutron exposure contributed 30% -60% of the total. About ane third of the workforce is employed underground and reccived an internal dose
from radon ctc, additional to the doses tabulated, in the range of about 5 to 10 mSv ah

Neutrons contribute about 15%-25% to the reported doses.

¥ Data are for licensees of the United States Department of Energy only. The effective doses include a neutron compenent,

Data arc only presented for quantities that arc averages of the reported data rather than their sums. Summed data would be potentially misleading because of
the main contribution that would be made by the data for the United States, for which dala for only one period arc available. The data should be interpreted
with care. In particular, the countries included in the summation for the reporting periods may not be the same.

Data are mainly from universities but exclude exposures at accelerators and in teaching establishments where little research is undertaken.

Includes all research institutes except research reactors and accelerators. No data are available on exposures in tertiary education.

For 1976-1980, the data are for all universitics and technical colleges in the non-medical field. For 1981-1989, the data are for all research and education except
for that associated with medical and nuclear sciences.

Data include exposutes arising in research and training in natural sciences and technology, including rescarch centres.

Includes technological education only (i.e. not medicine, science, philosophy etc.).

Includes data from education and research institutes.

Data arc solely for the Univesity of Oslo.

Data from [O1]; they may include some data on rescarch for the nuclear fuel cycle.

Data include exposures at the Science and Engineering (SERC) Laboratorties at Chilton and Darcsbury.

Data are for accelerators of the United States Department of Encrgy. Before 1987 collective doses were cvaluated as the sum of the products of the number
of workers and the mean dose in each dose intaval; subsequently, actual individual doses were used in the summation,

Includes exposures of workers at the research reactor and in rescarch establishments, including tertiary education.

Reparted data for 1975-1979 contained only estimates of the numbes of exposed workers; the number of monitored workers was estimated assuming the ratio
of exposed to monitored workers in the subsequent period.

Data do not include exposures for workers in the luminizing industry, in well logging and at accelerators.

The reported number of workers is small compared with numbers in comparable industrialized countrics, which suggests that the data are incomplete.
Educational establishments not included.

Data from [E1, E2 and E3]. The data are speaifically for the years 1975, 1980 and 1985; they are assumed herc to be representative, respectively, of the periods
1975-1979, 1980-1984 and 1985-1989.
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Table 27

Percentage of workers In Industral radlography receiving annual effective doses in excess of 50 mSv and the
percentage of the collective dose arising [rom doses above that level

Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated

Percentage of workers receiving annual effective dase Percentage of collective dase from annual individual
Country >50 mSv (NRy; % 100) dases >30 mSv (SRg, x 100)
1975-1979 1980-1984 1985-1989 1975-1979 1980-1984 1985-1989
Canada 0.5 0s 0.6 7.3 1 8.2
China (Taiwan Province) 0.7 26
Germany, Fed. Rep. of 0.1 24
India 0.5 0.4 13 11
Ireland 0 0 0 0
Japan 0.2 0
Netherlands 1] 0 [} 28
South Africa 0.3 0 8.5 7.0
United Kingdom ° 0.13 0.11
United States ®
Fixed locations 0 0 [ 5.6 21 1.4
Mobile equipment 0.1 0 0 52 33 25
Weighted average © 0.10 0.14 0.17 54 6.1 62

Data from [H1, H2, K3, K4|; those for 1980-1984 arc averages over the years 1980 and 1982 and those for 1985-1989 are averages over the years 1986-1987.
Data are for radiographers whose dose records are held within the Dosemeter Issuc and Record Keeping (DIRK) service of the National Radiological Protection
Board (NRPB).

Data for licensees of the United States Nuclear Regulatory Commission only.

Weighted according to the average number of workers or collective dose, as appropriate, in each country in cach five-ycar period.




490

UNSCEAR 1993 REPORT

‘able 28

Contribution of diffcrent regions to the worldwide exposure from all industrial uses of radiation (excluding the

nuclear fuel cycle and defence activities) ¢

Monitored Average annual Average annual Collective effective Collective effective
Countrylregion workers collective effective individual dose 10 dose per unit GNP dose per unit
myires dose monitored workers b population
(man Sv per 1072 (man Sv per 109)
(thousands) (man Sv) (mSv) SUS)
1975-197%
East and south-cast Asia ©
Eastern Europe ¢ 17 176 10 150 440
Latin America
OEQD except United States © 210 240 1.1 ™ 430
United States 200 290 1.4 150 1300
Remainder / 100 170 17 120 55
Total 530 870 1.6 120 200
1980-1984
East and south-cast Asia ¢ 12 9 0.79 20 23
Eastern Euope 20 150 7.9 68 370
Latin America
OECD except United States © 240 240 0.99 49 420
United States 310 380 1.3 110 1600
Remainder / 110 160 14 73 48
Total 690 940 1.4 n 190
1985-1989
East and south-cast Asia © 10 7 0.65 13 15
Eastern Europe ¢ 26 140 5.6 41 330
Latin America 24 43 1.8 52 95
OECD except United States © 180 130 0.69 16 220
United States 270 150 0.55 31 590
Remaioder / 41 35 0.85 26 1
Total 560 510 0.9 26 94

b WL W WY

The data are annual valucs averaged over the respective five-year periods and are, in general, quoted to two significant fi gures.
The normalized collective doses per unit GNP for the three five-ycar periods are expressed, respectively, in terms of 1977, 1983 and 1989 prices; direct
comparison between the values for different periods is possible only after comecting for these different price bases.
Noa-centrally-planned economies in cast and south-cast Asia.
Including the whole of the former USSR.
All countries members of the Organization for Economic Co-operation and Development (OECD) except for the United States.
Includes the remsinder of the world for which values are not specifically tabulated elsewhere in the Table. Note that the countries of regions comprising the
remainder differ in the respective five-year periods.
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Table 29
Cumulative doses recelved by industrial radiographers in Hungary
(S8]
Duration of Number Average cumulative Average annual Percentage of workers with cumulative effective dases above
employment of effective dose effective dose specified values
(vears) workers (mSv) {mSv)
>50 mSv >100 mSy >130 mSy >200 mSv
5 69 14.0 8 0 0 0 1]
6 72 26.5 4.4 111 1.4 0 0
7 44 346 49 159 23 0 0
8 44 s 3.9 18.2 [1] 0 0
9 374 42 18.4 5.3 0 0
10 41 4.1 44 293 49 24 0
11 32 54.1 49 28.1 9.4 6.3 3.1
12 60.3 5.0 533 16.7 0 0
13 21 66.6 56 524 143 4.8 1]
14 26 1029 4 88.5 423 7.7 38
15 27 1027 6.8 96.3 444 111 37
Table 30
Summary of worldwide exposures from the industrial uses of radiation (excluding nuclear fuel cycle and defence
activities) ¢
Monitored Average annual Aveage annual
. workers ® collective effective individual dose 1o o d 4
Practice dose ¢ monitored workers NRys SRys
(thousands) {man Sv) (mSv)
1975-1979
1 industrial radiography 72 (14%) 150 (22%) 2.6 0.037 0.39
Isotope production and distribution 57 (11%) 130 (15%) 23 0.095 0.18
Tertiary education and research institutes 140 (25%) 74 (8%) 0.55 0.004 0.19
Other © 270 (50%) 480 (55%) 1.8
All industry 530 870 L6 0.01 0.35
1980-1984
Industrial radiography 120 (17%) 230 (24%) 20 0.028 0.42
Isctope production and distribution 82 (12%) 100 (11%) 13 0.045 0.3
Tertiary education and research institutes 180 (26%) 43 (5%) 0.24 0.001 0.11
Other ¢ 310 (45%) 570 (60%) 1.8 0.0007
All industry 690 910 14 0.007 0.29
1985-1989
Industrial radiography 110 (19%) 160 (31%) 1.4 0.026 0.44
Isatope production and distribution 88 (16%) 98 (19%) L1 0.025 023
Tertiary education and research institutes 160 (29%) 2 (4%) 0.14 0.0004 0.07
Other ¢ 200 (36%) 230 (46%) 1.1
All industry 560 510 0.90 0.009 0.31
“  The dats are annual values averaged over the respective five-year periods and are, in general, quoted to two significant figures.
5 Values in parentheses are the percentage contribution of that practice 10 the total number of monitored workers in indusiry.
€ The numbers in parentheses are the percentage contribution of that practice 1o the collective dose from ali industrial uses of radiation.
d

The values of NR ¢ and SR ¢ should only be regarded as indicative of worldwide experience. Reported data on these ratios were far fewer than for other

quantitics of interest (e.g collective dose, monitored workers eic.) and were insufficient to form the basis for a more reliable and represcntative estimate of

worldwide levels.

Estimated from the "all industrial activitics” data in Table 26 by subtracting the contributions from the three specified practices.
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Table 32
Exposures to workers from medical uses of radiation
Data from UNSCEAR Survey of Occupational Exposures unless otherwise indicated
Average annual effective Distribution ratio
dose
Cowvry Annual Per Per
and Examinations Monitored Measurably collective monilored measurably
period ¢ workers exposed effective worker exposed NR s b SRy
workers dose worker
(millions) (thowsands) (thowsands) (man Sv) (mSv) {mSv)
Diagnostic radiography
Argentina
1985-1989 220 0.83 289 131 3.4 0.016 0.56
Australia € ¢
1975-1979 6.1 k) 170 0.53
1980-1984 7.6
1985-1989 9.2 6.21 4.42 037 0.059 0.083 0 0
Brazil
1985-1989 15 393 1.01 299 0.76 297 0.009 0.34
Canada
1975-1979 8.4 4.5 323 0.38 0.72 0.0009 0.065
1980-1984 9.5 20 171 0.18 0.87 0.0001 0.040
1985-1989 27 10.7 2.7 LIS 0.16 0.64 0.0003 0.034
China
1985-1989 150 78.1 133 143 1.84 10.8 0.032 0.45
China (Teiwan Province)
1985-1989 3.4 149 0.44
Czechoslovakia *
1975-1979 11 5.08 1.27 3.16 0.62 2.50 0.003 0.18
1980-1984 11 6.89 222 4.48 0.65 2.02 0.003 0.092
1985-1989 9.5 8.56 2.65 5.84 0.68 221 0.003 0.13
Denmark
1975-1979 25 4.28 1.01 0.24 0 0
1980-1984 24 4.02 0.64 0.16 0.0002 0.016
1985-1989 2.6 382 0.43 0.11 0.0000 0.006
Finland / 8 »
1975-1979 5.1 3.88 0.084 0.58 0.15 6.93 0.002 0.46
1980-1984 4.6 4.37 0.29 0.71 0.16 243 0.001 0.15
1985-1989 4.3 482 0.30 0.92 0.19 310 0.002 0.28
France
1975-1979 33.4 39.7 L19 0.004
1980-1984 45 49.0 6.05 28.3 0.58 4.67 0.005
1985-1989 55 61.8 6.35 203 0.33 3.19 0.004
German Dem. Rep.
1980-1984 19 19.2 an 2.05 0.11 0.66 0.08
1985-1989 19 204 IRy 1.68 0.083 1.44 0.11
Hungary
1975-1979 5.96 122 232 0.39 1.90 0.002 0.11
19580-1984 7.49 1.01 161 0.22 1.60 0.0009 0.088
1985-1989 7.26 0.98 1.49 0.21 1.53 0.0007 0.078
India
1975-1979 41 6.50 3.64 375 0.58 1.03 0.004 0.21
1980-1984 61 8.00 kR 2.76 0.35 0.70 0.001 0.15
1985-1989 82 104 5.42 354 0.34 0.65 0.001 0.14
Indonesie
1975-1979 0.98 0.94 1.59 1.62 170 0.002 0.022
1980-1984 1.84 1.76 294 1.60 1.68 0.0006 0.009
1985-1989 2.30 219 3.84 1.67 1.75 0.001 0.015
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Table 32 (continued)

Average annual effective Distribution ratio
dose
Country Annual Per Per
and Examinations Monitored Measurably | colleciive monitored measwurably
period ° workers exposed effective worker exposed MR, b R
workers dose worker
(millions) (thousands) (thousands) (man Sv) (mSv) (mSv)
kreland
1985-1989 1.46 0.12 0.55 0.38 4.69 0 0
Peru
1980-1984 1.37 495 361
1985-1989 0.30 1.48 5.10 3.45
Spain
1985-1989 23 343 309 259 0.76 0.84 0.004 0.12
Total of reported data /
1975-1979 65.7 54.8 0.84 0.003 0.14
1980-1984 104 483 0.47 0.003 0.08
1985-1989 213 194 0.91 0.015 0.40
World ¢
1975-1979 630 600 0.94 0.003 0.11
1980-1984 1060 720 0.68 0.003 0.05
1985-1989 1350 760 0.56 0.005* 02!
Dental practice
Aspentina
1985-1989 0.070 0.044 0.033 0.46 0.74 0.014 0.42
Australia €4
1975-1979 1.16 0 0
1985-1989 k4 1.60 0.021 0.006 0.013 0 0
Canada
1975-1979 13.1 0.97 0.42 0.032 0.44 0.0001 0.11
1980-1984 19.5 0.94 0.60 0.31 0.64 0.0001 0.13
1985-1989 24.4 0.94 0.64 0.026 0.68 0.0000 0.28
France
1975-1979 6.17 261 0.42 0.0003
1980-1984 11.2 0.74 242 0.22 3.25 0.002
1985-1989 16.7 0.86 197 0.12 31 0.001
Germany, Fed. Rep. of
1985-1989 17 7.82 0.18 0.39 0.05 216 0.0005 0.60
Hungary
1975-1979 0.24 0.009 0.013 0.055 1.54 0 0
1980-1984 0.32 0.008 0.008 0.026 1.02 0 0
1985-1989 0.24 0.003 0.003 0.032 0.85 0 0
India
1975-1979 0.37 0.2} 0.17 0.45 0.80 0.0008 0.044
1980-1984 0.45 0.21 0.17 0.38 0.80 0.0008 0.060
1985-1989 0.63 0.32 0.24 0.38 0.74 0.003 0.19
Indanesia
1975-1979 0.019 0.019 0.025 131 131 0 0
1980-1984 0.15 0.15 0.28 1.84 1.84 0 0
1985-1989 0.099 0.099 0.15 1.50 1.50 0.002 0.024
Ireland
1985-1989 0.13 0.003 0.001 0.008 0.30
Italy
1985-1989 1.01 0.39 0.074 0.073 019 0.0005 0.28
Japan
1975-1979 95 0.35 0.075 0.13 0.36 1.68
1980-1984 9 1.75 0.20 0.34 0.20 1.69
1985-1989 96 3.53 0.35 0.56 0.16 1.60
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Table 32 (continucd)
Average annual cffective Distribution ratio
dose
Country Annual Per Per
and Examinations Monitored Measurably collective monitored measurably
period ° workers exposed effective worker exposed NRyg b Ry
worka's dose worker
(millions) (th ds) (th ds) (man Sv) (mSv) (mSv)
South Africa
1975-1979 227 1.06 0.12 0.051 0.11 0 0
1980-1984 282 0.53 1.52 0.54 288 0.0007 0.64
1985-1989 3.33 0.37 4.49 1.35 12.2 0.002 0.18
Spain
1985-1989 9.0 1.29 1.21 1.56 1.21 1.30 0.005 0.1
Switzerland ™
1975-1979 1.09 121 0.17 0.0009 0.066
1980-1984 21 9.13 0.96 0.11 0.0004 0.088
1985-1989 10.7 0.26 0.025 0.0000 0.015
United Kingdom {H], W4]
1960-1984 9.0 20 2 0.1
1985-1989 9.0 20 2 0.1 (¢} 0
United States *
1975-1979 215 80 0.37
1980-1984 259 60 023
1985-1989 100 307 61 12 0.039 0.20
Total of reported data i
1975-1979 242 B4S 0.35 0.0004 0.077
1980-1984 322 68.8 0.21 0.0008 0.084
1985-1989 391 185 0.047 0.0003 0.12
World
1975-1979 370 120 0.32
1980-1984 500 93 0.19
1985-1989 480 25 0.05
Nuclear medicine
Argentina
1985-1989 0.92 0.25 0.76 0.82 3.08 0.007 0.26
Australia <9
1975-1979 0.67 0.20 0.30
1985-1989 272 1.31 0.44 0.16 0.33 0 0
Brazil
1985-1989 0.92 0.25 0.76 0.82 3.08 0.007 0.26
Canada
1975-1979 0.57 0.41 1.08 1.90 263 0.012 0.13
1980-1984 0.85 0.55 1.53 1.81 280 0.005 0.046
1985-1989 114 0.83 224 1.96 21 0.004 0.039
China
1985-1989 0.74 6.08 0. 9.52 1.57 133 0.013 0.27
China (Taiwan Province)
1985-1989 0.38 0.10 0.27
Czechoslovakia ¢
1975-1979 0.74 0.2 0.43 0.58 1.83 0.0012 0.035
1980-1984 1.08 0.67 0.99 0.92 1.48 0.0014 0.027
1985-1989 1.46 0.5 126 0.87 1.68 0.0006 0.011
Denmark
1975-1979 0.067 0.45 0.34 0.76 0 0
1980-1984 0.073 0.48 0.30 0.62 0.0004 0.029
1985-1989 0.069 0.50 0.35 0.70 0 1]
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Table 32 (continued)

Average annual effective Distribwtion ratio
dose
Country Annual Per Per
and Examinations Monitored Measurably | collective monitored measurably
period * workers expased effeciive worker exposed NRyg b SRy
workers dose worker
(millions) (th ds) | (h ds) (man Sv} (mSv) (mSv)

Finland /¢

1975-1979 0.060 0.60 0.018 0.074 0.12 4.11 0.0003 0.044

1960-1984 0.087 0.68 0.080 0.15 0.23 1.93 0.0009 0.072

1985-1989 0.75 0.11 0.17 0.23 1.62 0 0
France *

1975-1979 276 3.25 118 0.002

1980-1984 3.37 0.62 1.61 0.48 2.60 0.003

1985-1989 EJv3) 0.54 1.03 0.32 1.92 0.003
German Dem. Rep.

1980-1984 0.81 0.20 0,54 0.67 268 ¢}

1985-1989 0.83 0.15 0.43 0.51 284 0.016
Hungary

1975-1979 0.36 0.029 0.048 0.14 1.66 0.0005 0.086

1980-1984 054 0.092 0.18 0.33 1.93 0.002 0.14

1985-1989 0.72 0.14 0.2 0.31 1.62 0.0004 0.014
India

1975-1979 0.41 0.12 [12] 0.54 1.82 0.003 0.21

1980-1984 0.49 0.2 0.39 0.80 1.82 0.004 0.10

1985-1989 0.17 0.61 0.30 0.52 0.85 LS 0.005 0.12
Indenesin

1980-1984 0.009 0.009 0.011 1.23 .23 0 0

1985-1989 0.013 0.013 0.015 1,20 1.20 0 0
Ircland

1985-1989 0.023 0.012 0.5 0
Mexico ©

1985-1989 0.42 0.26 1.21 2.88 4.63 0.033 0.33
Peru

1980-1984 0.12 0.43 373

1985-1989 0.13 0.35 275
Spain

1985-1989 0.92 0.83 1.61 1.74 1.93 0.009 0.11
Total of reported data /

1975-1979 5.66 5.21 0.92 0.003 0.11

1980-1984 7.91 512 0.72 0.003 0.048

1985-1989 15.9 16.6 1.04 0.006 0.17
World ¥

1975-1979 61 62 1.01 0.002 0.087

1980-1984 81 85 1.04 ©0.002 0.033

1985-1989 90 8s 0.95 0.004 0.096 !

Radiotherapy

Argentina :

1985-1989 0.04 0.7 0.077 0.28 1.04 3.61 0.004 0.097
Australia ¢

1975-1979 0.64 1.47 230

1985-1989 0.03 0.78 0.63 0.27 0.34 0.42 0.002 0.17
Brazil

1985-1989 0.72 0.24 0.90 1.24 373 0.018 0.44
Canada

1975-1979 0.46 0.54 0.35 0.75 1.40 214 0.006 0.7

1980-1984 0.49 0.62 0.36 0.63 1.01 1.78 0.003 0.078

1985-1989 0.52 0.7 0.43 0.59 0.82 1.38 0.0008 0.049
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Table 32 (continucd)

Average annual effective

Distribution ratio

dose
Country Annual Per Per
and Examinations Monitored Measurably collective monitored measurably
period * workers exposed effective worker expased NRys b SR
workers dose worker
(millions) (1 ds) (th ds) (man Sv) (mSv) (mSv)

China

1985-1989 0.103 254 0.35 3.54 139 10.0 0.015 0.31
China (Taiwan Province)

1985-1989 0.36 0.058 0.16
Czechoslovakia ¢

1975-1979 0.009 0.76 0.38 1.43 1.89 3.82 0.004 0.049

1980-1984 0.011 111 0.69 208 1.87 3.01 0.00S 0.082

1985-1989 0.014 129 0.63 1.83 1.42 290 0.004 0.10
Denmark

1975-1979 0.92 195 212 0.034 0.37

1980-1984 1.01 112 111 0.008 0.17

1985-1989 0.015 101 0.38 0.38 0.0004 0.022
Finland /¢

1980-1984 0.25 0.026 0.054 0.2 208 0.0008 0.30

1985-1989 0.24 0.018 0.026 0.095 144 0.0007 0.25
France !

1975-1979 4.77 8.77 1.84 0.009

1980-1984 6.01 1.30 6.08 1.01 4.68 0.008

1985-1989 6.49 1.23 397 0.61 2 0.006
German Dem. Rep.

1980-1984 1.20 0.31 109 0.91 3.57 0.24

1985-1989 1.03 0.17 0.68 0.66 4.00 0.23
Hungary

1975-1979 0.36 0.14 0.73 2.05 515 0.034 0.36

1980-1984 0.45 0.14 0.61 136 - 4.31 0.016 0.24

1985-1989 0.55 0.15 0.61 110 3.97 0.012 023
India

1975-1979 0.052 249 1.43 3.91 1.57 273 0.017 0.39

1980-1984 2.98 1.53 3.39 114 2 0.009 0.30

1985-1989 0.13 4.17 228 3.94 0.95 1713 0.007 0.23
Indonesia

1975-1979 0.091 0.086 0.19 210 220 1] 0

1980-1984 0.31 0.30 0.50 1.60 1.68 0.0007 0.017

1985-1989 0.3 0.2 0.35 155 1.63 0.003 0.039
Ireland

1985-1989 0.30 0.14 0.15 0.50 1.05 0 0
Mexico ©

1985-1989 0.31 0.26 0.88 284 3.41 0.026 033
Peru

1980-1984 0.088 0.54 6.18

1985-1989 0.004 0.094 0.48 5.17
Spain

1985-1989 1.01 0.96 0.88 0.86 0.91 0.001 0.020
Total of reported data i

1975-1979 9.31 16.5 178 0.012 0.30

1980-1984 13.3 153 1.15 0.008 0.19

1985-1989 18.8 16.6 0.88 0.007 0.21
World ¢

1975-1979 84 190 223

1980-1984 110 180 1.58

1985-1989 110 100 0.87
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Table 32 (continued)

Average annual effeciive Distribution ratio
dose
Country Annual Per Per
and Examinations Monitored Measurably collective monitored measurably
period * workers exposed effective worker exposed NR;s L4 SR,y
workers dose worker
(millions) (thousands) (thousands) (man Sv) (mSv) (mSv)
Velerinary medicine
Australia <4
1975-1979 0.39 0.055 0.14 0 0
1985-1989 2m 0.89 0.018 0.009 0.020 0 0
Canada
1975-1979 o 0.24 0.17 022 0.73 0.0008 0.11
1980-1984 1.27 0.2 0.16 0.13 0.74 0.0002 0.026
1985-1989 1.52 0.31 0.17 0.11 0.56 0 0
Czechoslovakia €
1975-1979 0.17 0.10 0.59
1980-1984 0.23 0.14 0.62
1985-1989 0.25 0.13 0.52
Denmark
1975-1979 0.49 0.022 0.045 0 0
1980-1984 0.52 0.030 0.059 0.0004 0.17
1985-1989 0.71 0.024 0.034 0 0
Finland /3%
1980-1984 0.010 0.012 120 0
1985-1989 0.018 0.026 1.44 0
France ¥
1985-1989 1.19 0.087 0.020 0.17 . 230 0.003
Hungary
1975-1979 0.081 0.009 0.045 0.55 5.07 0.010 0.42
1980-1984 0.11 0.007 0.006 0.058 0.94 0 0
1985-1989 0.14 0.010 0.028 0.20 278 0.003 0.24
India
1975-1979 0.062 0.021 0.011 0.17 0.51 0 0
1980-1984 0.080 0.026 0.016 0.20 0.61 0 0
1985-1989 0.092 0.035 0.019 0.20 0.53 0.002 0.20
Ireland
1985-1989 0.04 0.002 0.001 0.017 0.33 0 0
Japan # [H10]
1985-1989 18.0 140 0.078
South Africa
1975-1979 0.42 0.28 0.013 0.032 0.048 0.001 0.42
1980-1984 0.61 0.20 0.12 0.20 0.60 0.001 0.056
1985-1989 0.75 0.13 0.24 0.32 1.89 0.001 0.068
Switzerland
1975-1979 0.44 0.12 0.27 0.0006 0.032
1980-1984 0.59 0.13 0.22 0 0
1985-1989 1.03 0.050 0.049 0 0
United Kingdom [W4)
1985-1989 4 0.4 0.1 0 0
United States 9 [E1)
1975-1979 18.1 6.2 14 0.77 2.26
1980-1984 21 12 13 0.62 1.08
1985-1989 85 38 36 0.42 0.95
Total of reported data /
1975-1979 19.7 14.4 0.73 0.001 0.12
1980-1984 238 13.5 0.57 0.0002 0.027
1985-1989 96.4 37.1 0.39 0.0001 0.016
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Table 32 (conlinued)

Average annual effective Distribution ratio
dosc
Country Annual Per Per
and Examinations Monitored Measurably collective monitored measurably
period * workers exposed effective worker exposed NRyg b SRy
workers dose worker
(millions) | (thousands) | (thousands) | (man Sv) (mS) (mSv)
World ¥
1975-1979 48 25 0.52
1980-1984 65 2% 0.40
1985-1989 160 52 0.32
ASl (human) medical uses of radiation (excluding veterinary medicine)
Argentina
1985-1989 3.45 1.20 3.74 1.08 in 0.13 0.48
Australia <4
1975-1979 6.23 3.45 0.55
1985-1989 158 8.96 L1 0.07 0.12 0.0001 0.041
Brazil [D2]
1985-1989 76 23 115 LSl 4.96
Canada
1975-1979 39.6 11.8 104 0.26 0.88 0.0005 0.080
1980-1984 517 7.88 8.30 0.16 1.05 0.0002 0.044
1985-1989 62.9 10.8 9.18 0.15 0.85 0.0002 0.058
China
1985-1989 86.8 14.4 156 1.80 109 0.030 0.43
China (Taiwan Provinec)
1980-1984 3.08 177 0.57
1985-1989 3.98 1.96 0.49
Czechostovakia
1975-1979 6.78 1.89 5.16 0.76 27 0.003 0.13
1980-1984 9.38 3.62 7.80 0.83 215 0.003 0.079
1985-1989 11.6 4.04 9.12 0.78 2.25 0.003 0.10
Denmark
1975-1979 6.13 332 0.54 0.005 0.2
1980-1984 6.02 208 0.35 0.002 0.10
1985-1989 6.04 118 0.20 0 0.011
Finland "
1975-1979 4.98 0.18 117 0.23 6.55 0.004 0.45
1980-1984 5.60 0.58 L23 0.21 2.10 0.001 012
1985-1989 6.18 0.49 L2 0.20 250 0.001 0.21
France *
1975-1979 409 493 1.21 0.004
1980-1984 59.2 8.06 36.0 0.61 4.46 0.006
1985-198% 7237 8.19 25.1 0.34 3.06 0.003
German Dam. Rep.
1980-1984 24.6 334 0.14
1985-1989 249 129 25 0.10 1.9 0.001 0.18
Germany, Fad. Rep. of
1980-1984 134 22 26.2 0.20 1.18 0.0008 0.14
1985-1989 185 219 235 0.13 1.07 0.0005 0.16
Hungary
1975-1979 7.80 1.43 3.19 0.41 23 0.003 0.16
1980-1984 9.15 1.26 241 0.26 1.91 0.002 0.13
1985-1989 9.07 1.29 234 0.26 1.82 0.001 0.11
India
1975-1979 9.58 5.2 7.89 0.82 1.51 0.007 0.30
1980-1984 116 574 6.56 0.57 1.14 0.003 022
1985-1989 15.2 8.03 8.02 0.53 1.00 0.003 0.17
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Tuble 32 (continucd)

Average annual effective Distribution ratio
dose
Counry Annual 'er Per
and Examinations Monitored Measurably collective monitored measurably
period * workers exposed effective worker exposed NR s & SRy
workers dose worker
(millions) (thousands) (thousands) (man Sv) (mSv) (mSy)
Indonesia
1975-1979 1.07 1.02 1.78 1.67 1.75 0.002 0.02
1980-1984 216 206 3.44 1.60 1.68 0.003 0.01
1985-1989 253 241 4.24 1.68 177 0.003 0.01
Ircland .
1985-19589 1.69 028 0.22 0.13 0.78 0 0
Italy
1985-1989 44.6 126 21.0 0.47 1.66 0.004 0.27
Japan
1975-1979 553 21.7 35.7 0.65 1.65
1980-1984 111 342 44,0 0.40 1.29
1985-1989 142 38.6 46.6 0.33 1.21
Mexico ©
1985-1989 0.73 0.52 209 2.86 4.02 0.030 0.24
Peru
1980-1984 1.58 7.03 4.46
1985-1989 1.70 7.14 4.20
Portugal [C1)
1985-1989 3.83 0.97 201 0.52 206 0.003
South Africa
1975-1979 8.76 5.49 0.57 0.065 0.103 0.000 0.085
1980-1984 10.7 4.13 1.37 0.687 1.79 0.006 0.52
1985-1989 12.1 264 9.53 0.787 3.61 0.005 0.3
Spain
1985-1989 317 340 293 0.78 0.86 0.004 0.12
Sweden §
1975-1979 1.5 1.29 284 0.25 221 0.006
1980-1984 128 1.38 253 0.20 1.83 0.004
1985-1989 13.2 3.66 3.13 0.24 0.86 0.002
Switzerland
1975-1979 21.5 6.20 0.29 0.001 0.12
1980-1984 30.4 4.97 0.17 0.001 0.092
1985-1989 36.1 1.83 0.05 0.000 0.026
United Kingdom [H], W4)
1980-1984 39 2 071
1985-1989 40 8.4 0.21
United States *
1975-1979 485 460 0.95
1980-1984 584 410 0.70
1985-1989 734 267 280 0.38 1.05 '
Total of reported data
1975-1979 671 577 0.86 0.003 0.16
1980-1984 1060 588 0,55 0.002 on
1985-1989 1520 644 0.42 0.007 ! 034!
World
1975-1979 1280 650 993 0.78 L5 0.003 0.14
1980-1984 1890 520 1140 0.60 1.7 0.002 0.10
1985-1989 2220 590 1030 0.47 1.7 0.009 ' 0.24'

? Ihe data are annual values averaged over the indicated periods. They were derived as averages over the years for which data were reported; in some cases,

data were reported for oaly some of the years in the periods of interest here.
b The values of NR ¢ are for the monitored workforce. Values for the exposed workforce can also be cstimated where data are given for both monitored and
measurably exposed workers.
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Table 32 (continued)

The number of workers and the collective dose have been scaled up by a factor of 1.43, since the reported data included oaly about 70% of 1he exposed
workforce in Australia.

The method of dose recording was different in the two periods for which data are reparicd, and this may account partly for the differences in data. Average
individual doses for 1975-1979 were calculated from the total of the reponted doses for an occupational category divided by the estimated number of workers
in that category, with the results rounded 1o the nearest 0.] mSv. In 1990 the estimates were based directly on the results of individual monitoring; in the
absence of data for 1985-1989, the data for 1990 have been assumed to be representative of that period.

The number of workers and the collective dose have been scaled up by a factor of 1.5, since the reported data included oanly workears in that part of the country
that was to become the Czech Republic, which contained two thirds of the country’s population.

The numbers of examinations include those in dental practice, which amount to about 1 million per year.

Some 14% of the total collective dose from all medical uses of radiation has yet to be assigned 1o one or other of the various categories. Consequently, the
reported doses may be small underestimates, particularly in 1975-1985, where most of the doses yet to be assigned exist.

Reported doscs are overestimates because the dosimeter is calibrated in terms of skin surface dose and is worn above aprons when they are used. For diagnostic
x-ray radiology prcliminary studies indicate that the overestimate may be a factor in the range of 3-30.

The number of workers and the collective dose have been scaled up by a factor of 1.33, since the reported data covered only 75% of those monitored.
These data should be interpreted with care, particularly because the countrics included in the summations (or the respective five-year periods may not be the
same, depending on whether data were reported for the period in question, Consequently, direct camparison between data for different periods is invalid to the
extent that the data comprise contributions from different countries. It should also be noted that the data on NR ¢ and SR are averages of data reported on
these ratios. In general, these data arc less complete than those that form the basis of the summated number of workers and collective doses.

The estimates are extrapolations of regional values based on the groes national product (GNP); because of insufficient data, the estimates of NR ¢ and SR ¢
are sverages of the data reported on thesc ratios. In general, these data are less complete than those that form the basis of the summated number of workers
and collective doses.

The apparent increase in the ratios in the third period is consequent upon data for China (for which the values of these ratios are much larger than the average)
oaly being included in the pariod 1985-1989. Excluding China, there is a downward trend in the values over the whole period.

Data for dentists in private practice only.

Data from (E1, E2 and E3]. The data arc specifically for the years 1975, 1980 and 1985; they are assumed here 1o be representative, respectively, of 1975-1979,
1980-1984 and 1985-1989.

In the sbsence of data for 1985-1989, the data for 1990 have been assumed represcatative,

Data are for holding assistants; 1.06 man Sv of the collective dose arose in radiographic examinations and 0.34 man Sv in fluoroscopy. Some 2.4 million
radiographs were taken with about 5% on large animals with the ranainder on small animals.

7 The values for 1985 (the period 1985-1989) are based on extrapolations of carlicr data.

Reported doses arc overestimates b the dosimeter i's calibrated in terms of the skin surface dose and is wom above aprons where these are used. For x-ray
diagnostic radiclogy, preliminary studics indicate that the overcstimate may be by a factor in the range 3-30; about 60% of the occupational exposures reported
for all medical uses of radiation are currently repoxted o arise in diagnostic radiology.
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Table 33
Worldwlde exposure from all medical uses of radiation ¢

Monitored Average annual Average annual Collective effective Collective effective
Countryiregion workers b collective effective individual dose to dose per unit GNP dose per unit
myires dose ¢ monitored workers 4 population
(man Svpcrlor" (man Svpa'loo)
(thousands) (man Sv) (mSv) SUS)
1975-1979
East and south-east Asia ¢ 4 (0.3%) 7(0.7%) 1.7 44 21
Eastern Europe / 190 (15%) 110 (11%) 0.57 94 280
Indian subcontinent 12 (0.9%) 10 (1%) 0.82 81 12
Latin America
OECD except United States 360 (28%) 220 (22%) 0.61 74 490
United States 490 (38%) 460 (46%) 0.95 250 2100
Remainder & 230 (18%) 190 (19%) 0.84 160 97
Total 1300 990 0.78 130 230
1980-1984
East and south-cast Asia ° 10 (0.5%) 16 (1%) 1.6 37 41
Eastern Europe / 460 (24%) 150 (13%) 0.31 64 350
Indian subcontinent 15 (0.8%) 9 (0.7%) 0.57 33 9
Latin America 60 (3%) 270 (25%) 4.5 350 650
OECD except United States 610 (32%) 210 (18%) 0.35 43 450
United States 580 (31%) 410 (36%) 0.70 120 1700
Remainder & 160 (8%) 90 (8%%) 0.55 79 48
Total 1900 1100 0.60 87 240
1985-1989%
Asia * 96 (4%%) 170 (17%) 1.8 440 140
East and south-east Asia © 17 (0.8%%) 29 (3%) 17 56 66
Eastern Europe ! 430 (19%) 130 (13%) 031 38 300
Indian subcontinent 19 (0.9%) 10 (1%) 0.53 30 9
Latin America 110 (5%) 180 (17%) 16 220 400
OECD except United States 740 (33%) 190 (19%) 0.27 24 370
United States 730 (33%) 280 (27%) 0.38 58 1100
Remainder & 75 (3%) 35 (3%) 0.47 56 LY
Total 2200 1000 0.47 54 190

a o~ oo b

n

The data are annual values averaged over the respective five-year periods and are, in general, quoted to two significant figures.
Values in parentheses are the percentage contribution of that practice to the tolal number of monitored workers in medicine.
The numbers in parentheses are the percentage contribution of that practice 1o the collective dose from all medical uses of radiation.

The normalized collective doses per unit GNP for the three five-year periods are expressed, respectively, in terms of 1977, 1983 and 1989 prices; direct

comparison between the values for different periods is possible only afier comecting for these different price bases.
Noa-centrally-planned economies in cast and south-east Asia.
Including the whole of the former USSR.

Includes the remainder of the world for which values are not specifically tabulated elsewhere in the table. Note that the countries or regions comprising the

remainder differ in the respective {ive-year periods.
Centrally-planned economies in east and south-cast Asia.
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Table 34

Summary of worldwide exposures from medical uses of radiation ¢

Monitored Annual average Annual average
. workers © collective effective individual dose 10
Practice dose © monitored workers MRs SRis
(thowsands) (man Sv) (mSv al)
1975-1979
Disgnostic radiology 630 (55%) 600 (62%) 0.94 0.003 0.11
Dentsl practice 370 (32%) 120 (12%) 0.32 0.0004 0.077
Nuclear medicine 61 (5%) 62 (6%) 1.01 0.002 0.087
Radiotherapy 84 (7%) 190 (20%) 223 0.012 0.30
All medicine 1300 990 0.78 0.003 0.14
1980.1984
Diagnostic radiology 1100 (615 720 (6797) 0.68 0.003 0.05
Dental practice 500 (28%) 93 (9%) 0.19 0.0008 0.084
Nuclear medicine 81 (5%%) 85 (8%) 1.04 0.002 0.033
Radiotherapy 110 (6%) 180 (17%) 1.58 0.008 0.19
All medicine 1900 1100 0.60 0.002 0.10
1985-1989%
Diagnostic radiology 1400 (67%) 760 (718%) 0.56 0.005 oR
Dental practice 480 (23%) 25 (3%) 0.05 0.0003 0.12
Nuclear medicine 90 (4%) 85 (9%) 0.95 0.004 0.096
Radiotherspy 110 (5%) 100 (10%) 0.87 0.007 0.21
All medicine 2200 1000 0.47 0.009 0.24
“  The data are annual values averaged over the respective five-year periods and are, in general, quoted to two significant figures.
5 Values in parentheses are the percentage contribution of that practice 10 the total number of monitored workers in medicine.
€ The nutnbets in parentheses are the percentage contribution of that praciice to the collective dose from sll medical uses of radiation,
d

The values of NR ¢ and SR ¢ should only be regarded as indicative of worldwide expericnce. Reported data on these ratios were far fewer than for other
quantities of interest (e.g. collective dose, monitored workers ctc.) and were insufficient to form the basis for more reliable and representative estimate of

worldwide levels.
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Table 3§
Employment in underground mining worldwide
[C20)
N of miners (th Is)
Country
Coal mining Other mining Total
China 1594 64 1658
Czechoslovakia 55 2 57
Germany 105 4 109
Indis 669 10 679
Poland 251 10 261
South Africa 46 340 386
Spain 38 4 42
USSR 840 40 880
United Kingdom 46 2 48
United States 51 15 66
Other countries 213 265 478
Tolal 3908 (84%) 756 (16%) 4664 (100%)
Table 36
Exposures to radon and decay products in non-uranium mines
Coal mining Other mining
Country Year Ref.
Number Exposure % above Number Exposure % above
of mines | WIM a?) | 2WLMa?! of mines | (WIMa?') | 2WiMa?!
Australia 1991 3 0.2 0 23 0.1 0 [H5)
Canada 1980s 4 0.4 2 [A1]}
France 1081 3 0.2 0 5 1.0 8 [B14])
Germany 1990 20 0.1 0 [RS)
1991 45 1.4 18 [S10]
India 1980s 5 0.02 0 [M12}
1980s 22 0.8 9 [N6]
laly 1970s 35 1.2 8 [S11]
Poland 1980s ) 03 0.2 26 0.1 0 [D3)
South Africa 1970s 25 1.7 10 [G3]
1990 40 0.31 [S7]
USSR 47 0.04 26 0.85 [P1]
United Kingdom 1980s 220 0.1 0 [D5]
1990 41 0.45 7 B15]
United States 1975 223 0.1 <1 10 0.5 4 [R6]
1990 99 ¢ 1.2 [B12]
1985 86 b 0.12 [E3)
Yugoslavia 1970s 5 0.2 0 [K6)
1980s 2 1.7 50 [K6]
‘  Mectal mines.

Non-metal mines.
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Table 37
Doses to non-urnalum miners In the former USSR and in the United States from inhalation of radon und its
decay products

. R Number of mines Number of workers Average annual effective
Type of mine Measurement period (chowsands) dase (mS) ,ﬂ; !
Former USSR [P1]
Coa! 0.2 (0.1-0.9)
Other 4.8 (0.02-24)
United States (metal mines) ©
fron 1985 1 6.7
Copper 1985 22 0.7
Lead’zine 1985 39 13
Gold 1985 0.58 6.7
Silver 1985 29 13
Molybdenum 1985 22 13
Tungstea 1985 0.06 13
Platinum 1985 1 6.7
Total ¥ 13.8 6.7
United States (non-metal mines) ©
Oil shale 1985 0.25 Q.07
Limestone 1985 0.85 0.2
Marbie 1985 0.08 2
Qay 1985 0.04 4.7
Flucespar 1985 0.05 0.33
Potash, soda, borate 1985 23 0.13
Phosphate 1985 0.1 20
Salt 1985 1.5 0.7
Gypsum 1985 0.08 13
Tale 1985 0.2 4.7
Non-metallic minerals 1985 0.04 0.2
Gilsonite 1985 0.11 0.13
Lime 1985 0.01 54
Total 86 5.5 0.67

Range of values in parentheses.

The doses reported in [E3, P1] were derived using a conversion factor of 10 mSv WLM™ for exposure 1o radon progeny. The doses tabulated have been
modified from those reported using a conversion factor of 5.6 mSv WIM™L.

Data from [E3]; they are based on measurements at about 40% of mines in the United States.
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Table 38

Worldwide collective dose from inhalation of raden and its decay products from underground mining
(excluding uranium) and its distribution between countries

Number of miners ® Exposure 10 radon progeny ®
Country
(thousands) Annual collective effective dase Average annual cffective dose
{man Sv) (mSv)
Coal mines
Gemany 105 59 0.56
India 669 kL) 0.11
Poland 251 430 1.7
USSR 840 170 0.2
United Kingdom 46 26 0.56
United States 51 29 0.56
Other 1940 740 0.38
Total 3910 1530 0.38
Other mines (excluding uranium) ¢
Germany 4 31 78
India 10 45 45
Poland 10 5.6 0.56
South Africa ¢ 340 1500 56
USSR 40 190 4.8
United Kingdom 2 5 25
United States © ag/f 240 49
Other 334 1800 5.4
Total ¥ 700 3780 5.4
All underground mines {excluding uranium mines)
Total 4610 5310 1.2

Unless otherwise indicated, number of miners is taken from Table 35. In the category "Other mines® the number of miners also include uranium miners;
corrections are made for this in the totals.

4 Derived from reposted exposures in Table 36 assuming a conversion factor of 5.6 mSv wIML,
¢ The numbars of miners include those working in uranium mincs and the estimated collective doses are, therefore, overestimates; this is corrected for in the
total collective dosc but not on a country by country basis. The reported average individual doses arc averages over all underground mines exciuding coal and
uranjum mines.
d Exposure data taken from [S7] which are representative for 1990, somewhat higher levels were reported in the 1970s [G3] (sec Table 36).
¢ Exposurc data taken from [E3] (sec Table 36).
! Value taken from {E3]; it is for all underground miners in the United States except those working in coal and uranium mines.
f  Uranium miners have been excluded from the total.
Table 39
Summary of occupational exposures to natural radiation (excluding uranium mining) ¢
Number of Worldwide annual coliective Average annual
Occupation or practice workers effective dose effective dose
(thousands) {man Sv) (mSv)
Coal mining 3900 3400 0.9
Othez mining ® 700 4100 6
Aircrew 250 800 3
Other ¢ 300 <300 <l
Toal 5200 BOOO 1.7
*  Estimated doses are appropriate for the latter half of the 1980s. In mining, somewhat higher individual and collective doses arc likely 10 have been expericnced
previously. Collective doses to aircrew are likely to have been lower previously because air traffic growth over the period.
b

Excluding uranium mining.

Includes coal-fired power plants (~300,000 workers, collective dosc: <60 man Sv) and extraction of mineral sands, phosphate ores and their subsequent use
(collective dose: <200 man Sv).
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‘able 40 (continued)

Freiberg

Country | Year of Type of installation . Persons
location accident or operation Main cause of exposure affected Noture of exposure and health consequences

Bangladesh ¢ 1989 1921, radiography source 1 Whole-body dose of 2-3 Gy

China ¢ 1980 69Co radiography source i Whole-body dose of S Gy and localized cxposure

China 1986 9Co source Accidental exposure for about 3 minutes 2 Whole-body doscs of 2.6 and 3.5 Gy; moderate haemopoietic type of acute radiation sickness
Kaifeng City

Chins 1987 8Co irradiation facility Accidental entry to irradiation room for 10-15 1 Estimated whole-body dose of 1.35 Gy; anorexia and nausea four hours later; severe damage to
Zhengzhou City seconds haemopoictic system with restoration of WBC was relatively slow

China 1988 $%Co irradiation facility Accidental entry to iradiation room for about 40 1 Estimated whole-body dose of 5.2 Gy; acute radiation sickness (bone marrow syndrome); after three
Zhao Xian seconds years follow-up, condition good

China 1989 0Co source Accidental exposure 1o source for about 4 2 Whole-body doses of 0.87 and 0.61 Gy; both suffcred mild haemopaietic radiation sickness;
Baijing minutes recovered

China ¢ 1989 1921, radiography source 1 Localized exposure of 18-37 Gy

Czechoslovakia 1977 921 industrial Technical failure of the equipment and improper 1 Whole-body dose of about 5§ mSv; data insufficient for estimating local doses; bullous dermatitis of
Pardubice radiography source actions to bring source back under control the thumb of the right hand; plastic surgery two ycars later

Czechoslovakia 1979 192} industrial Technical failure of the equipment and ! Whole-body dose of about 5 mSv; data insufficient for estimating local doses; bullous dermatitis of
Sokdov radiography source inadequate monitoring duriog and after work the third finger of the left hand and adjacent arcas; plastic surgery two years later

Czechoslovakia 1982 192)¢ industrial Source transport container declared empty on 1 Whole-body dose of about 2 mSv; data insufficient for estimating local doses; bullous dermatitis of
Prague radiography source delivery from abroad and handled as if inactive thumb of right hand; conservative trcatment

Czechoslovakia 1985 Dilution, using 2 needle, Carelessness and inadequate equipment for work 1 Intake through wound of ~600 Bq of 2*!Am; surgical excision of wound and administration of DTPA
Petrvald of 1 Am solution in with transuranics

glove box

Czechoslovakia 1988 Manufacturing of foils New rolling method not tested inactively first; 1 Inhalation of —50 kBq of dispersed *!!Am; hospitalization and administration of DTPA; no clinical

Prague containing 2#'Am for use | poor radiation protection practice manifestations
in fire alarms

El Salvador © 1989 89Co irradiation facility 3 Whole-body doses of 3-8 Gy; 1 death

France © 1978 X-ray equipment | Localized exposure of hand; amputation of finger
Nancy

France 1979 192y radiography source R i Whole-body and localized exposure; amputation of Jef arm
Montpelier -

German Dem. Rep. 1979 X-ray fluotescence unit Carclessness 1 Dose of 10-30 Gy to right hand and whole-body dose of 0.2-0.5 Gy; acute and chronic radio-

dermatitis (2nd and 3rd degree)

80S
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Table 40 (continued)

Country | Year of Type of installation . Persons
location accident or operation Main cause of exposure offected Nature of exposwre and health consequences
German Dem, Rep. 1980 Analytical x-ray unit Carelessness 1 Dose of 15-30 Sv to left hand; acute and chronic radio-dermatitis (2nd and 3rd degrec)
Bohien
German Dem. Rep. 1983 1921; jndustrial source Technical defect and inappropriate handling 1 Dose to the right hand of about 5 Gy; acute and chronic radio-dermatitis (1st degrec)
Schwarze Pumpe
Germany, Fed. Rep. 1975 X-ray fluorescence Carelessaess and technical faults during repair 1 Estimate dosc of 30 Gy to the fingers; reddening of two fingers after 10 days
equipment
Germany, Fed. Rep. 1975 Welding seam test of Carelessness and technical defects 1 Estimated dose of =2 Gy to the stomach region
x-ray equipment
Germany, Fed. Rep. 1976 X-ray equipment Inexpert handling of equipment 1 Estimated whole-body dose of 1 Gy; reddening of skin after 24 hours and radiation afler-cffects
Germany, Fed. Rep. 1980 Radiogram unit Defective equipment 2 Estimated dose of 23 Gy 10 the hand and an cffective dose of 0.2 Sv
Germany, Fed. Rep. 1981 X-ray fluorescence Carclessness 1 Partial body exposurc with 20-30 Gy dose to the right thumb; extensive tissue damage developing
equipment over several months
Germany, Fed. Rep, 1983 Xeray equipment Defective equipment 1 Partial body exposure to regions of the body of about 6-12 Gy; localized physical changes
Hungary 1977 Industrial defectoscope Failure of equipment to withdraw source into its 1 Whole-body dosc of 1.2 Gy; slight nsusea, changes in blood and increased frequency of
Gydx container chromosomal aberrations; observation and sedstive therapy
Hungary 1984 1924 industrial Failure of equipment and careless handling of 1 Wholc-body dose of 46 mGy; 20-30 Gy estimated for fingers of left hand; radiation burns on fingers
Tiszafured defectoscope source of lefl hand; irreversible necrosis at tip of one finger, surgically removed; slight increase in
chromosomal aberrations
Iraq * 1975 1921y radiography source 1 Whole-body dose of 0.3 Gy plus localized exposure of hand
Ttaly * 1975 80Cq industrial 1 Whole-body dose of 10 Gy; hacmatopoicetic syndrome; death after 13 days
Brescin radiography source
Indonesia 1982 1921 industrial Repair of the source by the operator 1 Estimated doses of 0.77 Gy to the wholc body, 0.64 Gy to the gonads and 11.7 Gy to the hands;
Badak, East Borneco radiography source oedema and suppuration of the hands
Indonesia 1987 Industrial radiography Repair of shutter while machinc was in operation 1 Dose to dorsum of one hand in excess of 10 Gy; oedema and suppuration of the affected hand
Circbon, West Java x-ray machine
India 1982 192y, pendl source Failure of sccurity during transport of source; 1 Dose of 1.5-35 Gy to skin in the region of the groin and whole-body dose of 0.4-0.6 Gy; severe
Vikhroli, Bombay source lost and found by a railway worker radiation burns in pelvic region with excruciating pain
India 1983 192y, projector Opecration by untrained personnel 1 Dose to the skin of 20 Gy and to the whole body of 0.6 Gy; severe damage to fingers, four of which
Mulund, Bombay were amputated
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Table 40 (continued)

Courury { Year of Type of installation . Persons
location aceident or operation Main cause of expaswre affected Nature of exposwre and health consequences
India 1985 %Co radiography Violation of safe working practices and lack of 2 Skin dose of 10-20 Gy to oparator and 0,18 Gy 1o an assistant; damage to fingers, ane finger
Visakhapatnam projector maintenance amputated
India 1985 192y, radiography Violation of safe working practices associated 2 Doses of 8-20 Gy to hands of both operators; damage to fingers; two fingers amputated from cach
Yamunanager projector with power (ailure in the workplace individual
India 1989 1921t radiography Failwe of safety management and improper 1 Dose of 10 Gy to fingers and whole-body dose of 0.65 Gy; radiation burns on fingers of both hands;
Hazira, Gujarat projector maintenance fingers amputated
Norway ¢ 1982 %Co industrial 1 Whole-body dose of 22 Gy; death after 13 days
Kjeller irradiation facility
Peru 1977 Y2t soutce Untrained personnel and lack of supervision; 3 Maximum doses of 164 Gy to hands; 0.9 Gy to Iens of the eye; 2 Gy to the whole body; ammputation
Zona del Oleoducto equipment neither registered nor authorized of fingers of two people and effects on left hand of one
South Africa 1977 193¢ industrial Faulty operation of pneumatically operated 1 Whole-body dose 1.16 Gy; amputation of 2 fingers, rib removal and skin grafts
Sasolburg Tranvaal radiography source container and monitor; carclessness of operator
South Africa 1989 1921y industrial Detached source; negligence of radiographer 3 Whole-body doses of three workers: 0.78, 0.09 and 0.1 Gy, all with an uncertainty of about 0.3 Gy;
Witbank, Transvaal radiography source (source not properly attached) and failure of computed effective dose to the most exposed was 2.25 Sv; most exposed worker: amputation of right
portable monitor to register detached source leg at the hip afier 6 months and amputation of 3 fingers after one year
South Africa 1990 Co industrial Source left behind after radiography work; loss 6 Cytogenetic analysis indicated that threc people received whole-body doses in excess of 0.1 Gy with
Sasolburg, Tranvaal radiography source not d d due 1o inadeq; monitoring a maximum of 0.55 Gy; source handled for periods of 5-20 minutes, but local doses could nat be
source handled by 6 people estimated with any accuracy; right hand amputated 10 cm above wrist in ouc case; patches of
sensitive skin on fingers of another; blistering of fingers in two other cases
USSR * 1975 1921 jradiation facility 2 Whole-body doses of 3 and 5 Gy; dose 1o hands over 30 Gy
USSR ¢ 1976 $Co irradiation fadility 1 Whole-body dose of 4 Gy; radiation sickness, hacmatopoietic syndrome
USSR “ 1980 90Co irradiation facility 1 Dose of 50 Gy 1o lens
United Kingdom 1977 Filling gaseous tritium Broken inlet manifold led to the release of 2 Whole-body doses: 0.62 and 0.64 Sv
light sources escape of ~11-15 TBq of tritium
q
United Kingdom b 1977 Y2; 1adiography source Operatex working in a confined area held source 1 Cytogenctic dosimetry estimated an equivalent whole-body dose <0.1 Gy; radiation burns on three
- for 90 seconds while radiographing a weld fingers
United Kingdom ® 1978 192y radiography source Radiographer deliberately overexposed himself 1 Cytogenetic dosimetry cstimated an equivalent whole-body dose of 1.52 Gy; no localized skin
reactions
United Kingdom ® 1983 Gamma radiography Inadvertent cxposuse of radiographer 1 Whole-body dosc of 0.56 Gy

source
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Table 40 (continued)

Country | Year of Type of installation , Persons
location sccident or operation Main cause of exposure affected Nature of exposure and health consequences
United States € 1976 192 radiography source 1 Dose of 10 Gy to hand
Pittsburgh
United States © 1977 $0Co industrial 1 Whole-body dose of 2 Gy
Rockaway irradiation source
United States ¢ 1978 192ty radiography source 1 Localized exposure of hand; amputaticn of finger
Monroe
United States € 1979 %2 radiography source Source found by worker and put in his pocket s Whole-body exposure of 1 Gy and localized exposures of hand to one person; localized exposure of
Los Angeles for 45 minutes hands of four others
United States € 1981 192t radiography source 1 Whole-body and localized exposures
Oklahoma
Tertiary education and accelerstors
German Dem. Rep. 1975 X-ray fluorescence unit Carelessness 1 Dose of 1.2-2 Gy to middle finger of left hand; acute radiodermatitis (1st degree)
Halle
German Dem. Rep. 1980 Radiochemical laboratory | Defect in protective glove led to contamination 1 Dose of 100 Gy to the skin of the left hand; no clinical symptons
Rossendorf with 32p
German Dem. Rep. 1981 Amlytical x-tay unit Carclessness 1 Dosc of § Gy to the lcft hand; acute radiodcrmatitis (1st degree)
Berlin
German Dem. Rep. 1982 Analytical x-ray unit Carelessness 1 Dose of 6 to 18 Gy to right forcfinger; acute radiodermatitis (2nd degrec)
Berlin
German Dem. Rep. 1983 Radiochemical laboratory | Explosion of vial containing 2 M1Am solution 1 Committed effective dose of 0.076 Gy
Leipzig
German Dem. Rep. 1988 Analytical x-ray unit Carclessness 1 Dose of 3 Gy to left hand; acute radiodermatitis (1st degree)
Jena
German Dem. Rep. 1988 Analytical x-ray unit Technical defect 2 Maximum dosc of 4 Gy to the hand of one person; acute radiodermatitis (st degree) in one person
Trusetal
Germany, Fed. Rep. 1979 X-ray equipment Defective equipment 1 Estimated dose to part of the haad 20 Gy and effective dose of 0.6 mSv
Peru 1984 X-ray diffraction Fault of suparvision, deliberate exposure from 6 Localized doses of 5-40 Gy to fingers; skin burns and blistering leaving residual scar tissuc
Lima equipment lack of knowledge of risk; equipment not
registered with authoritics
USSR © 1977 Protein acceleratce 1 Localized dose of 10-30 Gy to hands

STINSOd X NOLLVIAVY TVNOLLVANDDO0 :d XANNV
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Table 40 (continued)

Courury |
location Year of Type of installation . Persons
accident or operation Main cause of exposure affected Nature of exposwre and health consequences
USSR * 1978 Electron acoelerator 1 Localized dose of 20 Gy to hands
United States € 1978 Accelerator 1 Localized exposuze of abdomen, hands and thighs
Medical uses of radiation
Argentina 1975 8Co reletherapy Failure of source's mechanical dispositive 2 Technician and physician both received high doses to fingers; radiation burns oo fingers
Tucuman
Argentina 1979 Diagnostic radiclogy Faulty wiring led to emission of x rays when the 1 Auxiliary nurse received whale-body dose of 0.94 Gy; slight depression of bone marrow
Parana to of the fluorascope was open
Argentina 1982 X-ray therapy (adility Operator looked through window while changing 1 Whole-body dosc of 0.12 Gy and dosc of 5.8 Gy to lens of eye; cataracts in both cyes
La Plata, BA x-ray tubes without recognizing system was
energized
Argenting 1983 80Co teletherapy Source jammed during transfer 2 Doses of 0.66 and 0.67 Gy, respectively, to the thorax; slight bone marrow depression
Buenos Aires
Germany, Fed. Rep. of 1975 X-ray equipment Probably carelessness in maintenance 1 Dose in excess of | Gy to head and upper torso
Germany, Fed. Rep. of 1977 192]¢ radiogram uait Defective equipment 1 Estimated dose to hands of about 5 Gy and cffective dose of 0.01 mSv; temparary reddening of
finpers
India 1980 Radiotherapy Defective equipment (mercury leaked out 34 Doses of 0.25, 0.4 and 0.5 Gy; no adverse health cffects observed
Ludihana (tclegamma) through shutter)
United Kingdom b 1975 80Co radiotherapy source Source jammed in an unshiclded position during 2 Personal dosimeters recorded doses of 0.52 and 0.4 Sv
servicing
United Kingdom ® 1977 125 Accidental contamination of laboratory workers 2 Thyroid dose of 1.7 Gy to onc person from an intake of about 1 MBq; a low dose to other person
United Kingdom b 1982 X-ray radiography Inadvertent exposure to x rays 1 Personal dosimeter recorded a dose of 0.32 Sv
United Kingdom ® 1985 125 Technician cut his finger while wearing a glove 1 Thyroid dose of about 400 Gy
contaminated with iodine-125; sucked cut finger,
which resulted in an intake of about 740 MBq
United Kingdom b 1986 .6°Co radiotherapy source Exposure during source changing 1 Dose of 15 Gy to the hand; erythems and blistering appeared two weeks later
“  Data from [111),
% Data comprisc a summary of cases of accidental exposure for which chromosome aberration analysis have been undertaken (L1).
¢ Data from [R3).
d

Unclear whether exposed were wakers or patients.
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Table 41

Worldwide occupational exposures 1985-1989

Awverage annual Annual average Annual average Normalized
. number of collective effecsive dose 1o collective
Ocr::a:onal monitored workers effective dose maonitored workers effective dose NR)s S
category (thousands) {man Sv) (mSy) [man Sv (GW a)'I]
Nuclear fuel cycle
Mining 260 1100 4.4 43 025 0.52°
Milling 18 120 6.3 0.44 0.18 ¢ 0.43°
Enrichment 5 0.4 0.08 0.02 0 0
Fud fsbrication
LWRs 24 11 0.45 0.07 0.0003 0.015
HWRs 1.1 1.9 1.7 on 0.003 0.042
Magnox 1.1 35 3 1.4 0.018
AGRs 1.9 55 3.0 0.45 0.014
Total 28 2 0.78 0.12 0.002 0.019
Reactor operation
PWRs 230 500 22 4.3 0.034 0.328
BWRs 140 310 24 19 0.026 0.36
HWRs 18 67 34 6.2 0.066 0.48
LWGRs 13 170 13 17
GCRs 31 24 0.75 3.2 0.0002 0.008
Other 3 1 0.4 14
Total 430 1100 25 59 0.033 0.34
Fud reprocessing
Oxide 4 51 14 0.65 0.008 0.12
Magnox 8 31 3.8 1t 0.092
Total 12 36 3.0 3.2 0.064 0.12
Research 130 100 0.8 1.0 0.011 0.30
Total 880 2500 29 128 0.10° 0.42°
Defence activities
Weapons 60 43 0.7
Ships 190 170 09
Other 130 37 0.3
Total 380 250 0.7
Industris! uses of radistion
Total 560 510 0.9 0.009 0.31
Medical uses of radiation
Total 2200 1000 0.5 0.009 0.24
Natural sources of radiation (excluding uranium mining)
Coal mining 3900 3400 0.9
Other mining 700 4100 6
Air crew 250 800 3
Other ~300 <300 <l
Total 5200 8600 1.7
Total of exposures
Man-made 4000 4300 1.1 0.03° 036 °
Natural sources 5200 8600 1.7
Toral 9200 13000 1.4

Values for mining and milling are averages of rcported values and are overestimates for the revised conversion factor of 5.6 mSv WLM Y. The entries for the
totals arc thus also overestimates. Excluding mining and milling from the averaping, the entnies for total of the nuclear fuel cycle would be 0.03 and 0.32 and
for total of man-made exposures 0.01 and 0.29 for NR ¢ and SR, respectively.
Exctuding fuel reprocessing.
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Table 42

Trends in worldwide occupational exposures from man-made sources of radiation

Average annual
collecrive effective dase

Average annual effective dose

to monitored workers

Sowrce (man Sy) {mSv)
1975-1979 1980-1984 1985-1989 1975-1979 1980-1984 1985-1989
Nuclear fuel cyde 2300 3000 2500 4.1 37 29
Delence activities 420 250 250 1.3 0.71 0.66
Industrial uses of radiation 870 940 510 1.6 1.4 09
Medical uses of radiation 1000 1140 1030 0.78 0.60 0.47
Total 5490 5330 4290 1.9 1.4 1.1
Average annual number Normalized
of monitored workers collective effective dase
(thousands) [man Sv (GW o))}
1975-1979 1980-19584 1985-1989 1975-1979 1980-1984 1985-1989
Nuclear fuel cyde 560 800 880 18° 17°¢ 12¢
Defence activities 310 350 380
Industrial uses of radiation 530 690 560
Medical uses of radiation 1280 1890 2220
Togal 2680 3730 4040
NRys Rs
1975-1979 1980-1984 1985-1989 1975-1979 1980-1984 1985-1989
Nuclear fuel cycle ® 0.20 0.16 0.10 0.63 0.55 0.42
Defence activities
Industrial uses of radiation 0.010 0.007 0.009 0.35 0.28 0.31
Medical uses of radiation 0.003 0.002 0.009 0.14 0.10 0.24
Total 0.051 0.040 0.030 0.045 0.40 0.36

Values excluding fuel reprocessing; the normalized doses would be greater by about | man Sv (GW a)™! for reprocessing of oxide fuel and about 10-15 man Sv

(GW a)! for reprocessing metal Magnox fuel (with the higher value pertaining to carlier times).

Values are averages including mining and milling 25 reported and are thus overestimates for the revised conversion factor of 5.6 mSv WLM™L, If mining and
milling are excluded from the averaging, the values of NR ¢ would be about a factor of 3 lower and the values of SR would decrecase by an absolute amount

of about 0.1.
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AVERAGE ANNUAL NUMBER
TO MONITORED WORKERS (mSv) OF MONITORED WORKERS (thousands)

AVERAGE ANNUAL EFFECTIVE DOSE

AVERAGE ANNUAL
COLLECTIVE EFFECTIVE DOSE (man Sv)
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Figure I,
Number of workers and doses to workers in uranium mining and milling,
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Figure 11,
Normalized colleclive dose and distribution ratios for workers in uranium mining and milling.
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NORMALIZED COLLECTIVE
EFFECTIVE DOSE [man Sv (GW a)!]
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Figure IV,

Magnox
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Normalized collective dose and distribution ratios for workers in fuel fabrication.
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AVERAGE ANNUAL NUMBER
OF MONITORED WORKERS (thousands)

AVERAGE ANNUAL EFFECTIVE DOSE
TO MONITORED WORKERS (mSv)

ANNUAL COLLECTIVE
EFFECTIVE DOSE (man Sv)
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Figure V.
Number of workers and doses to workers in reactors.
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Figure VI
Normalized collective dose and distribution ratios for reactor workers.
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TO MONITORED WORKERS (mSv)

AVERAGE ANNUAL EFFECTIVE DOSE

.1]

an Sv (GW a)

NORMALIZED COLLECTIVE
ECTIVE DOSE [m
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Figure VII.
Regional variations in average annual individual and normalized collective effective doses
to workers at LWRs.
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Figure VIII.
Collective dose per reactor to workers in LWRs In the United States.
Median and extreme values with envelope of middle 50% values,
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ANNUAL EFFECTIVE DOSE (mSv)

ANNUAL GFFECTIVE DOSE (mSv)
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Figure IX.
Cumulative distribution of number of workers and collective dose

from workers at LWRs in the United States with doses In excess of the specified valuves.
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Figure X,

Distribution of collective dose among work functions for workers at LWRs in the United States.
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Figure XI.
Number of workers, doses and distribution ralios in fuel reprocessing.
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Variations In average annual effective dose to groups of reprocessing workers at Scllafield, United Kingdom.
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Figure XIV.
Cumulative effective dose to workers at Sellaficld reprocessing plant.
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Figure XV.
Number of workers and doses to workers in operations of the nuclear fuel cyele.
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Figure XVI.

Normalized collective dose and distribution ratios for workers in operations of the nuclear fuel cycle.
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Figure XVII.
Normalized coliective doses for workers in operations of the nuclear fuel cycle.
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Number of monitored workers and average annual individual and collective doses
to workers in occupations involving defence activities
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AVERAGE ANNUAL EFFECTIVE DOSE (mSv)
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Figure XIX.
Variations in average annual individual doses and distribution ratios
for workers Involved In the production of weapon materials in the former USSR.
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Figure XX.
Number of workers and doses to workers in occupations involving industrial uses of radiation.




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES

535

AVERAGE ANNUAL

AVERAGE ANNUAL

10007 @ OECD INDUSTRIAL USES
—~ O Eastern Europe
>
» B Asia (centrally-planncd cconomies)
=
g 100 O Asia (non-centrally-planned economies) ~ o) b
; A Latn America
§ A Indian subcontinent A PY 'Y

o
. 10 —
4]
= e o °
: o
) 7 [ J ®
m ..
E ®
[ ]

Q
53 0.1 —
: N
8 @]

0.01 T T A

10 100 1000 10000
GROSS NATIONAL PRODUCT (1012 $US)

1000 T MEDICAL USES
z
= [ ]
g 100 — [
~ A
=
7]
8 e
é A o A ® e
5o D .,
S © e O Ae
E [ J ®
2 01
-]
o]
Q

0.01 T ] 1

10 100 1000 10000

GROSS NATIONAL PRODUCT (1012 sUS)

Figure XXI.

Average annual coliective dose to workers in occupations involved in

industrial and medical uses of radiation during 1985-1989
in relation to gross national product of countries.



536 UNSCEAR 1993 REPORT

09 ] 1975-1979
] 1980-1984

Z 600 ]
” m FZQ 1985-1989
% ]
£ 500
e
M_m 400
20
£z
Aw 300 —
33}
WR
g -
<=
W 100
0 _
Eastern Europe OECD except United States Remainder World
United Suales
12 4

10

AVERAGE ANNUAL EFFECTIVE DOSE
TO MONITORED WORKERS (mSv)
(=3
|

0 :
T
Eastern Europe OECD except United States Remainder World
United States
1000 —
2> 900 —
7]
s
g 800+
2]
) 700 —
=K
ma 600
5 -
mw 400 |
zw
Am 300 ~
M 200
Q
o

Eastern Europe OECD except United States Remainder World
United States

Figure XXII.
Regional data on number and exposure of workers
involved in the industrial uses of radiation,




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES

537

AVERAGE ANNUAL EFFECTIVE DOSE

AVERAGE ANNUAL
COLLECTIVE EFFECTIVE DOSE (man Sv)

AVERAGE ANNUAL NUMBER
OF MONITORED WORKERS (thousands)

1600 —

[ 19751979
1400 | 1980-1984
; 1985-1989

1200 —

:

800 —

600 —

400

200 —

T
Diagnostic radiology Dental practice  Nuclear medicine Radiotherapy ~ Veterinary medicine

25 7

1.5

1.0 —

0.5 —

TO MONITORED WORKERS (mSv)

4
0 T T T
Diagnostic radiology Dental practice  Nuclear medicine Radiotherapy ~ Veterinary medicine

800 —

700 —

600 —

500 —

400 —

300 —

200

100 —

I I
Diagnostic radiology Dental practice  Nuclear medicine Radiotherapy . Veterinary medicine

Figure XXIIIL.
Number of workers and doses in occupations involving medical uses of rudiation.



538 UNSCEAR 1993 REPORT

&5
8
J

Remainder

Remainder

(1 1975-1979
= 1980-1984
5 i
i 1985-1989
& m 2000
&=
Wm 1500
25
o]
g8
<
=3 1000
mm
22
<= 500 -
.
(o]
0
Eastern Europe OECD except Unied States
United States
1.6 1
214
m\w,
2
w~ 1.2
8
m nOn 1.0 S
53 0.8
2o ©
@
=4
W_m 0.6
5
WM 0.4
o=
2 02-
0 _
Eastern Europe OECD except United States
United States
1200 —
>
[72]
s 1000 —
o
E
7
Mm 800
-
600 ~
g8
Sk
13
Mm 400 —
M 200 —
[}
(&)
0
Eastern Europe OECD except Upited States
United States
Figure XXIV.

Remainder .

Regional data on number and exposure of workers
involved In the medical uses of radiation.

World

World

World



ANNEX D: OCCUPATIONAL RADIATION EXPOSURES

539

ER

ED WORKERS (thousands)

AVERAGE ANNUAL NUMB

OF MONITOR

AVERAGE ANNUAL

AVERAGE ANNUAL EFFECTIVE DOSE

8000 7 1975.1079

3 1980-1984
5000 - [EER 1985-1989

L R P

S IeaE e iaE el ittt ertest et i rere vt ar b ereseneiaatetiostbettennriesanarertenTarens .........—...........

seresssesansanrsesisarest

1000 —

seevae

Nuclear Defence Total Natural sources
fuel cycle man-made
6 — sources

R T N R T Y T TP Y PP YT PP PR P PP PR PP Py

.
H

RKERS (mSv)
&
|

TO MONITORED WO

% o [l (34
J | |

Nuclear Medicine Average
fuel cycle man-made
sources

Natural sources

;

bt

BT R R P P PR PP T T T P T P PP PP PR PO PP PP PR PP Py ..........—2........

E DOSE (man Sv)
=

;

e

""%‘Q§\-. >

FFECTIV

;

uaececiaasittetesesnreareateatitaey

E

;

LLECTIVE

(80)

o

Nuclear Defence Industry Medicine Total. Natural sources
fuel cycle man-made
sources

Figure XXV.
Number of workers and doses In all occupational exposures to radiation.



540

UNSCEAR 1993 REPORT

References

PART A

Responses to UNSCEAR Survey of Occupational Exposure

Country

Response from

Argentina

E. Palacios. Response 1o UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Comisién Nacional de Encrgia Atémica, Bucnos Aires, Argentina. (December
1990 and November 1991).

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Comisi6én Nacional de Energia At6mica, Buenos Aires, Argentina.
{(November 1991).

E. Palacios. Response to UNSCEAR questionnaire for occupalional exposures resulling {rom
accidents. Comisién Nacional de Energia Atémica, Buenos Aires, Argentina. (October 1991).

E. Palacios. Response to UNSCEAR questionnaire [or occupational exposures incurred in medical
uses of radiation. Comisién Nacional de Energia Atdmica, Buenos Aires, Argentina. (February and
November 1992).

E. Palacios. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Comision Nacional de Energia Atdmica, Buenos Aires, Argentina. (November
and December 1992).

Australia

N. Morris. Response to UNSCEAR questionnaires for occupational exposures incurred in industriai
and medical uses of radiation. Australian Radiation Laboratory, Victoria, Australia. (September
1991).

G.C. Mason. Response to UNSCEAR questionnaires for occupational exposures incurred in
industrial and medical uses of radiation. Australian Radiation Laboratory, Vicloria, Australia.
(December 1992).

Brazil

P. Cunha. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Comissao Nacional de Energia Nuclear, Rio de Janeiro, Brazil. (October 1991).

Canada

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Bureau of Radiation and Medical Devices, Ottawa, Canada. (September
1990, March, July and August 1991).

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures incurred in
medical uses of radiation. Health and Welifare, Ottawa, Canada. (October 1991).

1.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures resulting from
accidents. Health and Welfare, Ottawa, Canada. (November 1991).

J.P. Ashmore. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Health and Welfare, Ottawa, Canada. (November 1992).

Chile

M. Manuel Echeverria. Response to UNSCEAR questionnaire [or occupational exposures incurred
in industrial uses of radiation. Comisién Chilena di Energia Nuclear, Chile. (November 1990).

China

Zhang Liangan. Response to UNSCEAR questionnaire for occupational exposures incurred in
medical uses of radiation. Institute of Radiation Medicine, Chinese Academy of Sciences, Tianjin,
China. (November 1991).

China (Taiwan
Provinee)

Yi-Ching Yang. Response to UNSCEAR questionnaire (or occupational exposures incurred in
industrial uses of radiation. Atomic Energy Council, Taipei, Taiwan, China. (October 1991).

Yi-Ching Yang. Response to UNSCEAR questionnaire [or occupational exposures incurred in
medical uses of radiation. Atomic Energy Council, Taipei, Taiwan, China. (October 1991).




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 541

Country

Response from

Czechoslovakia

Z. Mclichar. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Nuclear Power Plants Rescarch Institute (VUIE), Czechoslovakia.
(March 1991).

H. Solnickd and J. Smetana. Response to UNSCEAR questionnaire for occupational exposures
incurred in industrial uses of radiation. Labour Medicine Institute of Uranium Industry and
Uranium Mines Management, Pribram, Czechoslovakia. (March 1991).

Z. Prouza and V. Klener. Response to UNSCEAR questionnaires for occupational exposures
incurred in industrial and medical uses of radiation. Centre for Radiation Hygiene, National
Institute for Public lealth, Prague, Czechoslovakia. (July 1992).

V. Klener. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Centre for Radiation Hygiene, National Institute for Public Health, Prague,
Czechoslovakia. (November 1992).

Denmark

O. Berg. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. National Institute of Radiation Hygiene, Bronshoj, Denmark. (April 1991).

O. Berg. Response to UNSCEAR questionnaire for occupational exposures incurred in medical uses
of radiation. National Institute of Radiation Hygiene, Bronshoj, Denmark. (October 1991).

Finland

H. Hyvonen. Responses to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Finnish Centre for Radiation and Nuclear Safety, Helsinki, Finland.
(November 1990 and August 1991). :

H. Hyvéncn. Response to UNSCEAR questionnaire for occupalional exposures incurred in medical
uses of radiation. Finnish Centre for Radiation and Nuclear Safety, Helsinki, Finland. (October
1991).

France

P. Pellerin. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Service Central de Protection contre les Rayonnements lonisants, Le Vesinet,
France. (April 1992).

P. Pellerin. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Service Central de Protection contre les Rayonnements lonisants, Le Vesinet,
France. (June 1992).

C. Rolland-Picgue and S. Lebar. Responsc to UNSCEAR questionnaire for occupational exposures
incurred in industrial uses of radiation. Compagnie Générale des Malieres Nucléaires (COGEMA),
Velizy-Villacoublay, France. (July 1992).

Ph. Hubert. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Institut de Protection et de Sureté Nucléaire (IPSN), Commissaniat a I’Energie
Atomique (CEA), Fontenay aux Roses, France. (September 1992).

C. Rolland-Piegue. Responsc to UNSCEAR quecstionnaire for occupational exposures incurred in
industrial uses of radiation. Compagnie Générale des Matieres Nucléaires (COGEMA), Velizy-
Villacoublay, France. (November and December 1992).

Ph. Rollin. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Electricité de France (EdF), Paris, France. (November 1992).

Germany

M. Grunwald. Responses to UNSCEAR questionnaire for occupational cxposures incurred in
industrial uses of radiation. Bundcsamt fiir Strahlenschuwz (BfS), Salzgitter, Germany.
(September 1990 and January 1991).

M. Grunwald. Response to UNSCEAR questionnaire for occupational exposures incurred in
medical uses of radiation. Bundesami fiir Strahlenschutz (BfS), Salzgitter, Germany. (August 1991).

A. Kaul. Responses to UNSCEAR questionnaire for occupational cxposures incurred in industrial
uses of radiation. Bundesamt (ur Strahlenschutz (BfS), Salzgitter, Germany. (April and
August 1991).

A. Kaul. Response to UNSCEAR questionnaire for occupational exposures resulting {rom
accidents. Bundesamt [ir Strahlenschutz (BIS), Salzgitter, Germany. (September 1991).

A. Kaul, Arndt and Wolf. Response to UNSCEAR questionnaire for occupational exposures
resulting from accidents. Bundesamt fir Strahlenschutz (BfS), Salzgitter, Germany. (October 1991).




542

UNSCEAR 1993 REPORT

Country

Response from

Germany
(continucd)

E. Martini. Response to UNSCEAR questionnaire [or occupational exposures incurred in medical
uses of radiation. Land Mecklenburg-Vorpommern Landesanstalt fir Personendosimetrie und
Strahlenschutzausbildung-Personendosismefstelle, Berlin, Germany. (August 1991).

J. Schwedt. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Bundesamt fur Strahlenschutz (Dienststclle Berlin), Berlin, Germany. (May
1991).

A. Kaul. Response to UNSCEAR questiaonnaire for occupational exposures incurred in medical uses
of radiation. Bundesamt fir Strahlenschutz (BfS), Salzgitter, Germany. (February 1992).

A. Kaul. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Bundesamt fiir Strahlenschutz (BfS), Salzgitter, Germany. (December 1992).

Hungary

L.B. Sztanyik and I. Bojtor. Response to UNSCEAR questionnaire for occupational exposures
incurred in industrial uses of radiation. National Research Institute for Radiobiology and
Radiohygicne, Budapest, Hungary. (January 1991).

L.B. Sztanyik and 1. Bojtor. Response to UNSCEAR questionnaires for occupational exposures
incurred in medical uses of radiation and occupational exposures resulting from accidents. National
Research Institute for Radiobiology and Radiohygiene, Budapest, Hungary. (March 1992).

1. Bojtor and L.B. Sztanyik. Response to UNSCEAR questionnaire for occupational exposures
incurred in medical uses of radiation. National Research Institute for Radiobiology and
Radiohygiene, Budapest, Hungary. (June 1992).

India

D.V. Gopinath. Response to UNSCEAR questionnaire for occupational cxposures incurred in
industrial uses of radiation. Bhabha Atomic Research Centre, Trombay, India. (June 1991 and
May 1993).

U. Madhvanath. Response to UNSCEAR questionnaires for occupational exposures incurred in
industrial and medical uses of radiation. Division of Radiation Protection, Bhabha Atomic Research
Centre, Bombay, India. (June 1991).

U. Madhvanath. Response to UNSCEAR questionnaires for occupational exposures resulting from
accidents and incurred in medical uses of radiation. Division of Radiation Protection, Bhabha
Atomic Research Centre, Bombay, India. (December 1991).

S. Krishnamony. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Health Physics Division, Bhabha Alomic Research Centre, Bombay,
India. (November 1992).

Indonesia

I. Rifai. Response to UNSCEAR questionnaire for occupational exposures incurred in medical uses
of radiation. Department of Health, Jakarta, Indonesia. (October 1991).

S. Sockarno. Responses to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. National Atomic Energy Agency, Centre for Standardization and
Radiological Safety Research, Jakarta, Indonesia. (October 1990, April and September 1991).

S. Sockamo. Response to UNSCEAR questionnaire for occupational exposures resulting from
accidents. National Atomic Energy Agency, Centre for Standardization and Radiological Safety
Rescarch, Jakarta, Indonesia. (November 1991).

Ireland

D. Howett. Responses to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Nuclear Energy Board, Dublin, Ireland. (October 1990 and July 1991).

D. Howeltt. Responses to UNSCEAR questionnaire [or occupational cxposures incurred in medical
uses of radiation. Nuclear Energy Board, Dublin, Ireland. (January 1992).

Italy

A. Cavalliini and M. Litido. Responses to UNSCEAR questionnaire for occupalional exposures
incurred in industrial uses of radiation. National Committee for Nuclear and Aliernative Energy
(ENEA AMB), Bologna, Italy. (January and December 1991).

A. Cavallini and M. Litido. Response to UNSCEAR questionnaire for occupational exposures
incurred in medical uses of radiation. National Committec for Nuclcar and Allernative Energy
(ENEA AMB), Bologna, ltaly. (December 1991).




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 543

Country

Response from

Japan

H. Maisudaira. Responses to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. National Institute for Radiological Sciences, Chiba-shi, Japan. (January
and May 1991).

T. Yanagi. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial

uses of radiation. Nuclear Safety Policy Division, Science and Technology Agency, Tokyo, Japan.
(June 1992).

T. Maruyama. Responsc to UNSCEAR questionnaire for occupational exposures incurred in
medical uses of radiation. National Institute for Radiological Sciences, Chiba-shi, Japan.
(June 1992).

Mexico

J. Raul Ortiz Magafia. Responses to UNSCEAR questionnaire for occupational exposures incurred
in industrial uses of radiation. Comisién Nacional de Seguridad Nuclear y Salvaguardias, Mexico.
(October 1990 and August 1991).

F.V. Rojas. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Comisién Nacional dec Seguridad Nuclear y Salvaguardias, Mexico.
(August 1991).

Netherlands

JW.E. van Dijk. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. TNO-Gezondheidsonderzoek, Arnhem, Netherlands. (June 1991).

P.W.E. Louwrier. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. National Institute for Nuclear and High Energy Physics (NIKHEF),
Amsterdam, Netherlands. (October 1991).

Norway

T. Wehni. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. National Institute of Radiation Hygicne, Osteraas, Norway. (October 1990 and
October 1991).

Peru

L. Pinillos-Ashton. Response to UNSCEAR questionnaire for occupational exposures incurred in
medical uses of radiation. Instituto Nacional de Enfermedades Neoplasicas, Lima, Peru. (December
1991).

Republic of
Korea

Chung-Woo Ha. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Korea Atomic Energy Research Institute, Daejun, Republic of Korea.
(November 1990).

Chung-Woo Ha. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Korea Atomic Energy Research Institute, Dacjum, Republic of Korea.
(November 1990).

Jae-ho Lim. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Korea Electric Power Corporation, Seoul, Republic of Korea. (December 1991).

Suing-hyun Yoo. Response to UNSCEAR qucstionnaire for occupational exposures incurred in
industrial uses of radiation. Korea Nuclear Fuel Company Ltd., Daejum, Republic of Korea.
(December 1990).

South Africa

1.D. Kruger. Response to UNSCEAR gquestionnaire for occupational exposures incurred in industrial
uses of radiation. Atomic Energy Corporation, Pretoria, Republic of South Africa. (February 1991).

T. Volschenk. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Radiation Protection Service, South Afrcan Bureau of Standards
(SABS), Pretoria, Republic of South Africa. (April 1991).

D. Woodhall. Response to UNSCEAR questionnaire for occupalional exposures incurred in
industrial uses of radiation. Koeberg Nuclear Power Station, Kernkrag, Republic of South Africa.
(January 1991).

KJ. Smit. Response to UNSCEAR qucstionnaire for occupational exposures incurred in medical
uses of radiation. Department of National Health and Population Development, Bellville, Republic
of South Africa. (March 1992).

I.D. Kruger. Response to UNSCEAR questionnaire for occupalional exposures incurred in industrial
uses of radiation. Atomic Energy Corporation, Pretoria, Republic of South Africa. (November
1992).




544

UNSCEAR 1993 REPORT

Country

Response from

Spain

LLA. Calvo. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Consejo de Seguridad Nuclear, Madrid, Spain. (November 1990).

MJ. Mufioz. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Consejo de Seguridad Nuclear, Madrid, Spain. (December 1991).

MJ. Mufioz. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Consejo de Seguridad Nuclear, Madrid, Spain, (November 1991).

MJ. Mufoz. Response to UNSCEAR questionnaire for occupational exposures resulting from
accidents. Consejo de Seguridad Nuclear, Madrid, Spain. (November 1991).

MJ. Muiioz. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Consejo de Seguridad Nuclear, Madrid, Spain. (December 1992).

Sweden

J.C. Lindhé. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. National Institute for Radiation Protection, Stockholm, Sweden. (October 1990,
January and December 1991).

G. Szendré. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Swedish Radiation Protection Institule, Stockholm, Sweden. (October 1991).

G. Szendrd. Response to UNSCEAR questionnaire for occupational cxposures resuiting from
accidents. Swedish Radiation Protection Institute, Stockhlom, Sweden. (October 1991).

Switzerland

M. Moser. Response to UNSCEAR questionnaire for occupational exposures incurred in medical
uses of radiation. Federal Office of Public Health, Bern, Swilzerland. (October 1991).

USSR

L.P. Korcnkov. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Central Institute for Advanced Medical Studies, Moscow, USSR.
(October 1990).

United Kingdom

J.S. Hughes. Responses to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. National Radiological Protection Board, Chilton, United Kingdom.
(October 1990, August and December 1991).

J.S. Hughes. Response to UNSCEAR questionnaire {or occupational exposures resulting from
accidents. National Radiological Protection Board, Chilton, United Kingdom. (December 1991).
Based on a summary from [L5].

RJ. Berry. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. British Nuclear Fuels plc, Risley, United Kingdom. (March 1992).

United States

B. Millet. Response to UNSCEAR questionnaire for occupational exposures incurred in industrial
uses of radiation. Department of Energy, United States. (October 1990).

C.T. Raddatz. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Summaries from annual reports. NUREG-0713. United States Nuclear
Regulatory Commission, United States. (December 1991),

C.R. Jones. Response to UNSCEAR gucstionnaire for occupational exposures incurred in industrial
uses of radiation. Department of Energy, United States. (March 1992).

R.T. Beckman. Response to UNSCEAR questionnaire for occupational exposures incurred in
industrial uses of radiation. Mine Safety and Health Administration (MSHA), Denver, United
States. (December 1992).

H.S. Gotischalk. Response to UNSCEAR qucslionnaire for occupational exposures incurred in
industrial uses of radialion. Mine Safety and Hcaith Administration (MSHA), Arlington, Uniled
States. (January 1993).




ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 545

Al

Bl

B2

B3

B4

BS

B6

B7

B8

B9

B10

B11

B12

B13

B14

B15

PART B

Ashmore, J.P., Burcau of Radiation and Medical
Devices, Canada. Communication to the UNSCEAR
Secretariat (1991).

Brodsky, A., R.I’, Specht, B.G. Brooks ct al. Log-
normal distributions of occupational cxposures in
medicine and industry. Ninth Mid-ycar Topical
Symposium on Occupational Health Physics, Denver,
Colorado, 1976.

Brooks, B.G. and D. Hagemeyer. Occupational
radiation exposurc at commercial nuclear power
facilitics, NUREG-0713, Volumes 3-8 (1982-1989).
British Nuclear Fuels PLC. Annual reports on
occupational safety 1984-1987. BNFL (1985-1988).
Brooks, B.G. United States Nuclear Regulatory
Commission. Communication to the UNSCEAR
Secretariat (1989).

Benedittini, M. Expositions professionelles dans les
reacteurs a eau pressurisée: comparaison intemationale
de quelques indicateurs globeaux entre 1975 et 1989.
CEPN No. 178 (1990).

Benedittini, M. Centre d’Etude sur I’Evaluation de la
Protection dans le domaine Nucleaire. Communication
to the UNSCEAR Secretariat (1990).

Bines, W.P., WI. lles, K.A. Fillary ct al. Doses to
UK radiation workers as recorded at the Central Index
of Dose Information. p. 219-224 in: Proceedings of
International Conference on Occupational Radiation
Protection, Guernsey, April 1991.

British Nuclear Fuels PLC. Communication from R.J.
Berry to the UNSCEAR Secretariat (1991 and 1992).
Binks, K., R. Wakeford, R. Strong et al. Cumulative
radiation exposure at BNFL Sellafield: a historical
perspective. p. 1176-1179 in: Worldwide Achievement
in Public and Occupational Health Protection Against
Radiation. Proceedings of the 8th International
Conference of the International Radiation Protection
Association, Montreal, Canada, May 1992.
Buldakov, L.A. et al. Oncological mortality in the
workers in the first atomic industrial facility in the
USSR. Institute of Biophysics, Russian Federation.
Communication to the UNSCEAR Secrctariat (1992).
Buldakov, L.A., A.M. Vorobiev, V.V. Kopaev ct al.
Irradiation of personnel of industrial and power
nuclear reactors. Med. Radiol. 3: 38-43 (1991).
Beckman, R.T., Mine Safety and Health Administra-
tion, Denver, United States. Communication to the
UNSCEAR Sccretariat (1992).

Benton, E.V. and T.A. Parnell. Space radiation
dosimetry on US and Soviet manned missions. p. 729-
794 in: Terreslrial Space Radiation and its Biological
Effects. (P.D. McCormack, C.E. Swenberg and H.
Biicker, eds.) Plenum Press, New York, 1988.
Bernhard, S., J.A. Le Gac, H. Secguin ct al. Radon
levels and radon daughter exposures of workers in
non-uranium mines of the E.C. p. 625-628 in:
Radiation Hazards in Mining - Control, Measurement
and Medical Aspects. Society of Mining Engineers,
New York, 1981.

Bottom, D.A.,, D.W. Dixon and T.D. Gooding.
Exposure to radon in British mines. in: Proceedings of

C1

D1

D2

D3

D4

Ds

Dé

E2

E3

F1

F3

F4

International Conference on Occupational Radiation
Protcction, Guernsey, April 1991.

Carreiro, J.V. and R. Avelar. Occupational exposures
in medical and paramedical professions in Portugal.
Radiat. Prot. Dosim. 36 (2/4): 233-236 (1991).
Churcher, T., A.A.C. Brewis and W.G. Prast.
Quantification of Underground Employment. Mining
Joumal Research Services, London, 1991,

Cunha, K.M.D., S.M. Carvalho, C.V. Barros Leite ct
al. Particle size distribution in monazite dust. in: The
Fourth International Symposium on Radiation Physics,
Abstracls. Sao Paulo, 1988.

Defence Committece. Radiological Protection of
Scrvice and Civilian Personnel, Twelfth Report.
HMSO, London, 1990.

Drexler, G., P.G. da Cunha and J.E. Peixoto. Medical
and occupational exposures in Brazil. Radiat. Prot.
Dosim. 36 (2/4): 101-105 (1991).

Domanski, T., W. Chrusciclewski, D. Kluszczynski et
al. Radiation hazard in Polish mines - measurement
and computer simulations. Radiat. Prot. Dosim. 45:
133-135 (1992).

Davies, D.M. Cosmic radiation in Concorde opera-
tions and the impact of new ICRP recommendations
on commercial aviation. Radiat. Prot. Dosim. 48: 121-
124 (1993).

Dixon, D.W., D. Page and D.A. Bottom. Estimates of
dose from radon daughters in UK mines. Radiat, Prot.
Dosim. 36: 137-141 (1991).

Drexler, G., H.Y. Goksu and T.F. Johns. A compara-
tive study of some aspects of radiation protection and
dosimetry procedures. Part I: In the member states of
the European Communities. Part 1I: In the USA and
Japan. GSF 13/88 (1988).

Environmental Protection Agency. Occupational expo-
sure lo ionizing radiation in the United States: a
comprehensive review for the year 1980 and a
summary of trends for the years 1960-85. EPA
520/1-84-005 (1984).

Environmental Protection Agency. Occupational expo-
sure to ionizing radiation in the United States: a
comprehensive summary for the year 1975. EPA
520/4-80-001 (1980).

Environmental Protection Agency. Occupational expo-
sure lo ionizing radiation in the United States: a
comprehensive review for the year 1985 and a
summary of trends for the years 1960-85. EPA 402-R-
93-082 (1993).

Finney, DJ. Probit Analysis (3rd edition). Cambridge
University Press, 1971.

Fujimoto, K., J.A. Wilson, J.P. Ashmore et al. Occu-
pational radiation ecxposures in Canada 1984.
Canadian Department of National lealth and Welfarc.
Report No. 85-EHD-115 (1985).

Fricdberg, W., L. Snyder, D.N. Faulkner et al.
Radiation exposure of air carrier crew members 11. US
Department of Transport DOT/FAA/AM-92/2 (1992).
Fernindez, P.L., I. Gutierrez, L.S. Quindés et al.
Natural ventilation in the paintings room in the
Altamira Cave. Nature 321: 586-588 (1986).



546

UNSCEAR 1993 REPORT

Gl

G2

G3

G4

G5

H1

H2

H3

H4

HS

Hé6

H7

H8

H9

H10

n

12

I3

Goldsmith, R., J.D. Boice, Z. Hrubec et al. Mortality
and career radiation doses for workers al a commer-
cial nuclear power plant: feasibility study. Health
Phys. 56: 139-150 (1989).

Gelder, R. Radiological impact of the normal transport
of radioactive materials by air. NRPB-M219 (1990).
Guy, M.S.C. Radialion hazard levels prevailing in the
South African mining industry. Council for Nuclear
Safety, Pretoria. Communication to the UNSCEAR
Sccretariat (1991).

Goksu, H.Y., D. Regulla and G. Drexler. Present sta-
tus of practical aspecis of individual dosimetry. Part I:
European countrics member states. GSF 16/93 (1993).
Goksu, H.Y., D. Reguiia and G. Drexler. Present sta-
tus of practical aspects of individual dosimetry.Part II:
Eastern European countries. GSF 17/93 (1993).
Hughes, J.S,, K.B. Shaw and M.C. O’Riordan. Radia-
tion exposure of the UK population - 1988 review.
NRPB-R227 (1989).

Hughes, J.S. and G.C. Roberts. The radiation exposure
of the UK population - 1984 review. NRPB-R173
(1984).

Hipkin, J. and C.A. Pereira. Committed dose
equivalents to tritium users 1977-1980. J. Soc. Radiol.
Prot. 2 (3): 29-30 (1982).

Hajnal, F.,, 1.E. McLaughlin, M.S. Weinstein et al.
1970 sca-level cosmic-ray neulron measurements.
HASL-241 (1971).

Hewson, G.S., P.J. Tippet, B.H. O’Connor et al.
Preliminary study of radon in underground mines in
Western Australia. Report No. 79, MERIWA, Perth
(1991). :

Hewson, G.S. Radiation exposure status of mineral
sands industry workers (1983-1988). Radiat. Prot.
Aust. 8: 3-12 (1990).

Health and Safety Executive/National Radiological
Protection Board. Central Index of Dose Information.
Summary of Statistics for 1986. HMSO, London,
1991.

Hunyadi, 1., J. Haki, L. Léndrt et al. Regular
subsurface radon measurements in Hungarian karstic
regions. Nucl. Tracks Radiat. Meas. 19: 321-326
(1991).

Horton, T.R., R.L. Blanchard and S.T. Windham. A
study of radon and airborne particulates at
phosphogypsum stacks in central Florida. EPA 520/5-
88-021 (1988).

Hashizume, T., T. Suganuma and T. Shida. Estimation
of colleclive dose equivalent to holding assistants
from veterinary X-ray examination in Japan. Hoken
Butsuri (Japan) 23: 187-194 (1988).

International Commission on Radiological Protection.
Recommendations of the International Commission on
Radiological Protection. ICRP Publication 26. Annals
of the ICRP 1(3). Pergamon Press, Oxford, 1977.
International Commission on Radiological Protection.
Recommendations of the International Commission on
Radiological Protection. ICRP Publication 9.
Pergamon Press, Oxford, 1966.

International Commission on Radiologica! Protection.
Data for Use in Prolection Against External Radiation.
ICRP Publication 51. Annals of the ICRP 17 (2/3).
Pergamon Press, Oxford, 1987.

14

I8

19

110

111

112

13

114

15

116

117

n

International Atomic Energy Agency. Nuclear power,
nuclear fuel cycle wasle management: slatus and
trends 1990. Part C of the IAEA Yearbook. IAEA,
Vienna, 1990.

International Atomic Energy Agency. MicroPRIS -
IAEA Power Reactor Information System - a version
of the PRIS for PC users. IAEA, Vienna, 1991.
International Atomic Energy Agency. The nuclear fuel
cycle information system - a directory of nuclear fuel
cycle facilities. IAEA, Vienna, 1988,

International Commission on Radiological Protection.
1990 Recommendations of the International
Commission on Radiological Protection. ICRP
Publication 60. Annals of the ICRP 21 (1-3).
Pergamon Press, Oxford, 1991.

International Atomic Energy Agency. Operating
experience with nuclear power in member states in
1991. 1AEA, Vienna, 1992.

llyin, L.A., Institute of Biophysics, Russian
Federation. Communication to the UNSCEAR
Secretariat (1992).

International Atomic Energy Agency. Responses to
questionnairec on occupational exposures in mining.
IAEA, Vienna, 1992,

International Atomic Energy Agency, Division of
Nuclear Safety, Vienna. Communication to the
UNSCEAR Secretariat (1992).

International Civil Aviation Organization. Civil
Avialion Statistics of the World. Doc 9180/12 (1987).
International Commission on Radiological Protection.
Protection against radon-222 at home and at work.
(Draft, to be published 1993).

International Commission on Radiation Units and
Measurements. Determination of dose equivalents
from external radiation sources. ICRU Report 39
(1985).

International Commission on Radiation Units and
Measurernents. Determination of dose equivalents
from external radiation sources. Part 2. ICRU Report
43 (1988).

International Commission on Radiation Units and
Measurements. Measurement of dose equivalents from
external photon and electron radiations. ICRU Report
47 (1992).

Institut National d’Etudes Démographiques, Paris.
Population et Sociétés. Bulletin Mensuel d’Informa-
tions Demographiques, Economiques, Sociales. Nos.
126 (1979); 193 (1985); 259 (1991).

Johnston, G. An evaluation of radiation and dust
hazards at a mineral sand processing plant. Health
Phys. 60: 781-787 (1991).

Kumazawa, S. and T. Numakunai. A new theoretical
analysis of occupational dose distributions indicating
the effect of dose limits. Health Phys. 41: 465-475
(1981).

Kumazawa, S., J. Shimazaki and T. Numakunai.
Numerical calculation methods relating to hybrid
log-normal distributions. JAERI/M-82-035, Tokai-
Mura (1982).

Kendall, G.M., S.C. Darby and E. Greenslade.
Patterns of dose incurred by workers on the National
Radiological Protection Board’s Dose Record Keeping
Service. J. Soc. Radiol. Prot. 2 (3): 20-25 (1982).



ANNEX D: OCCUPATIONAL RADIATION EXPOSURES

547

K4

K6

K7

L1

M1

M2

M3

M4

M5

M6

M7

M8

M9

M10

Mil1

Kendall, G.M., E. Greenslade, E.A. Pook et al.
Distributions of annual doses to some United
Kingdom radiation workers. J. Radiol. Prot. 8 (4):
234-238 (1988). ’

Kendall, G.M., C.R. Muirhead, B.H. MacGibbon et al.
First analysis of thc National Registry {for Radiation
Workers: occupational exposure to ionizing radiation
and morlality. NRPB-R251 (1992).

Kobal, I, J. Vaupoti¢, H. Udov¢ et al. Radon
concentrations in the air of Slovenia underground
mines. Environ, Int. 16: 171-173 (1990).

Kovag, J., D. Cesar and A. Baumman. Ten years of
radiation monitoring at a phosphate fertilizer plant.
p. 214-218 in: Proceedings of the Third Italian-
Yugoslav Symposium on Low Level Radiation,
Plitvice, 1990.

Lloyd, D.C. et al. Doses in radiation accidents
investigated by chromosome aberration analysis VI,
VI, VI, IX, XIII, XIV, XV1, XVII: Reviews of
cases investigated, 1976-1987. NRPB-R41, R57, R70,
R83, R148, R166, R192, R207 (1976-1987).
Lefaure, C. and J. Lochard. La dosimetrie des
travailleurs des entreprises extericures dans les
centrales nucléaires. Risque et Prevention. Bulletin
d’information du Centre d’Etude sur I’Evaluation de
la Protection dans le Domaine Nucléaire, No. 9.
CEA/CEPN (19%0).

Londhe, V.S. and S.R. Rao. Study of distribution of
some natural radionuclides on processing of rock
phosphate. Bull. Radiat. Prot, 11: 181-183 (1988).
Mangeno, }J. and A.E. Tyron. Occupational radiation
exposurc from U.S, naval nuclear propulsion plants
and their support facilities. U.S. Department of the
Navy, NT-87-2 (1987).

McEwan, A.C. Occupational radiation exposures in
New Zealand. Radiat. Prot. Dosim. 22 (4): 243-251
(1988).

Merwin, S.E., W.H. Millet and RJ. Traub. Twenty-
first annual rcport. Radiation exposures for DOE and
DOE contractor employees - 1988. DOE/EH-0171P
(19%0).

Mishra, U.C. and T.V. Ramachandran. Technologi-
cally enhanced natural radiation sources - a review.
Bull. Radiat. Prot. 11: 270-280 (1988).

Montagne, C., J.P. Donne, D. Pelcot et al. Inflight
radiation measurcments aboard French airiners.
Radiat. Prot. Dosim. 48: 79-83 (1993).

McAulay, I.R. Radiation exposure of aircrew. Trinity
College, Dublin. Communication to the UNSCEAR
Secretariat (1991).

Morris, N. Personal radiation monitoring and
assessment of doses reccived by radiation workers in
Australia. ARL/TR-107 (1992).

Mullarkey, D.T., Nuclear Electric, United Kingdom.
Communication to the UNSCEAR Secretariat (1992).
Mangeno, JJ., Department of the Navy, United States.
Communication to the UNSCEAR Secretariat (1992).
Mangeno, JJ. and C.W. Burrows. Occupational
radiation exposure from U.S. naval nuclear propulsion
plants and their support facilities. U.S. Department of
the Navy, NT-92-2 (1992).

McComick, W.B., British Ministry of Defence.
Communication to the UNSCEAR Secretariat (1992).

Mi12

Mi3

N1

N2

N3

N4

N5

N6

o1

02

o3

05

P1

P2

P3

Mishra, U.C. and M.C. Subba Ramu. Natural radio-
aclivity in houses and mine atmospheres in India.
Radiat. Prot. Dosim. 24: 25-28 (1988).

Majoubi, H.C., A. Abbes, A. Aboudi ct al. Etude de
la radioactivité naturclle dans le sol du sud tunisicn,
région de Gasfa Tozcur. Radioprotection 26: 537-549
(1991).

National Council on Radiation Protection and
Mecasurements. Exposure of the US population from
occupational radiation. NCRP Report No. 101 (1989).
Nikipelov, B., A. Lyslov and H. Koshurnikova. An
expericnce of the first enterprise of the nuclear
industry (levels of exposurc and health of workers).
Priroda 2: 30-38 (1990).

National Council on Radiation Prolection and
Measurements. Guidance on radiation received in
space activitics. NCRP Report No. 98 (1989).
Nguyen, V.D., P. Bouisset, N. Parmentier et al.
Real-time quality faclor and dose equivalent meter
"CIRCE" and its use on-board the Soviet orbital
station "MIR". p. 1-17 in: Workshop on Implemen-
tation of Dose Equivalent Based on Microdosimetric
Techniques in Radiation Protection, Schloss Elmau
(Germany), 1988.

Natiopal Council on Radiation Protection and
Measurements. Exposure of the population in the
United States and Canada from natural background
radiation. NCRP Report No. 94 (1987).

Nair, N.B., C.D. Eapen and C. Rangarajan. High air-
borne radioactivity levels due to radon in some non-
uranium mines in India. Radiat. Prot. Dosim. 11: 193-
197 (1985).

Omar, M., M.Y. Ibrahim, A. Hassan et al. Enhanced
radium level in tin mining areas in Malaysia. p. 191-
196 in: Proceedings of the Intemational Conference
on High Levels of Natural Radiation, Ramsar, 1990.
IAEA, Vienna, 1993,

Organization for Economic Cooperation and Develop-
ment, Nuclear Energy Agency, and International
Atomic Energy Agency. Uranium - resources,
production and demand, 1989. OECD (1990).
Organization for Economic Cooperation and Develop-
ment, Nuclear Energy Agency, and Inlernational
Atomic Energy Agency. Nuclear energy and its fuel
cycle. Report by an Expert Group, OECD (1987).
O’Brien, K., W. Friedberg, F.E. Duke et al. The
exposure of aircraft crews to radialion of exitra-
terrestrial origin. Radiat. Prot. Dosim. 45: 145-162
(1992).

Othman, I., M. Al-Hushari and G. Raja. Radiation
exposure levels in phosphate mining activities. Radiat.
Prot. Dosim. 45: 197-201 (1992).

Paviov, I. and A. Panfilov. The impact of the new
ICRP occupational dose limits on the operation of
underground mines. Ministry of Atomic Energy,
Russian Federation (1992).

Pellerin, P., Service Central de Protection contre les
Rayonnements lonisants (SCPRI), France. Communi-
cation to the UNSCEAR Sccretariat (1991).

Pradel, J. Consequence of a reduction in radialion
protection limits in mines. p. 231-242 in: Proceedings
of the IV National Congress of the Spanish Radiation
Protection Society - Implications of the New ICRP



548

UNSCEAR 1993 REPORT

P4

Ps

P6

R1

R2

R3

R4

RS

R6

R7

R8

S1

S2

S3

S4

S5

S6

S§7

Recommendations on Radiation Protection Practices
and Interventions, Salamanca, November 1991.
Volume 1. CIEMAT, Madrid, 1992.

Perry, D.R. Trends in radiological and environmental
protection at high energy accelerator laboratories.
p. 17-22 in: Proceedings of International Conference
on Occupational Radiation Protection, Guernsey, April
1991.

Pan, Z. A discussion on some problems existing in
BSS. Burcau of Safety, Protection and Health,
National Nuclear Corporation, China (1992).

Pan Zi Qiang. Burcau of Safety, Protection and
Health, CNNC, China. Communication to the
UNSCEAR Secretariat (1993).

Rolland-Piegue, C., Compagnie Générale des Matitres
Nuciéaires (COGEMA), Velizy-Villacoublay, France.
Communication to the UNSCEAR Secretariat (1992).
Raddatz, C.T. and D. Hagemeyer. Occupational
radiation exposure at commercial nuclear power
facilities, 1989. NUREG-0713, Volume 11 (1992).
Rodrigues de Oliveira, A. Un répertoire des accidents
radiologiques, 1945-1985. Radioprotection 22 (2):
89-135 (1987).

Robé, M.C,, A. Rannou and J. Le Bronec. Radon
measurement in the environment of France. Radiat.
Prot. Dosim. 45: 455-457 (1992).

Rox, A, J. Fahland, R. Freder et al. Bestimmung von
Radon und seinen Folgeprodukten im Steinkohleberg-
bau. p. 57-73 in: Messung von Radon und Radon-
Folgeprodukten. Verlag TV, Rheinland, 1991.
Rock, R.L., G. Svilar, R.T. Beckman et al. Evaluation
of radioactive aerosols in United States underground
coal mines. U.S. Department of the Interior, Bureau of
mines report MESA-IR1025 (1975).

Regulla, D. and J. David. Radiation mcasurements in
civil aircraft. GSF 41/91 (1991).

Regulla, D. and J. David. Measurements of cosmic
radiation on-board Lufthansa aircraft on the major
international flight routes. Radiat. Prot. Dosim. 48:
65-72 (1993).

Sont, W.N. and J.P. Ashmore. 1984 Annual radiation
doses in Canada: log-normal and hybrid log-normal
analysis using maximum likelihood estimation. Health
Phys. 54: 211-219 (1988).

Schmitt, C.H. and J.F. Brice. Occupational radiation
exposure from U.S. naval nuclear propulsion plants
and their support facilities. U.S. Department of the
Navy report NT-84-2 (1984).

Sont, W.N. and J.P. Ashmore. Projected whole body
career doses for radiation workers in Canada. Health
Phys. 47: 693-700 (1984).

Service Central de Protection contre les Rayonne-
ments lfonisants, Le Vesinet, France. Rapport
technique (1989).

Strong, R. and C. Partington. Past trends in
occupational exposure in nuclear fuel reprocessing at
Sellafield. p. 11-16 in: Proceedings of International
Conference on Occupational Radiation Protection,
Guernsey, April 1991.

Swindon, T.N. and N. Morris. Personal monitoring
and assessment of doses received by radiation
workers. ARL/TR-035 (1981).

Stewart, J.M., Chamber of Mines of South Africa,

S8

S9

S10

S12

S13

T1

Ul

u3

u4

us

u9

(9381

Johannesburg, South Africa. Communication to the
UNSCEAR Secretariat (1992 and 1993).

Sztanyik, L.B. and 1. Bojtor, National Research
Institute  for Radiobiology and Radiohygicne,
Hungary. Communication 1o the UNSCEAR
Secretariat (1991).

Shaw, K.B. Radialion exposure of civil aircrew.
Radiol. Prot. Bull. 127: 15-18 (1991).

Schmitz, J. and R. Fritsche. Radon impact at
underground workplaces in Western Germany. Radiat.
Prot. Dosim. 45: 193-195 (1992).

Schiocchelti, G., F. Scacco and G.F. Clemente. The
radiation hazards in [talian non-uranium mines:
aspects of radiation protection. p. 69-73 in: Radiation
Hazards in Mining - Control, Measurement and
Medical Aspects. Society of Mining Engineers, New
York, 1981.

Stelcl, J., O. Navratil, J. Pribyl et al. On the sources
of radon in the caves in the northern part of the
Moravian karst. Scr. Fac. Sci. Nat. Univ. Park Brun.
17: 233-240 (1987).

Switzerland. Office Federal de la Santé Publique,
Suisse. Dosimetrie des personnes exposees aux
radiations sans I’exercise de leur profession en Suisse.
Rapports de la Commission Federale de la Protection
contre les Radiations. Rapports 1-15 (1976-1990).
Talmor, A., Y. Laichter and G. Weiser, Estimation of
radiation exposure to the population of Arad foliowing
the opening of the Sedeh-Zohar phosphates mine.
p- 27-32 in: Program and Abstracts of Lectures at the
1988 Annual Meeling of the Isracli Health Physics
Society, Herzliya, 1988.

United Nations. Sources, Effects and Risks of Ionizing
Radiation. United Nations Scientific Committee on the
Effecis of Atomic Radiation, 1988 Report to the
General Assembly, with annexes. United Nations sales
publication E.88.IX.7. United Nations, New York,
1988.

United Nations. lonizing Radiation: Sources and
Biological Effects. United Nations Scientific
Committee on the Effects of Atomic Radiation, 1982
Report to the General Assembly, with annexes. United
Nations sales publication E.82.IX.8. United Nations,
New York, 1982.

United Nations. Sources and Effects of lonizing
Radiation. United Nations Scientific Committee on the
Effects of Atomic Radiation, 1977 Report to the
General Assembly, with annexes. United Nations sales
publication E.77.IX.1. United Nations, New York,
1977.

United Nations. lonizing Radiation: Levels and
Effects. Report of the United Nations Scientific
Committee on the Effects of Atomic Radiation, with
annexes. United Nations sales publication E.72.1X.17
and 18. United Nations, New York, 1972.

Uniled Nations. Report of the United Nations
Scientific Committee on the Effects of Atomic
Radiation. Official Records of the General Assembly,
Seventeenth Session, Supplement No. 16 (A/5216).
New York, 1962.

United Nations. 1987 Suatistical Yearbook. Thirty-
sixth issue. Department of International Economic and
Social Affairs, Statistical Office. New York, 1990.



ANNEX D: OCCUPATIONAL RADIATION EXPOSURES 549

\'2!

W1

Viktorsson, C., J. Lochard, M. Beneditlini et al.
Occupational dose control in nuclear power plants -
an overview. p. 13-25 in: Proccedings of Iniernational
Workshop on New Developments in Occupational
Dosc Control and AILARA Implementation at Nuclcar
Power Plants and Similar Facilitics, New York,

September 1989, NURLEG/CP-0110 and BNL-
NUREG-52226 (1990).
Wilson, l.A., 1LP. Ashmore and D. Grogan.

Occupational radiation cxposures in Canada 1987.
Canadian Department of National Health and Welfare.
Report No. 89-EHD-147 (1989).

back

to
first page

w2

W3

w4

X1

Wilson, J.W. and L.W. Townsend. Radiation safety in
commerdial air traffic: a need for further study. Health
Phys. 55: 1001-1003 (1988).

Wang Zuoyuan. Typical radiation accidents happened
in China. Laboratory of Industrial Hygicne, Ministry
of Public Health, Beijing, China, 1990.

Webb, G.AM., 1.8, Hughes and G. Lawson. Current
dose distributions in the UK - implications of ICRP
Publication 60. NRPB-M286 (1991).

Xingyuan, Z., L. Hanqgin and X. Renyi. Radiation
hygicne survey of radon in non-uranium mines. Chin.
J. Radiol. Med. Prot. 9: 16-18 (1989).




	UNSCEAR 1993 Report - Annex D
	CONTENTS - Annex D
	INTRODUCTION
	I. ANALYSIS OF OCCUPATIONAL DOSE DISTRIBUTIONS
	II. THE NUCLEAR FUEL CYCLE
	III. DEFENCE ACTIVITIES
	IV. INDUSTRIAL USES OF RADIATION
	V. MEDICAL USES OF RADIATION
	VI. NATURAL SOURCES OF RADIATION
	VII. ACCIDENTS
	CONCLUSIONS
	Tables
	References




