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INTRODUCTION

1. Thereisawide variety of situationsin which people at
work areexposed toionizing radiation. Thesesituationsrange
from handling small amountsof radioactive material, such as
for tracer studies, to operating radiation-generating or -gaug-
ing equipment, to working in ingtdlations of the nuclear fuel
cycle Therearea so Stuationswherethe exposureof workers
to natural sources of radiation is sufficiently high to warrant
its management and control as an occupational hazard.

2. Theconventiona definition of occupational exposureto
any hazardous agent includes all exposuresincurred at work,
regardless of source [118]. However, to digtinguish the
exposures that should be subject to control by the operating
management from the exposures arising from the genera
radiation environment in which al mug live, the term
“occupational radiation exposure’ is usualy taken to mean
those exposures that are received at work that can reasonably
beregarded astheresponsibility of the operating management
[15, 112]. Such exposures are normally aso subject to
regulatory contral, with the requirements for practices as
defined by ICRPin its Publication 60 [112] being applied. The
exposures are usually determined by individual monitoring,
but sometimes by other methods. An important objective of
such determinations is to provide information on the
adequacy of protection measures, and they are akey input to
operational decisions rdated to the optimization principle. In
addition, they demonsrate compliance with relevant dose
limits.

3.  The Committee is intereted in reviewing the
digtributions of individual annual effective doses and annual
collective effective doses from occupationa radiation
exposures in various sectors of industry or from various types
of source. It is of particular interest to examine the changes
that have taken place over time with the introduction of
improved practices, new technology, or revised regulations.

4.  Dataon occupational radiation exposuresweregivenin
the UNSCEAR 1977, 1982, 1988, and 1993 Reports[U3, U4,
U6, U7]. Differencesexisted, and indeed till do exist, among
countries in the procedures for monitoring and reporting
occupationa exposures, thesedifferencesreflect, among other
things, differences in regulatory requirements. As a result,
comparisons of data on doses are not always straightforward
and may be somewhat limited in scope. Over the years, such
comparisons have shed light on these differences, and a
number of recommendations have been made. Particular
attention was drawn to the need for dataon the pattern of dose
accumulation over a working lifetime, especialy for those
occupationsin which higher levels of individual exposureare
encountered, and to the value of reporting doses in narrower
bands of individual dose. Such data are not readily available,
however.

5. Themain objectives of the analysis of occupational
radiation exposuresremain, asin theprevious assessments
of the Committee, as follows:

(8 to assess annua external and committed internal
doses and cumulative doses to workers (both the
average dose and the distribution of doses within the
workforce) for each major practiceinvolving the use
of ionizing radiation. This provides a basis for
estimating the average individua risks in a
workforce and within its subgroups;

(b) to assessthe annual collective doses to workers for
each of the maor 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;

() toanalysetemporal trendsin occupational exposures
in order to evaluate the effects of changes in
regulatory standardsor requirements(e.g. changesin
dose limits and increased attention to making doses
as low as reasonably achievable), new technological
devel opments, modified work practices, and, more
generally, radiation protection programmes;

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

() toevaluatedataon accidentsinvolving the exposure
of workers to levels of radiation that have caused
clinical effects.

6. The Committee has evaluated five-year average
exposures beginning in 1975. The detailed data presented
in this Annex are for 1990- 1994, but data for previous
periods are provided for comparison. Occupational
exposures in each major practice or work activity are
reported, indicating trends with respect to the data in the
earlier assessments and identifying the main contributors.
Exposures from different countries are compared, and
worldwide exposures are determined for each category of
work in which radiation exposures occur.

7. ThedatainthisAnnex wereobtained in much thesame
way asthedatafor the UNSCEAR 1993 Report [U3]. Dataon
occupational exposures from man-made sources of radiation
(nuclear power, defence activities, and industrial and medica
uses of radiation) are sysematicaly collected by many
national authorities. The Committee obtained these data by
means of a quedtionnaire, the UNSCEAR Survey of
Occupational Radiation Exposures, which it distributed to
countries throughout the world. The data have been
supplemented by other (usually published) sources of
information; for the nuclear power industry, for example, the
source is the databank of the Organization for Economic
Cooperation and Development/Nuclear Energy Agency
(OECD/NEA) [O2, O5]. However, the data set isby nomeans
complete, and procedures have been developed by the
Committee to derive worldwide doses from the data available
for particular occupational categories (see Section |.E).
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8. Thedataon dosesarising in thecommercial nuclear
fuel cyclearereasonably complete. Wheredataare missing
or incomplete, doses can be calculated from worldwide
statistics on capacity and production in the various stages
of the fud cycle. Thus the worldwide annual collective
effective dose from a given part of the nuclear fuel cycleis
estimated to be the total of the annual collective effective
doses from the reported data scaled according to the total
worldwidestatistic (uranium mined, fuel fabricated, energy
generated, etc.).

9. For exposures to radiation in other operations, the
calculations are scaled according to the gross domestic
product (GDP) of countries. The GDP is reasonably
correlated with the level of both industrial activity and
medical carein a country. To make the calculations more
reliable, the values of GDP are applied to regional data,
and the results are summed over al regions. For this
purpose, the world was divided into seven regions. the
OECD excluding the United States; the United States;
eastern Europe and the countries of the former USSR,;
Latin America; the Indian subcontinent; east and south-
west Asia; and the remaining countries.

10. Exposures from natural sources of radiation, with a
few exceptions, have generally not been subject tothesame
degree of control as exposures from man-made sources.
The few exceptions are exposures in uranium mines and
mills and in practices where purified forms of naturally
occurring radioactive substances, such as #Ra and
thorium, are handled.

11. The principal natural sources of radiation exposure of
interest other than those that have traditionally been directly
rdated to the work (e.g. those in the mining and milling of
uranium ores) areradon in buildings, non-uraniumminesand
other underground workplaces, cosmic rays a aircraft
atitudes, and materials other than uranium or thorium ores
that contain significant traces of natural radionuclides. The
exposures of individuals in the first two Stuations are often
comparable to, if not in excess of, the exposures currently
received from man-made sources. Furthermore, thereissome
scope for the reduction of these exposures, particularly those
from radon. The large number of workers involved,
particularly in themining industry, resultsin annual callective
effective doses that are subgtantially higher than those from
man-made sources of radiation.

|. DOSE MONITORING AND RECORDING PRACTICES

12. A number of difficulties are encountered in
determining occupational exposures. External radiation
fields may be non-uniform in space and time and may be
of various types and a wide range of energies. Internal
exposures may also occur. Workers may be frequently
exposed, seldom exposed, or hardly exposed at al. The
difficulties may be addressed in various ways, asreflected
in thevariety of monitoring proceduresand doserecording
practices adopted in countries throughout the world. This
topic wasaddressed in some detail in the UNSCEAR 1993
Report [U3]. However, to the extent that attention till
needsto be drawn to it or that changes have occurred that
may affect the interpretation of results, the topic is
discussed further in this Chapter.

A. QUANTITIES MEASURED
1. Protection quantities

13. The basic physical quantity used in radiological
protection isthe absorbed dose, D+, averaged over an organ
or defined tissue. The absorbed dose is expressed in the
unit gray (Gy), with 1 Gy equal to 1 joule per kilogramme.
To account for the type of theradiation and the differences
in ionization density, a further quantity has been
introduced, the equivalent dose, Hy, which is the average
absorbed dose in an organ or tissue multiplied by a
dimensionlessfactor called the radiation weighting factor,
Wg. Equivalent doseis expressed in the unit sievert (Sv).

14. Theeffective dose, E, also expressed in Sv, has been
defined to take account of the fact that the probability of
stochastic effects for a given equivalent dose varies with
the organ or tissue irradiated. The factor by which the
equivalent dose in atissue or organ is weighted is called
the tissue weighting factor, wy, the values being chosen
such that the effective dose givesameasure of theradiation
detriment irrespective of how that dose was received. In
particular, this approach allows effective doses from
external and internal exposures to be aggregated.

15. Effective dose and equivdent dose are the basic
quantities for radiological protection purposes in which, for
example, dose limits are expressed [112]. The effective dose
limit is intended to limit the total heslth detriment from
radiation exposure due to stochastic effects. Limits on
equivalent dosearerequired for skin and thelens of the eyeto
ensure that determinidtic effects are avoided in these tissues.
These protection quantities reate, as appropriate, to the sum
of the effective or equivalent doses from externa sources and
the committed effective or equivalent dosesfrom the intake of
radionuclides. Dose quantities are discussed in detail in
Annex A, “Dose assessment methodologies’.

2. Quantities for external radiation exposure
16. The basic quantities for physical measurement

include particle fluence, kerma, and absorbed dose. They
are the quantities used by national standards |aboratories.
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However, the need for measurable quantities for external
radiation exposure that can be related to the protection
guantities has led to the development of operational
guantities, which provide an estimate of effective or
equivalent dose that avoi ds underestimation and excessive
overestimation in most radiation fields encountered in
practice.

17. There are three operational quantities of particular
interest in the measurement of radiation fields for
protection purposes. the ambient dose equivalent, H'(d);
the directional dose equivalent, H'(d, 2); and the personal
dose equivalent, H,(d). All these quantities are based on
the dose equivalent at a point and not on the concept of
equivalent dose. The ambient dose equivalent and the
directional dose equivalent are appropriate for
environmental and areamonitoring, theformer for strongly
penetrating radiation and the latter for weakly penetrating
radiation. The ambient dose equivalent at a point in a
radiation field is the dose equivalent that would be
produced by the corresponding aligned and expanded field
in the ICRU sphere at a depth d on the radius opposing the
direction of the aligned field. The directiona dose
equivalent at a point is the dose equivalent that would be
produced by the corresponding expanded field inthe | CRU
sphereat adepth d on aradiusin aspecified direction. The
concepts of “expanded” and “aligned” fields are given in
ICRU Report 39 [I19] to characterize fields that are
derived from the actual radiation fields. In the expanded
field, the fluence and its angular and energy distribution
have the same val ues throughout the volume of interest as
at the actual field at the point of reference. In the aligned
and expanded field, the fluence and its energy distribution
are the same as in the expanded field, but the fluence is
unidirectional.

18. The personal dose equivalent, Hy(d), is the dose
equivalent in soft tissue bel ow a specified point on the body at
an appropriate depth d. This quantity can be used for
measurements of superficial and deep organ doses, depending
on the chosen value of the depth in tissue. The depth d is
expressed in millimetres, and ICRU recommends that any
gatement of persona dose equivalent should specify this
depth. For superficial organs, depths of 0.07 mm for skin and
3 mm for the lens of the eye are employed, and the persona
doseequivalentsfor those depths are denoted by H,(0.07) and
H,(3), respectively. For degp organs and the control of
effective dose, a depth of 10 mm is frequently used, with the
notation H,(10).

19. Personal dose equivalent quantitiesaredefinedinthe
body and are therefore not directly measurable. They vary
from person to person and from location to location on a
person, because of scattering and attenuation. However,
H,(d) can be assessed indirectly with a thin, tissue-
equivalent detector that isworn at the surface of the body
and covered with an appropriate thickness of tissue
equivalent material. ICRU recommendsthat dosimetersbe
calibrated under smplified conditions on an appropriate
phantom [120].

20. The relationship between the physical, protection,
and operational quantities isillustrated in Figure l. They
are discussed more fully in ICRP Publication 74 [116],
which provides conversion coefficients for use in
radiological protection against external radiations. It was
concluded that there is an acceptable agreement between
the operational and protection quantities for radiation
fields of practical significance when the operational
guantities are based on the Q/LET relationship given in
ICRP Publication 60 [112].

Calculated using Q(L) and
sample phantoms (sphere or slab)

PHYSICAL QUANTITIES
@ Fluence, @

® Kerma K
@ Absorbed dose, D

Calculated using W, W
and anthropomor phic phantoms

validated by measurements
and calculations

OPERATIONAL QUANTITIES
@ Ambient dose equivalent, H* (d)

PROTECTION QUANTITIES
@ Organ absorbed dose, DT

@ Directional dose equivalent, H'(d, @) [«
@ Personal dose equivalent, Hp(d)

Related
by calibration
and calculation v

Monitored quantities
and
instrument responses

Compared by measurement
and calculations

7y (using e, .

and anthropomor phic phantoms)

P ® Organ equivalent dose, HT
@ Effective dose, E

Figure I. Relationship of quantities for radiological protection monitoring purposes [116].

21. In most practical Situations, dosimeters provide
reasonabl eapproximationsto the personal doseequivalent,
H,(d), at least at the location of the dosimeter. When the
exposure of the body is relatively low and uniform, it is

common practice to enter the dosimeter reading, suitably
calibrated, directly into the dose records as a surrogate for
effective dose. However, because the personal dose
equivalent generally overestimates the effective dose, this
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practice results in overestimated recorded and reported
doses, with the degree of overestimation depending on the
energy of theradiation and the nature of theradiation field.
For many practical situationsinvolving relatively uniform
exposuretofairly high-energy gammaradiation, thedegree
of overestimation is modest; for exposure to low-energy
gamma or x radiation, the overestimation can be substan-
tial. For photon energies below ~50 keV, the effective dose
can be overestimated by a factor of 2, depending on the
orientation of the body.

22. For exposure to spatially variable radiation fields 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 measure-
ment and the effective dosearemorevariableand compl ex.
Where the circumstances so justify, additional measure-
ments or theoretical analysis have been used to establish
reliable relationships on a case-by-case basis for the
exposure conditions of interest. The direct entry of
dosimeter measurements into dose records in these more
complex dtuations (or the use of very smple and
deliberately cautious assumptionsto establish therelation-
ships between the two quantities) leads, in general, to
overestimates in the recorded exposures. Where such
practice has been adopted in therecording of doses, careis
needed in thelr interpretation, in particular when they are
being compared with doses arisng elsewhere. The
information available to the Committee is generally not
sufficient to allow the exercise of such carein interpreting
recorded val ues.

23. Foritspreviousassessments, theCommitteeadopted the
conventionthat all quantitative resultsreported by monitoring
services represent the average absorbed dose in the whole
body (or theeffective dose). It isfurther assumed that the dose
fromnormal natural background radiation hasbeen subtracted
from the reported results, athough this was not always clear
from theresponsestothequestionnaire. It isalso assumed that
medical radiation exposures have not been included. The
Committee recognized that it is amost aways the reading
from the dosmeter, suitably modified by calibration factors,
that is reported, without consdering its rdaionship to the
absorbed doses in the various organs and tissues of the body
or to the effective dose. Thisis till regarded as areasonable
convention, in particular as most data are for externd
exposure of the whole body to reatively uniform photon
radiation of moderately high energy. Where exposure of the
body is very non-uniform (especialy in medical practice) or
where exposure is mainly to low-energy radiation, the use of
this convention may result in an overestimate of effective
doses, which then needsappropriatequalification. Becausethe
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
needsto be exercised when aggregating or directly comparing
datafrom very dissmilar types of work. Thereported dataare
appropriately qualified where the adoption of the above
convention could lead to asignificant misrepresentation of the
actual doses.

3. Quantities for internal radiation exposure

24. Radionuclides taken into the body will continue to
irradiate tissue until they have been fully excreted or have
fully decayed. The committed effective dose for occupa-
tional exposure, E(50), is formally defined as the sum of
the products of the committed organ or tissue equivalent
dosesand theappropriateorgan or tissueweighting factors,
where 50 isthe integration timein years following intake.
Thecommitted equival ent dose, H(50), isformally defined
as the time integral of the equivalent dose rate in a
particular tissue or organ that will be received by an
individual following intake of radioactive material intothe
body, where 50 is, again, the integration time in years
following intake.

25. Inthecalculation of E(50) and, whereappropriate, of
H:(50), the dose coefficient is frequently used. For
occupational exposure, thisisthe committed effective dose
per unit acuteintake, &(50), or committed tissue equivalent
dose per unit acute intake, h{(50), where 50 is the time
period in years over which the doseiscalculated. The unit
issievert per becquerel.

26. ICRP has recommended that the annual limit on
intake (ALI) should bebased on acommitted effectivedose
of 20 mSv [112]. The annual limit on intake (Bg) can then
be obtained by dividing the annual average effective dose
limit (0.02 Sv) by the dose coefficient, 50) (SvBg™). The
dose coefficients for occupational exposure for inhalation
and ingestion of radionuclides based on the radiation and
tissue weighting factorsin ICRP Publication 60 [112] and
the new Human Respiratory Tract Model for Radiological
Protection [114] are given in ICRP Publication 68 [115].

4. Total effective dose

27. Thetota effectivedose, E(t), during any timeperiod,
t, can be estimated from the following expression:

E(t) = Hp(d) + Ze],inh(so) Ij,inh + Ze],ing(so) Ij,ing
J J

where H,(d) is the personal dose equivalent during time
period t at a depth d in the body, normally 10 mm for
penetrating radiation; g;,,(50) is the committed effective
dose per unit activity intake by inhalation from
radionuclide j, integrated over 50 years; I, is the intake
of radionuclide j by inhalation during time period t;
§,ng(50) is the committed effective dose per unit activity
intake by ingestion from radionuclidej, integrated over 50
years, |, is the intake of radionuclide j by ingestion
during time period t.

28. The converson coefficients for use in radiologica
protection againg external radiation are given in ICRP
Publication 74 [116]. Except for radon progeny, values of the
committed effective dose per unit intake for inhalation,
g;n(50), and ingestion, §;,(50), are found in ICRP
Publication 68 [I115], which takes account of the tissue



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES 503

weighting factors in ICRP Publication 60 [112] and the new
lung modd in ICRP Publication 66 [114]. It is assumed that
the data provided to the Committee will have been based on
these converson coefficients. The parameters for radon are
given below.

5. Special quantities for radon

29. Specia quantities and units are used to characterize
the concentration of the short-lived progeny of both 2°Rn
(commonly known asthoron) and 2Rn (commonly known
asradon) in air and the resulting inhal ation exposure (see
ICRP Publication 65 [113]).

30. The potential alpha energy, ¢,, of an atom in the
decay chain of radon or thoron is the total apha energy
emitted during the decay of this atom to 2®Pb or 2®Pb,
respectively. The Sl unitisjoule, J; MeV isalso used. The
potential al phaenergy concentration, c,, of any mixture of
short-lived radon or thoron decay productsin air isthesum
of the potential alpha energy of these atoms present per
unit volume of air, and the Sl unit isJm™3. The potential
alphaenergy concentration can also be expressed in terms
of theunit working level (WL), which isstill usedin some
countries. One WL is defined as a concentration of
potential alphaenergy of 1.30 10° MeV m3. The potential
alphaenergy concentration can also be expressed in terms
of the equilibrium equivalent concentration, ¢, of the
parent nuclide, radon. The equilibrium equivalent
concentration for a non-equilibrium mixture of radon
progeny in air is that activity concentration of radon in
radioactive equilibrium with its short-lived progeny that
has the same potential alpha energy concentration, c,, as
the non-equilibrium mixture. The S| unit of the
equilibrium equivalent concentration is Bg m™3,

31. Theexposure of an individual to radon or thoron
progeny is determined by the time integral of the
potential alpha energy concentration in air or of the
corresponding equilibrium equivalent concentration. In
theformer case, itisexpressedintheunitJhm=andin
the latter, in the unit Bg h m™. The potential alpha
energy exposureis also often expressed in the historical
unit working level month (WLM). Since this quantity
was introduced for specifying occupational exposure,
one month was taken to be 170 hours. Since 1 MeV =
1.602 107 J, therel ationship between the historical and
the Sl unitis1 WLM = 3.54 103 Jh m™. Thefactor for
converting from WLM to effective dose has been the
subject of some debate. The Committee has adopted a
radon dose coefficient of 9 nSv (Bq h m=)". However,
the ICRP derived a conversion convention of 5 mSv
(WLM)™ or 6 nSv (Bg h m™)"%, which was used in the
guestionnaire sent to national authoritiesin gathering
information for the Annex. Asaresult of thisdifference,
the data in this Annex for radon exposure situations
underestimate the doses by about 30%.

B. MONITORING PRACTICES

32.  For many reasons, worker monitoring practices differ
from country to country, from industry to industry, and
sometimes even from gte to Ste within a given indugtry.
Someof these differences stem from higtorical, technological,
codt, or convenience considerations. In general, monitoring
practiceissuch that moreworkersareindividually monitored
than isdtrictly necessary tomeet regul atory requirements, with
the consequence that only a fraction of those monitored
receive measurable doses. Although these differencesmay not
serioudy affect thequality of thedata, they could lead to some
difficulties in making valid comparisons of results.

33. Itisconvenient to subdividemonitoring programmes
into a number of categories. Routine monitoring is
associated with continuing operations and is intended to
demonstrate that the working conditions, including the
levels of individual dose, remain satisfactory and meet
regulatory requirements. Thissort of monitoringislargely
confirmatory in nature, but it underpins the overal
monitoring programmes that should be undertaken to
control occupational exposure. The most common type of
routine monitoring is that undertaken using passive
devices, such asfilm badges or TLDs. Such dosimetersare
generally worn by personnel for aset period, and at theend
of this period they are read and the doses recorded. In the
main, theinformation used in this Annex comesfrom such
monitoring programmes, although the approachesadopted
and the degree of quality control exercised over the
measurements vary from country to country.

34. To obtain a more up-to-date understanding of worker
exposures, additional task-related monitoring is often
undertaken. The intention of such monitoring is to provide
data to support immediate decisions on the management of
operations and optimization of protection. Task-related
monitoring is usually based on some type of direct-reading
dosmeter, such asadigita dectronic dosmeter or a quartz-
fibre dectroscope, athough multi-element TLD systems are
also usad. Some examples are given in this Annex.

35. Specia monitoring may aso be conducted when
deemed necessary. Itisinvestigativein natureand typically
covers a situation in the workplace where insufficient
information is available to demonstrate adequate control.
It is intended to provide detailed information that will
elucidate any problems and define future procedures.

36. ICRP indicates [112] that three important factors
should influence the decision to undertake individua
monitoring: the expected level of dose or intakein relation
to the relevant limits, the likely variations in the dose and
intakes, and the complexity of the measurement and
interpretation procedures that make up the monitoring
programme. In practice, it is usua for al those who are
occupationally exposed to externa radiation to be
individually monitored (i.e. to wear personal dosimeters).
When doses are consistently low or predictable, other
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methods of monitoring are sometimes used, asin the case
of aircrew where doses can be calculated from flight
rosters. The third factor results in an approach to the
monitoring for external radiation that isdifferent from that
for intakes and the resulting committed effective dose.

1. External radiation exposure

37. The approach followed in many countries is to
monitor the external radiation exposures of all individuals
who work routinely in designated areas. However, on the
basis of the recommendations of ICRP[110], adistinction
has often been made in monitoring programmes between
those who can exceed 3/10 of the relevant dose limit and
those who are most likely not to exceed. Whileindividual
monitoring may well have been carried out for thosein the
second category, the difference in monitoring lies largely
in the degree of quality control that is exercised over the
measurement. For the Committee, it isimportant to know
whether doses to both groups of workers have been
reported to it.

38. Monitoring programmes usually specify how and
where personal dosimetersareto beworn to obtain the best
etimate of effective dose or equivaent dose, as
appropriate. In general, a dosimeter is placed on the front
of the body. This is satisfactory provided that the
dosimeters have been designed to measure H,(10).

39. Where lead aprons are used in medical radiology,
different approaches have been adopted. In some cases, the
assessment of effective doses to workers is carried out by
means of a dosimeter worn on the trunk, under the apron.
Where doses are likely to be significant, such as in
interventional radiology, two dosimeters are sometimes
used, one worn under the lead apron and the other worn
outside. The purpose of the second dosimeter is to assess
the contribution to the effective dose of irradiation of
unshielded parts of the body [N6]. Where doses are low
and individual monitoring is only intended to give an
upper estimate of exposure, single dosimeters may have
been worn outside the apron. Measurements made on
phantoms using x-ray beams of 76 and 104 kVp have
shown that estimates of the effective dose without the lead
apron werewithin 20% of expected val ues; estimateswith
the dosimeter worn on the wai st underneath thelead apron
were lower than the expected values [M1]. The results
suggest that accurate estimation of the effective dose from
personal dosimeters under conditions of partial body
exposure remains problematic and is likely to require the
use of multiple monitors, which is not often done.
Differing monitoring practices in medical radiology may
therefore affect the validity of any comparisons of data
acquired.

40. Thechoiceof dosimeter will depend on the objectives
of the monitoring programme and on the method of
interpreting the data to be used. In practice, the basic
choice for penetrating radiation has usually been between
a dosimeter giving information on the personal dose

equivalent at 10 mm depth and a discriminating device
giving some indication of the types of radiation and their
effective energies. For awiderange of energies, TLDswith
detectors that exhibit little energy dependence of tissue
doseresponseand are covered with tissue-equival ent filters
of appropriate thicknesses are an example of the former.
Multi-element dosimeters using either photographic film
or thermoluminescent material, with filters of different
atomic numbers and thicknesses, are an example of the
second type.

41. The quality and accuracy of personal eectronic
dosemeters is improving rapidly, and in a few countries
they have aready been approved for formal dose
assessment for some types of radiation to meet regulatory
requirements. The approvals have tended to be limited to
specific groups of workers [C2], but the pace of
development is such that they are being considered as
alternatives to photographic film and TLDs. They offer a
low threshold limit of detection and a digital read-out.

42. Personal dosimetersthat respondtoneutronsover the
complete energy range of interest are not available, and
some of the current methods of assessment may be
relatively expensive and time-consuming. Where the
contribution to effective dose from neutrons is small
compared with that from photons, the dose is sometimes
determined by referenceto the photon dose and an assumed
ratio of the two components. Alternatively, useis made of
measurements in the workplace environment and an
assumed occupancy.

43. Monitoring for incident thermal and epithermal
neutrons is performed using detectors with high intrinsic
sengtivity to thermal neutrons (e.g. some TLDs) or detectors
sensitive to other types of radiation (photons and charged
particdes) and a converter. Neutron interactions in the con-
verter produce secondary radiations that are detectable by the
dosmeter. Themost common example of thelatter technique
is the film badge used with a cadmium filter. Some dosi-
meters have been designed such that they respond, in the
main, to thermal and epithermal neutrons produced in the
wearer's body by moderation and scatter of higher energy
neutrons incident on the body. These “dbedo” neutron
dosmeters have good response characteritics up to 10 keV
neutron energy and, by normalization appropriate to the
workplace fidd, are used where the neutron persona dose
equivalent isdominated by neutronsoutsidethisenergy range.
The normalization process is critically dependent on the
neutron spectrum, and if thisisnot well known or isvariable,
significant errors may result.

44, The assessment of persona dose equivalents from
fast neutronsis carried out by means of nuclear emulsion
detectors, bubble detectors, or track-etch detectors (e.g.
poly-allyl diglycol carbonate, PADC). Nuclear emulsion
dosimeters can measure neutrons at thermal energies and
at energiesabove 700 keV. They havethe disadvantages of
being relatively insengitive to neutrons with intermediate
energies and being sensitive to photons, and they suffer
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from fading. Bubble detectors respond to fast neutrons
from 100 keV upwards and have the advantage that they
aredirect-reading, non-sensitiveto photons, and reusable,
but they have the disadvantage of being temperature- and
shock-sensitive. Track-etch detectors based on PADC
respond to fast neutrons from about 100 keV upwards.

45, Thereisahighly complex relationship between the
exposure to radiation and the effective dose. Models are
required that areintended to giveresultsthat arenot likely
to underestimate the consegquences of exposure, though
without overestimating them excessively. This is the
objective of the operational quantities.

46. In the workplace, the dose rate in air varies as a
function of position and time. In the body, the equivalent
dosein an organ or tissueis related to the dose equivalent
at the surface by factors such asthe type and quality of the
radiation, thenon-uniformity of thefield, theorientation of
the worker relative to the field, and the position and
composition of the organs and tissues within the body.
Several of these factors will be functions of both time and
position in the workplace.

47. A dosmeter worn on the surface of the body is best
regarded as a sampling device. It provides a measure of the
dose equivalent to the skin and underlying tissue in the
immediate vicinity of the dosmeter. A personal dosimeter on
a phantom can be cdibrated in terms of the measured or
cal cul ated val ues of the personal doseequivalent H,,(d). When
worn on the body of a person facing a unidirectional field of
radiation, it will indicate the personal doseequivaent. Where
aworker moves about the workplace, resulting effectivey in
amultidirectional field, a persona dosmeter will provide an
adequate measure of the persona dose equivalent. Further-
more, the personal dose equivalents will, for most combina:
tions of exposure, overestimate the effective dose. In some
cases, the overestimation may be substantial.

48. There are three main areas of uncertainty in
individual monitoring for external radiation:

(8 that which isinherent in dose calibrations;

(b) that due to the measurement of the operational
quantity H,(10) as compared with the reading of an
ideal dosimeter for the measurement of the quantity
when worn on the same point on the body; and

(c) that which occursif the dosimeter isnot worn at the

appropriate point on the body.

These uncertainties and how they are dealt with by the
dosimetry services could also have an impact on the
comparisons made in this Annex.

49. Many countries appear to follow the guidance given
in ICRP Publication 35 [110]. This defines acceptable
uncertaintiesin routine monitoring for external radiation.
Near the dose limits, the recommendation is that the
uncertainty should be within a factor of 1.5 in either
direction. Somerelaxation isallowed at lower doses. It has
been shown that these recommendations can be met by the

majority of personal dosimeters currently in use, asfar as
the measurement of H,,(10) is concerned [M2]. It must be
appreciated, however, that therelationship between H,(10)
and E introduces further errors, for example for photons.
These are relatively small at higher photon energies (e.g.
>0.5 MeV), but large overestimates can occur at |ower
energies, up to afactor of 5 at 10 keV.

2. Internal radiation exposure

50. There are three approaches to the determination of
intake and internal dose:

(& byquantification of exposureto radioactive materials
intermsof their time-integrated air concentration via
air sampling techniques;

(b) by the determination of internal contamination via
direct invivo measurements(in vivo methodsinclude
direct measurements used for assessing gamma and
X-ray emitters and measurements of bremsstrahlung,
by methodssuch aswhol e-body, thorax, skeleton, and
thyroid counting); and

(c) by the measurement of activity in in vitro biological
samples (in vitro methods are usually based on
analysis of urine or faecal samples).

In practice, the approach adopted for a situation will
depend on the abilities of the various options to indicate
dosesin that particular situation.

51. The choice between the three approaches is
determined by the radiation emitted by the radionuclide;
the biokinetic behaviour of the contaminant; its retention
in the body, taking into account both biological clearance
and radioactive decay; the required frequency of measure-
ments; and the sensitivity, availability, and convenience of
the appropriate measurement facilities. The most accurate
method in the case of radionuclides emitting penetrating
photon radiation is usualy in vivo measurements.
However, even when thismethod can provideinformation
on the long-term accumulation of internal contamination,
it may not be sufficient for assessing committed dose due
to a single year's intake. The assessment may also need
data from air monitoring. In many situations, therefore, a
combination of methods is used. For radon dose
assessments, however, air monitoring (individual or area)
is the only available routine method.

52. There are two methods for the determination of
exposure to airborne contamination:

(& the use of representative/area air monitoring data,
combined with a knowledge of occupancy of indivi-
dual workers within each sampling area and an
assumed breathing rate. Thismethod isoften usedin
situations where the more significant intakes are
associated with well defined work activities; and

(b) theroutineuseof personal air samplers. Thisisoften
used where significant contributions to interna
exposure are not linked to identifiable fixed
locations.
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53. Intakesof radioactive material are normally assessed
routinely for workers who are employed in areas that are
designated as controlled, specifically in relation to the
control of contamination, and in which there are grounds
for expecting significant intakes. However, there are
difficultiesin comparing dataon internal dosesin different
countries because of the different approachesthat are used
to monitor and interpret the results. Measurements in a
routine monitoring programme are often made at
predetermined times not necessarily related to aparticular
intake event, and it is therefore necessary to make some
assumptions about the pattern of intakes. Guidance on
interpreting the results of measurements of intakes of
radionuclidesbyworkerswasgiven in |CRP Publication 54
[111]. This publication has been replaced, however, by a
new document [11] that uses current biokinetic modelsand
is consistent with ICRP Publication 68 [115]. In keeping
with the ICRP advice, it is usual for the results of in vivo
and in vitro monitoring measurements to be interpreted
using the assumption that theintake took place at the mid-
point of theinterval between monitoring times. Assessment
of doses from air sampling data requires knowledge of the
physical and chemical properties of the radioactive
materials, including the particle size and solubility in
biological fluids. The current recommendation of ICRP
[115] isthat a default value of 5 um should be used for the
particle size; previously, a value of 1 pm was recom-
mended and may still bein use. A mgjor difficultyinusing
area air sampling data to assess dose is whether the
measurement data can be related to the activity
concentration in the breathing zone. There is aso the
particular difficulty in interpreting area air sampling data
when the contamination is due to localized sources or
where only a few particles of radioactive material can
represent a significant intake.

54. With the techniques currently available, it is
generally not possible to obtain the same degree of
precision in routine assessments of dose from intakes of
radioactive material asis possiblewith external radiation.
The dose assessment falls into three stages:

(& individual monitoring measurements;
(b) assessment of intake from the measurements; and
(c) assessment of doses from the intake.

The overall uncertainty in the assessed dose will be a
combination of the uncertainties in these three stages. A
good exampl eof the uncertaintiesinvolved and therel ative
meritsof variousdose assessment techniquesisprovided by
astudy of chroniclow-level exposure of workersin nuclear
fuel reprocessing [B3]. The study was able to compare
assessments of intakes from static air sampling (SAS) and
personal air sampling (PAS) and to then compare dose
assessments from personal air sampling and biological in
vitro samples. In the first of these comparisons, the dose
assessed by personal air sampling was about an order of
magnitude larger than that implied by static air sampling.
For the group as a whole, over a seven-year period there
was reasonable agreement between the geometric mean
cumulative doses (23 mSv for biological sampling and

30 mSv for personal air sampling). However, therewas a
lack of correlation when viewed at any individua level,
with no singleidentifiablefactor to explain the difference.
Thismust cast some doubt on the adequacy of personal air
samplers for estimating annua intakes of individua
workers at the levels of exposure encountered in
operational environments.

55. In practice, there are relatively few occupational
situations in which internal exposures to man-made
sources of radiation are significant, and significant
exposures have generally been decreasing. Exposures may
till be significant in a number of situations, however: the
handling of large quantities of gaseous and volatile
materials such as tritium (e.g. in the operation of heavy-
water reactorsand in luminizing); reactor fuel fabrication;
the handling of plutonium and other transuranic elements
(e.g. in the reprocessing of irradiated fuel and in nuclear
weapons production); and some nuclear medicine
situations. Significant internal exposures to natural
radionuclides can occur in the mining and processing of
radioactive ores, particularly uranium ores but also some
other materials with elevated levels of naturd
radionuclides (e.g. mineral sands). Significant exposureto
radon can also occur in other mines, underground areas
such as show caves (e.g. those that are open to tourists),
and someaboveground workplacesnot normally associated
with radiation exposure.

C. DOSE RECORDING AND REPORTING
PRACTICES

56. In most countries dose recording and reporting
practices are governed by regulations and can be different
for various categories of workers depending on their
anticipated levels of exposure. Like monitoring practices,
they vary from country to country and may significantly
affect the reported collective doses. The most important
differences arise from the following:

(& the recording of doses less than the minimum
detectable level (MDL);

(b) themeasurement technique used, for example, TLD,
film, or eectronic dosimeter in the case of external
radiation exposure;

() the assignment of doses to fill missing record
periods;

(d) thetreatment of unexpectedly high doses;

() thesubtraction of background radiation doses;

(f) the protocol for determining who in the workforce
should be monitored and for whom doses should be
recorded in particular categories; and

() whether or not internal exposures are included or
treated separately.

57. Therecording leved isthe level abovewhich aresult
isconsidered to besignificant enough to berecorded, |ower
values being ignored [112]. Recent advice from ICRP is
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that therecordinglevel for individual monitoring should be
based on the duration of the monitoring period and an
annual effective dose no lower than 1 mSv [I17]. In
practice, little useismade of recording levelsin individual
monitoring for external radiation exposure, and many
countries adopt the practice of recording all measured
doses above the MDL for the technique used. When doses
aredeterminedto belessthan theMDL, thevaluerecorded
may be zero, some pre-designated level, or theMDL itsalf.
These differences affect the comparability of results.
Furthermore, the MDL will vary with the device used. For
example, theM DL associated with el ectronic dosimetersis
generally much lower than that for film badges or TLDs.
Electronic dosimeters have not been extensively used for
the assessment of individual dose for record keeping
purposes, but thissituation ischanging. Thiscould lead to
significant differences in the recording of low levels of
external exposure. For instance, during the first four
months of operation of an electronic dosimetry system at
Sizewed | B nuclear power plant inthe United Kingdom, the
monthly collective dose measured by film badges was
higher by a factor of 20 than that measured by electronic
dosimeters[R1]. Itisthereforeimportant to understand the
implicationsof recording levelsand different MDLson the
average individual dose and collective dose.

58. When dosimeters are lost or readings are otherwise
not available, administrative procedures are then used in
assigning doses to individual dose records. These are
assumed dosesto theworkersfor theappropriate period for
which measurements are not available. A variety of
procedures are used in determining the assigned dose.
Theseincludetheassignment of theappropriateproportion
of the annual limit for the period for which the dosimeter
was logt; the assignment of the average dose received by
theworker in the previous 12 months; and the assignment
of the average dose received by co-workers in the same
period. Some of these procedures can distort records
significantly, particularly if large numbers of dosimeters
arelost within aparticular occupational group. Wherethis
is the case, direct comparisons with other data may be
invalid or, at least, need qualification. A similar situation
may arisein the treatment of unexpectedly high measured
doses that are considered not to be a true reflection of the
actual doses received.

59. The background signal of a dosmeter involves
contributions from both the non-radiation-induced signals
from the dosimeter and the response of the dosimeter to
natural background radiation. This signal is often
subtracted from the actual dosimeter reading before
recording. In many countries, thepracticeisto useasingle
value that takes account of the contributions to the
background signal, that from natural background radiation
being the average for the country as awhole. Where there
are significant variations in the gamma-ray contribution
from natural sources, this practice may have some
influence on the individual doses that are recorded,
particularly where the occupational exposures are similar
in magnitude to those from the natural environment.

60. In the padt, internal and external exposures were
generally recorded separately. Furthermore, there were
significant variations in the reporting levels for interna
contamination, and this added to the difficulty of
compiling meaningful statistical information. Thereisnow
increased emphasis on recording the sum of the annual
effective dose from external irradiation and the committed
effective dose from internal irradiation. Such data will
enable more valid comparisons to be made of the radio-
logical impact of different practi ces. However, comparisons
of the more recent data with data for earlier periods will
need to be treated with caution. For example, internal
exposuresin someoccupationsand industries (fuel fabrica-
tion and fuel reprocessing) may have been significant
during the periods covered in previous assessments by the
Committee but may not have been included in the data.
Furthermore, inclusion of internal doses may result in an
apparent step increasein theleve of exposure recelved by
workersin industries where internal exposure contributes
significantly.

61. A magor cause of difficulty in comparisons,
particularly of average individual and collective doses, is
the protocol used for determining who in the workforceis
to be monitored and to have data recorded within any
particular category. For instance, it isimportant to know
whether the data for nuclear power operations include
dosestovisitors, administrative staff, and contract workers
in addition to the company’' s empl oyees.

62. In the UNSCEAR 1993 Report [U3], the advantage
was noted of reporting data according to an agreed
categorization scheme of work and also the difficulty of
doing so, particularly in view of the differences in long-
established national practices. The categories used by the
Committee in this Annex are given in Table 1; there are
some differences between this categorization and that used
in the UNSCEAR 1993 Report. The main differences are
that veterinary practice and educational establishmentsare
now placed in amiscellaneous category, and thereis some
devel opment of the section on natural radiation. However
the approach adopted should still permit broad com-
parisons to be made with the data in the UNSCEAR 1993
Report. The dose monitoring and recording proceduresfor
occupational exposure obtained from the UNSCEAR
Survey of Occupational Radiation Exposures are given in
Table 2. The data are not comprehensive for some of the
attributes.

63. Any harmonization of the way data are recorded in
various countries would help in future surveys. The
European Union has an ongoing project, European Study
of Occupational Exposure (ESOREX) [F3], to comparethe
administrative systems of the member states that are used
for registering individual occupational exposure, toidentify
differences, andto analyse thepossibility of harmonization
within Europe. The project has al so been extended to cover
central and east European countries [F4].
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D. CHARACTERISTICS OF DOSE
DISTRIBUTION

64. Dosedistributions are the result of many constraints
imposed by the nature of the work, by management, by the
workers, and by legislation. In some job categories it may
be unnecessary for workers ever to receive more than very
low doses, whereas in other jobs workers may have to be
exposed to high doses fairly routindy. Management
controls act as feedback mechanisms, especially when
individual doses approach the annual dose limit, or some
proportion of it, in a shorter period of time.

65. TheCommitteeisprincipdlyinterestedin comparing
dose distributions and in evaluating trends. For these
purposes, it identified three characteristics of dose
distributions as being particularly useful:

(8 theaverageannual effective dose (i.e. the sum of the
annual dose from externa irradiation plus the
committed dose from intakesin that year), E;

(b) theannual collective effective dose, S (referred to as
M in some earlier UNSCEAR reports), which is
related to the impact of the practice; and

(c) theratio, SR, of theannual collective effective dose
delivered at annual individual doses exceeding
E mSv tothetotal collective dose. SR (referred to as
MR in some earlier UNSCEAR reports) provides an
indication of the fraction of the collective dose
received by workers exposed to higher levels of
individual dose. This ratio is termed the collective
dose distribution ratio.

66. Ancther ratio, NRe, of the number of workersreceiving
annual individua doses exceeding E mSv to the tota
monitored or exposed workforce, is reported in many
occupationa exposure statigtics, often when theratio SRe is
not provided. The morefrequent reporting of theratioNRc is
probably dueto the easewith which it can beestimated. In the
past, the Committee was somewhat concerned because of the
ratio's potential sengtivity to how thesize of theworkforceis
defined (those monitored, those measurably exposed, €c.);
comparisons of values of this ratio for different occupations
and in different countries would, in generd, require some
qualification. Theratio SRe, on the other hand, is reativey
insengitiveto this parameter and istherefore a better means of
affording fair comparisons between exposures arising in
different industries or practices. Notwithstanding the
limitations of the ratio NRg it is incuded in the
characterigtics reported by the Committee. This reflects its
potentia 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
comparableways). Theratio SR, however, remains the most
appropriate bass for comparing data generally.

67. Theannual collective effective dose, S, is given by

N
S-) E
i=1

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

S=) NE

=1

where r isthe number of effective dose rangesinto which
the dosimetry results have been collated and N; is the
number of individuas in the effective dose ranges for
which E; is the mean annual effective dose. The average
annual effective dose, E, is equal to S/N. The number
distribution ratio, NR, is given by

NR - —N(;E)

where N(>E) is the number of workers receiving annual
doses exceeding E mSv. The annua collective dose
distribution ratio, SR, is given by

s, - SCE)
S

where S(>E) is the annua collective effective dose
delivered at annual individual doses exceeding E mSv.

68. 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 classfied, those
measurably exposed, the total workforce, or some subset
thereof. These quantities, therefore, will always be pecific to
the nature and composition of the workforce included in the
estimation; when making comparisons, caution should be
exercised to ensure that like is being compared with like.
These aspects were discussed in Section 1.C, where the
implications of different monitoring and reporting practices
for the assessed average individual and collective doses were
identified. In this Annex, condderation 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 employersand countries
in determining who should be monitored and/or what
condtitutes measurably exposed means that even these
comparisons between ogtensibly the same quantities are less
rigorous than might appear. Where necessary, quantities
estimated for a subset of theworkforce (e.g. those measurably
exposed) can betransformed to apply to thewholeworkforce;
methods of achieving this, based on characterigtics of the dose
digtributions, are discussed below.

69. In summary, the following characteristics of dose

distributions will be considered by the Committee in this

assessment of occupational exposures:

(& theaverageannual effective dose (i.e. the sum of the
annual dose from external radiation and the
committed dose from intakesin that year), E;
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(b) theannual collective effective dose (i.e. the sum of
the annual collective dose from external irradiation
and the committed collective dose from intakes in
that year), S,

(c) thecollective dose distribution ratio, SR, for values
of E of 15, 10, 5, and 1 mSv; and

(d) theindividua dosedistribution ratio, NRg, for values
of E of 15, 10, 5, and 1 mSv.

E. ESTIMATION OF WORLDWIDE
EXPOSURES

70. Inevitably, the data provided in response to the
UNSCEAR Survey of Occupational Radiation Exposures
were insufficient for estimating worldwide levels of dose.
Procedures were therefore devel oped by the Committee to
derive worldwide doses from the data available for
particular occupational categories. Two procedures were
devel oped, one for application to occupational exposures
arising at most stagesin the commercial nuclear fuel cycle
and the other for general application to other occupational
categories.

71. In general, the reporting of exposures arising in the
commercial nuclear fud cycleis 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 this extrapolation can be carried out
with greater reliability than for other occupationa
categories. Moreover, worldwide statistics are generally
available on capacity and production in various stages of
the commercial nuclear fuel cycle. Such data provide a
convenient and reiable basis for extrapolating to
worldwidelevels of exposure. Thus, the worldwideannual
collective effective dose, S,, from a given stage of the
nuclear fuel cycle (e.g. uranium mining, fuel fabrication,
or reactor operation) is estimated to be the total of annual
collectiveeffectivedosesfrom reporting countriestimesthe
reciprocal of thefraction, f, of world production (uranium
mined, fuel fabricated, energy generated, etc.) accounted
for by these countries, namely,

18
SW:?ZSC

c=1

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

n
f=P /P,
c=1
where P, and P,, arethe production in country c and in the
world, w, respectively.

72. The annua number of monitored workers worldwide,
N,, is estimated by a similar extrapolation. Because the data

aremorelimited, theworldwide distribution ratios, NRg,, and
SRe» ae simply estimated as weighted averages of the
reported data. The extrapolations to worldwide callective
effective doses and numbers of monitored workers and the
etimation of worldwide average didribution ratios are
performed annually. Vaues of these quantities have been
averaged over five-year periods, andtheaverageannual values
are reported in this Annex.

73. For occupational exposures to radiation from practices
other than operations of the nuclear fue cycle, datigtics are
not so readily available on theworldwidelevel of the practices
or their distribution among countries. In thesecasesasmpler
and, inevitably, lessreliablemethod of extrapolation hasto be
used. A variety of approachesare possible(eg. scalingby sze
of population, by employment in indugtrial or medica
professions, or by some measure of indugtrial output). In the
end, it seemed to be mogt practica and reasonable to extra-
polate on the bass of GDP [U14]. Several consderations
influence the choice of this quantity in preference to others,
notably the availability of reiable worldwide statistics on
GDPs and their potentia for general application; thelatter is
a consequence of the expectation that GDP is reasonably
correlated with both theleve of indugtrial activity and medical
carein acountry, characterigticsunlikey tobereflected in any
other singlequantity. Tomaketheextrapolation morereliable,
it is applied not globally but separately over particular
geographic or economic regions, followed by summation over
these regions. Thisresultsin extrapolations of available data
within groups of countries with broadly similar leves of
economic activity and allows for genera geographica
comparisons.

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

where

where S is the annua collective effective dose in
geographic or economic region r, n, is the number of
countriesin region r for which occupational exposure data
have been reported, m is the number of regions, and g, is
the fraction of GDP of region r, represented by those
countries for which occupational exposure data are
available and is given by

r.ll'
gr - Z Gc/ Gr
c=1

where G, and G, are the GDPs of country ¢ and region r,
respectively.

75. Theaboveequationsareappliedtoestimatecollective
doses for those regions for which occupational exposure
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data are available for at least one country within the
region. For thoseregionsfor which no datafor any country
werereported, amodified approach for estimating regional
collective dose is adopted:

n n
Sr:GrZSc/ZGc
c=1 c=1

76. Theannual number of monitoredworkersworldwide,
N,, is estimated by the same procedure. The worldwide
distribution ratios are estimated as for operations of the
nuclear fuel cycle, but the averaging is performed on a
regional basis before summing over all regions. The
number of measurably exposed workersworldwide, M,,, is
estimated in a similar manner.

Il. THE NUCLEAR FUEL CYCLE

77. A dggnificant source of occupational exposure is the
operation of nuclear reactors to generate dectrical energy.
This involves a complex cyde of activities, including the
mining and milling of uranium, uranium enrichment, fuel
fabrication, reactor operation, fud reprocessing, waste
handling and disposal, and ressarch and development
activities. Exposures arisng from this practicewere discussed
and quantified inthe UNSCEAR 1972 [U8], 1977 [U7], 1982
[U6], 1988 [U4], and 1993 [U3] Reports, with comprehensive
treetment in the UNSCEAR 1977 and 1982 Reports. In
comparison with many other sourcesof exposure, thispractice
is well documented, and considerable quantities of data on
occupationa dosedigributionsare available, in particular for
reactor operation. This Annex consders occupational
exposure arising at each main stage of the fud cycle. Asthe
final stage, treetment and disposal of themain solid wadtes, is
not yet sufficiently devdoped to warrant a detaled
examination of potential exposures, it is given only very
limited consideration. However, for the period under
consideration, occupational exposuresfrom wastedigoosa are
not expected to significantly increase the sum of the doses
from the other stagesin thefue cycdle. For smilar reasons, no
attempt ismadeto estimate occupational exposuresduring the
decommissioning of nuclear ingallations, athough this will
become an increasingly important stage.

78. Each stage in the fud cycdle involves different types of
workers and work activities. In some cases, eg. for reactor
operation, the data are well segregated, while in others the
availabledataspan severdl activities, e.g. uraniumminingand
uranium milling. Where the data span a number of activities,
this is noted in footnotes to the tables The data on
occupational exposures for each of the activities are derived
primarily from the UNSCEAR Survey of Occupational
Radiation Exposures but also from other sources, particularly
the Information System on Occupational Exposure of the
OECD/NEA [04, O5].

79. For each stage of the fud cycle estimates are made of
the magnitude and temporal trends in the annual collective
and average individud effective doses, the numbers of
monitored workers, and the digtribution ratios. The collective
dosesare a0 expressed in normalized terms, that is, per unit
practice rdevant to the particular stage of the cycde For
uranium mining and milling, fud enrichment, fud
fabrication, and fuel reprocessng, the normalization is
initially presented in terms of unit mass of uranium or fuel

produced or processed; an aternative way to normalizeisin
terms of the equivalent amount of energy that can be (or has
been) generated by thefabricated (or enriched) fudl. Thebases
for the normdizations, namey, the amounts of mined
uranium, the separative work during enrichment, and the
amount of fud required to generate a unit of eectrical energy
in variousreactor types, aregiven in Annex C, “Exposuresto
the public fromman-made sourcesof radiation” . For reactors,
the data may be normalized in several ways, depending on
how they are to be used. In this Annex, normalized callective
doses are given per reactor and per unit dectrical energy
generated.

80. Toalow proper comparison between the doses arisng
at different stages of thefud cyde, al the data are ultimately
presented in the same normalized form, in terms of the
electrical energy generated (or the amount of uranium mined
or fud fabricated or reprocessed, corresponding to a unit of
energy subsequently generated in the reactor), which is the
output of the nuclear power industry. This form of
normalization is both valid and useful when tregting data
accumulated over alarge number of facilities or over along
time. It can, however, be mid eading when applied to datafor
asnglefacility for ashort time period; thisisbecausealarge
fraction of the total occupational exposure a 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.

81l. Various nationa authorities or ingtitutions have used
different methods to measure, record, and report the
occupational dataincduded in this Annex. The main features
of the method used by each country that responded to the
UNSCEAR Survey of Occupationa Radiation Exposures are
summarized in Table 2. The potentia for such differencesto
compromise or invalidate comparisons between data is
discussad in Section 1.A.3. The reported collective doses and
the collective dose distribution ratiosarelargely insengtiveto
the differences identified in Table 2, so these quantities can
generaly be compared without further quaification. The
average doses to monitored workers and the number
digribution retios are, however, sensitive to decisons and
practice on whoin aworkforceistobe monitored. Differences
in these areas could not be discerned from responses to the
UNSCEAR Survey of Occupational Radiation Exposures, so
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they cannot be discerned from Table 2. However, becausethe
monitoring of workers in the nuclear power indudtry isin
general fairly comprehensive, comparisons of the average
individual doses (and number digtribution ratios) reported
here are judged to be broadly valid. Nonetheless, it must be
recognized that differences in monitoring and reporting
practicesdo exit, and they may, in particular cases, affect the
validity of comparisons between reported data; to the extent
practicable, where such differences are likely to be important
they are identified.

A. URANIUM MINING AND MILLING

82. Uranium isused for military, commercial, and research
purposes. It is widdy digtributed in the earth’s crugt, and
mining isundertaken in over 30 countries [O3]. Commercia
uranium useis primarily determined by the fuel consumption
in nuclear power reactorsand nuclear research reactorsand by
the inventory requirements of the fud cycde Uranium
requirementsfor power reactors continueto increase steedily,
whiletherequirementsfor research reactorsremain modest by
comparison. The annual production of uranium in various
countries in the years 1990-1997 is given in Annex C,
“Exposures to the public from man-made sources of
radiation”, and more detailed information can be found in an
OECD/NEA publication [O3].

83. Themining of uranium is smilar to that of any other
material. 1t mainly involves underground or open-pit
techniques to remove uranium ore from the ground, foll owed
by ore processing, usually at a location relatively near the
mine. Themilling processinvolvesthe crushing and grinding
of raw ores, followed by chemical leaching, separation of
uranium from the leachate, precipitation of yelowcake [K4],
and drying and packaging of the final product for shipment.
In response to thedeclining price of uranium, theemphasisin
recent years has been on lower-cost methods for extracting
uranium [O3]. The percentage of conventiona underground
mining was reduced from about 55% to about 45% from 1990
to 1992. The lower-cost methods are open-pit mining, in situ
leaching, and by-product production (e.g. from the mining of
other minerals such as gold). The percentage from
conventional open-pit mining increased during this period,
from 38% to 44%; that from in situ leaching from 5.7% to
9.1%; and that from by-product production from 1.1% to
2.2%. In 1992, therewere 55 operating uranium minesin the
world in over 21 countries, with 32% of the production
coming from Canada aone. About 84% of the world's
production came from only 12 countries: Australia, Canada,
France, Kazakhgtan, Kyrgyzstan, Namibia, Niger, theRussan
Federation, South Africa, Tadjikistan, Uzbekigan, and the
United States [G2] (see Table 28 of Annex C, “Exposuresto
the public from man-made sources of radiation”, for annua
production of uranium in other years between 1990 and
1997).

84. The mining and milling of uranium ores can lead to
both internal and external exposures of workers. Internal
exposure may arise from the inhalation of radon gas and its

decay products and radionuclides in ore dugt. The extent of
internal exposure will depend on many things, including the
oregrade, the airborne concentrations of radioactive particles
(which vary depending on the type of mining operation and
thequality of ventilation), and thepartidesizedidribution. In
underground mines, the main source of interna exposureis
likely to be radon and its decay products. Because of the
confined space underground and practical limitations to the
degree of ventilation that can be achieved, the total interna
exposureisof grester importancein underground minesthan
in open-pit mines. In open-pit mines, the inhaation of
radioactive oredustsisgenerdly the largest source of interna
exposure, athough the doses tend to be low. Higher doses
from this source would be expected in the milling of the ores
and production of yellowcake.

85. With the emphasis on low-cost uranium production,
new projects are expected to focus on high-grade un-
conformity and sandstone-type deposits. These may be
amenable to in Stu leaching techniques, but where under-
ground mining is used, exposures of workers are likely to
continue to be of concern. In future surveys there will be a
need to consider theexposuresthat arise during therehabilita-
tion of old mining operations. For example in Germany,
where uranium mining is no longer undertaken, annual
exposures to workers due to the removal of uranium mining
residues are estimated for 1995 to be distributed as follows:
1-6 mSv, 1,250 workers, 6-20 mSv, 230 workers, and
>20 mSv, no workers [S2]. The exposures result from
external radiation, inhalation of radioactivedust particles, and
inhalation of radon progeny.

86. Exposure data for mining and milling of uranium
ores from the UNSCEAR Survey of Occupationa
Radiation Exposuresfor 1990- 1994 are given in Tables 3
and 4, respectively; and trends for the four periods from
1975 are given in Figure Il. The questionnaire asked
respondents to use a conversion factor for exposure to
radon decay products of 5 mSv per WLM, the value
recommended by ICRP [112].

87. Over thethreepreviousfive-year periodstheaverage
annual amounts of uranium mined worldwide were 52, 64,
and 59 kt, areasonably constant level of production, with
by far the largest part mined underground. As has already
been mentioned, there hasmorerecently been amoveaway
from underground mining and a reduction in the amount
mined. For the 1990-1994 period, the average annual
amount mined was 39 kt, a reduction of about one third.
Theyear-on-year figures showed asteady downward trend,
from 49.5 kt in 1990t0 31.6 kt in 1994. During this period
anumber of countries, including Bulgaria, Germany, and
Slovenia, reported that mining operations had ceased,
although some exposures continued from measurestotreat
the closed-down mining operations. Thesetrendswould be
expected to affect both the magnitude of the collective
doses and the dose profiles, and indeed they do so.

88. The data st for 1990-1994 is smaler than for the
preceding period, 1985- 1989, with datafrom 10 countriesas
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opposad to 14 countries, respectively. The 1985- 1989 data
were dominated by underground mining data from South
Africa, which accounted for some 70% (82,000) of the total
reported monitored workers(114,000) and 55% (278 man Sv)
of thereported collective dose (507 man Sv). Chinaa so made
an important contribution to the 1985-1989 data, with a
reported collective dose of 114 man Sv, some 22% of thetotal
reported. The lack of data for 1990- 1994 from South Africa
and China (and, to alesser extent, from Indiaand the United
States) digtorts any extrapolation to arrive a a world figure.
For the earlier periods the extrapolation for the number of
monitored workers and collective dose worldwide was based
on the ratio between the total amount of ore produced by the
reporting countriesand total world production. Employing the
same approach to the 1990-1994 period would give a
worldwide monitored population of 28,000 and an average

annual collective effective dose of 140 man Sv. Both of these
estimatesare an order of magnitude lessthan for 1985- 1989.
The Committee regarded this as a significant underestimate
and has ingtead chosen to make estimates for those countries
that had not reported for 1990-1994 but that did report for
1985- 1989, before extrapalating on the basis of worldwide
production of uranium ore. This approach has the benefit of
ensuring that major contributors such as South Africa and
China are more adequately accounted for. The estimates for
these countries (shown in square brackets in Table 3) are
based on the average trends for countries reporting for both
1985-1989 and 1990-1994 and take into account the best
etimates of uranium ore production. On this beds, the
average annua number of monitored workers worldwide fell
from 260,000 in 1985-1989 to 69,000 in 1990-1994. For the
previous two periods the numbers had been 240,000 and
310,000. Thisreduction by afactor of 3or 4isaso seeninthe
values for average annud collective effective doses. For the
three previous periods the worldwide estimates were 1,300,
1,600 and 1,100 man Sv, but for 1990-19%4 the value was
310 man Sv. Similarly, the average callective dose per unit of
uranium extracted had been 26, 23, and 20 man Sv per kt for
thethree previous periods and was down to 7.9 man Sv per kt
for 1990-1994; the corresponding vaues for average
collective dose per unit energy were 5.7, 5.5, and 4.3 man Sv
per GWa, falling to 1.7 man Sv per GWafor 1990-1994 (see
Figure I11). However, the estimated average annua effective
dose, 45 mSv, was marginadly higher than for the
immediately preceding period, when it was4.4 mSv. With the
doses from underground mining dominating the collective
dose and the known difficultiesin reducing individua doses,
the data would be congstent with a worldwide reduction in
underground mining activity coupled with more efficient
mining operations.
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89. Data on exposure to workers from uranium milling
were provided from only two countries, Australia and
Canada, and are given in Table 4. In line with their
reductions in mining, both countries show significant
reductions in the number of monitored workers and the
collectivedose. It isdifficult toextrapolate worl dwidefrom
thesedata, but crude estimates can bemade. Asin previous
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UNSCEAR reports it is assumed that the amount of
uranium milled is equal to the amount mined. The
combined data for the two countries reporting show a
reduction by a factor of about 4 in the average annual
collective dose and about a factor of 2 in the number of
monitored workers relative to 1985-1989. These factors
are in line with the trends for uranium mining, and it
would seem appropriateto apply them to deriveworldwide
estimates for 1990-1994. Doing so leads to worldwide
estimates for average annual monitored workers of 6,000
compared with 12,000, 23,000, and 18,000 in each of the
three previous periods; to an average annual collective
effective dose of 20 man Sv compared with 124, 117, and
116 man Sv in each of thethree previous periods; and toan
average annual effective dose of 3.3 mSv compared with
10.1, 5.1, and 6.3 mSv in each of the three previous
periods.

B. URANIUM ENRICHMENT AND
CONVERSION

90. Uranium converson is the process by which UQO,,
which is the chemical form of uranium used in mogt
commercia reactors, isproduced for the fabrication of reactor
fud. In reactors that use fud dightly enriched in #%U
(generally about 3%; natural uranium contains about 0.7%
Z50), uranium from the milling process must be enriched
before fud fabrication. Thus, the U;0; from the milling
process is converted to UO, by a reduction reaction with H,.
The UQ, is then converted to UF, by the addition of
hydrofluoric acid (HF), and then to UF; using fluorine (F,).
This gaseous product, UF,, is then enriched in #°U. Mot of
this was done by the gaseous diffuson process, but
increasingly, gaseous centrifuge techniques are being used.
Oncetheenrichment process has been completed, the UF; gas
is reconverted into UO, for fud fabrication. Occupational
exposures occur during both the conversion and enrichment
stages, with, in general, external radiaion exposure being
more important than interna radiation exposure. Workers
may, however, be exposed to internal radiation, particularly
during maintenance work or in the event of lesks.

91. During 1990-1994 most enrichment services came
from five suppliers: Department of Energy (United States),
Eurodif (France), Techsnabexport (Russian Federation),
Urenco (Germany, Netherlandsand United Kingdom) and
China. (Entities in those same countries, plus Canada,
offered services for the conversion process that precedes
enrichment.) The enrichment capacity of these and a few
other small producers has been estimated at between 32
and 35 million separative work units (MSWu) per annum
during 1990- 1994 compared with demand of between 23
and 27 MSWu [08, 09]. Exposuredatafor 1990-1994 are
given for Canada, France, Japan, the Netherlands, South
Africa, the United Kingdom, and the United States in
Table 5. With three exceptionsthe dataare for enrichment
by the diffusion process; the exceptions are South Africa,
where the helicon enrichment process has been used, and
the United Kingdom and Japan, where centrifuge

enrichment is used. It is not possible to compare the two
time periods because data from the United States
dominated the 1985-1989 set, and the 1990-1994 set
reflects an important contribution from Canada aswell as
asignificant increasein the South African data. Based on
reported data, theannual collectiveeffectivedoseincreased
from 0.43 man Sv to 0.79 man Sv, and the resultant
average dose per monitored worker increased from
0.08 mSv to 0.14 mSv. However, it should be noted that
the values for 1985-1989 were somewhat lower than for
earlier periods.

92. Sumsor averages of reported dataaregivenin Table5;
however, because dataon the separativework used in uranium
enrichment are incomplete, an extrapolation based on sze of
the practi ceto estimate worl dwide doses cannot be made. The
aternative extrapolation, based on GDP, would aso be
inappropriate in this case, because enrichment is carried out
in only afew countries. Accordingly, worldwide doses can be
estimated only roughly.

93. The data for the five-year periods before 1990-1994
were dominated by the data from the United States, which
accounted for some 80% of the collective dose estimates.
Although the United States did not report data for
1990- 1994, thetotalsincreased. The average annua number
of monitored workersincreased from 5,000 to 12,600 between
the last two reporting periods, and the average annual
collective dose increased from 0.43 to 1.28 man Sv. The
average annual effective dose to monitored workers was low,
0.10 mSv, in 1990-1994 and comparable to the vaue of
0.08 mSv for the preceding period. The absence of data from
the Russian Federation and China would suggest that these
figures are underestimates; but probably only by a factor of 2
or 3. Even taking this into account, the individua and
collective doses from enrichment are small. Consequently,
despite the magor uncertainties in etimating worldwide
exposures from this source, it would be appropriate to accept
(as was done in the UNSCEAR 1993 Report) the reported
data as being indicative of the worldwide figure. This will
have little impact on the reiability of the estimated exposure
from the whole of the nuclear fud cyde

C. FUEL FABRICATION

94. Thecharacteristics of fuelsthat arerelevant hereare
the degree of enrichment and the form, either metallic or
oxide. The mgjority of reactors use low enriched fuel
(typically a few percent of #°U); the main exceptions are
the gas-cooled Magnox reactors and the heavy-water-
cooled and -moderated reactors, which use natura
uranium. Some ol der research reactorsuse highly enriched
uranium (up to 98%); however, for security reasons this
material is used less and less. The four types of uranium
fuel are unenriched uranium metal fuel, used in Magnox
reactors, low enriched uranium oxide fud, used in
advanced gas-cool ed, graphite-moderated reactors (AGRS)
andinlight-water-moderated and -cool ed reactors(LWRS);
unenriched oxide fuel is generally used in heavy-water-
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cooled and -moderated reactors (HWRs); and mixed
uranium/plutonium oxide (MOX) fuel used in LWRs and
in fast breeder reactors (FBRS). The principal source of
exposure during fuel fabrication isuranium (after milling,
enrichment, and conversion, most decay products have
been removed). This can lead to external exposure from
gamma rays and intake of airborne activity.

95. The reports for the first period (1977-1979) in the
UNSCEAR 1982 Report [U6] and for the second period
(1980-1984) in the UNSCEAR 1988 Report [U4]
considered exposures from fuel fabrication and uranium
enrichment as one category. The UNSCEAR 1993 Report
[U3] (for 1985-1989) considered the two categories
separately and also carried out a detailed analysis by fuel
type. In devising the UNSCEAR Survey of Occupational
Radiation Exposuresfor 1990- 1994, it was concluded that
for this review a single category for fue fabrication,
separate from fuel enrichment and conversion, would be
appropriate. The data from the UNSCEAR Survey of
Occupational Radiation Exposures are given in Table 6.

96. The worldwide production of fuel increased steadily
over the four five-year periods being 3.6, 6.1, 9.6 and
11.3 kt from first to last, as did the corresponding
equivalent energy figures, 60, 100, 180, and 210 GWa. In
all periods the production of fuel for LWRs dominates.
Worldwide estimates of the average annual collective
effective doseand theaverage annual number of monitored
(and measurably exposed) workers have been obtained by
scaling the sum of thereported data by theratio of the fuel
fabricated worldwide to that fabricated in those countries
reporting data. A number of approximations had to be
madein this extrapolation process owing to the absence of
adequate data on the production of fuel worldwide and in
some major producing countries. Annual fuel production
in these cases was assumed to be equal to the production
that would have been required for the generation of
electrical energy by the reactors in that country. This
method of extrapolation is the same as that used in the
UNSCEAR 1993 Report [U3]. The data were taken from
OECD and IAEA reviews [I12, 121, 08, O9], and the
Committee' s estimates are given in brackets in Table 6.
The fact that some countries export or import fuel
inevitably introduces a degree of uncertainty into the
figures, so comparisons between periods and between
countries should be treated with caution.

97. The average annual number of monitored workers
has been reasonably constant over thefour periodsat about
20,000 but with a small peak of 28,000 in the 1985-1989
period. The worldwide average annual number of
measurably exposed workers for 1990-1994 was
approximately 11,000, about half the number of monitored
workers. This is the first period for which a reasonable
estimate has been possible. The estimated average annual
collective dose showed a decline, from 36 to 21 man Syv,
between the first two five-year periods but subsequently
varied little, with the value for 1990-1994 being
approximately 22 man Sv. The average annual effective

dose to monitored workers showed an initial declinefrom
1.8 mSv to 1.0 mSv between thefirst two periods, and the
value for 1990-1994, 1.03 mSy, is very similar to that for
1980-1984. Thevalueof 0.78 mSv for 1985~ 1989 reflects
the estimate of the number of monitored workers, which
may have been an overestimate. While the collective dose
has remained reasonably constant, it has done so against a
background of increasing fuel fabrication; consequently,
the normalized collective dose per kt of fuel and per unit
energy has fallen, from 10.0 to 1.9 man Sv per kt fuel and
from 0.59 to 0.10 man Sv per GWa.

D. REACTOR OPERATION

98. The types of reactor used for electrical energy
generation are characterized by their coolant system and
moderator: light-water-moderated and -cool ed pressurized
or boiling water reactors (PWRs, BWRs), heavy-water-
moderated and -cooled reactors (HWRS), gas-cooled,
graphite-moderated reactors (GCRs) in which the gas
coolant, either carbon dioxide or helium, flows through a
solid graphitemoderator, and light-water-cool ed, graphite-
moderated reactors (LWGRs). These are all thermal
reactors in which the moderator material is used to slow
down fast fission neutronstothermal energies. Fast breeder
reactors (FBRs) make only aminor contribution to energy
production at the present time. From 1990 to 1994, the
number of operating reactors remained relatively stable,
increasing dlightly from 413 to 432 by the end of the
period, with an annual average of 421. A listing of nuclear
reactors in operation during 1990-1997, the installed
capacities, and electrical energy generated is given in
Annex C, “Exposures to the public from man-made
sources of radiation”. At the end of 1997, there were 437
nuclear power reactors operating in the world, with a
capacity of about 352 GWe (net gigawatts electric) [12].
They now supply about 17% of the total eectrical energy
generated in the world and account for about 6% of the
world’ stotal energy consumption.

99. Inadditiontodataacquiredinthe UNSCEAR Survey
of Occupational Radiation Exposures, data on exposures of
workers at nuclear power reactors are also available from
the database of OECD/NEA [04, O5]. This database,
known as the Information System on Occupational
Exposure (ISOE), was begun in 1990 and involves a
growing number of countries, including thosefrom outside
OECD, whose data are provided through the IAEA. The
programme has been designed to provide an exchange of
information on techniques and experience for assessing
exposure trends, comparison of practices and results, and
as low as reasonably achievable (ALARA) analyses. The
ISOE data on occupational exposures at nuclear power
reactorsfor 1990- 1994 [L 5] and datafrom the UNSCEAR
Survey of Occupational Radiation Exposures for the
various types of reactorsare given in Table 7.

100. Occupational exposures can vary significantly from
reactor to reactor and areinfluenced by such factors asreactor
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size, age, and type. Severa different broad categories of
reactor are currently in operation, including PWRs, BWRs,
GCRs (which include older Magnox reectors as wel as a
newer generation of reactors, advanced gas-cooled reactors
(AGRs), HWRs, and LWGRs. Within each category, much
diversity of design and diversity in therefuelling schedule can
be seen, which may contribute to differencesin occupational
exposures. In addition, changes in operating circumstances
can alter the exposure at the samereactor from oneyesar tothe
next. Some of these variationswill be eaborated upon in this
Section.

101. Over 300 reactors (three quarters of the total number)
presently operating in the world are light-water reactors
(LWRs), eéther PWRsor BWRs. Of these, the PWRsaremore
common (70% of LWRs). HWRs have been developed
particularly in Canada and are also used in Argentina, India,
and the Republic of Korea. GCRs have been used particularly
in the United Kingdom. LWGRs have been developed and
usad in the countries of the former USSR.

102. The type of reactor is just one determinant of the
doses received by workers at reactors. Other basic features
of the reactor play a role, including the piping and
shielding configuration, fuel failure history, reactor water
chemistry, and the working procedures and conditions at
the reactor. All of these can differ from site to site, even
among reactors of the same type, contributing to the
differencesseen in occupational exposures. At al reactors,
external irradiation by gammaraysisthe most significant
contributor tooccupational exposures. Theexposuresoccur
mostly during scheduled maintenance and/or refuelling
outages. For the most part, such exposures are due to
activation products (*Co, **Co, "™"Ag); however, when
fuel failures occur, fission products (*Zr, **'Cs) may also
contributeto external exposures. At BWRs, workersin the
turbine hall receive some additional external exposure
caused by N, an activation product with an energetic
gammaray that iscarried by the primary circul ating water
through theturbines. In HWRs, heavy water isused asboth
coolant and moderator. Neutron activation of deuterium
produces a significant amount of tritium in these reactors,
soin additiontotheusual external exposures, workersmay
also receive interna exposures from tritium.

103. Throughout the world, occupational exposures at
commercial nuclear power plants have been seadily
decreasing over the past decade, and thistrend isreflected
in data for 1990-1994. Regulatory pressures, particularly
after the issuance of ICRP Publication 60 [112] in 1991,
technological advances, improved plant designs, installa-
tion of plant upgrades, improved water chemistry and
improved plant operational procedures and training, and
the involvement of staff in the control of their own doses
haveall contributed tothisdecreasingtrend. In Europe, the
European ALARA Newsletter isagood exampl e of theway
inwhichinformation on reducing individual and collective
doses can be disseminated among both operators and
regulators. A newsletter with asimilar objective had been
put out for many years by the Brookhaven National

Laboratory in the United States. The newd etters may also
contain assessed data on occupational exposures.
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doses to workers, and collective doses for reactor
operation.

104. Dataon occupational exposuresat reactors of each type
are detailed by country in Table 7 and a worldwide summary
by reactor type is given in Table 8. Worldwide levels of
exposure have been estimated from reported data; the
extrapolations are based on the total energy generated in
countriesreporting data. Very little extrapolation was needed,
as the reported data were substantially complete (about 85%
for PWRs, 95% for BWRs, 80% for HWRs, 100% for GCRs,
and 60% for LWGRS). The annual data reported in response
to the UNSCEAR Survey of Occupational Radiation
Exposures have been averaged over five-year periods, and
Figures IV and V illustrate some of the trends. Previous
UNSCEAR reports treated fast breeder reactors (FBRs) and
high-temperature graphite reactors (HTGRs) separately. No
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data were provided on these in the UNSCEAR Survey of
Occupational Radiation Exposures, and in the main these
types of facilities are no longer operational. The UNSCEAR
1993 and 1988 Reports [U3, U4] concluded that they make a
negligible contribution to occupational exposure, o they are
not congidered further.
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105. TheUNSCEAR 1993 Report [U3] identified theneed
for more data on measurably exposed workers, as this
provides a better basis for comparisons of average dosesto
individuals than is possible using the monitored worker
data. The UNSCEAR Survey of Occupational Radiation
Exposures shown in Table 7 now provides good data on
measurably exposed workersfor PWRs, BWRs, and HWRs.
Thevast mgjority of the GCRsarein the United Kingdom,
and while data matching the definition of measurably
exposed are not readily available, agood data set showing

dose distribution is available from the United Kingdom’s
Central Index of Dose Information (CIDI) [H2].

106. There remain some difficulties in interpreting and
ensuring fair comparisons between the various datitics.
These difficulties were discussed in genera terms in
Section 1A, where a number of cautionary remarks were
made. Three more specific observations need to be made in
the present context. Firg, differences exist in the protocols
adopted in various countries regarding the fraction of the
workforce that is induded when evaluating average annual
individual doses; in some cases, only measurably exposed
individuals are included, whereas generally the whole of the
monitored workforce is taken into account. To the extent
practicable, aclear diginction 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 workforce should be monitored is, however, a
further confounding factor. Particular care must therefore be
exercised when comparing averageindividual dosesto ensure
that the comparisons are made on equa grounds. These
differences do not, however, materialy affect the estimation
or the comparison of collective doses, a least not within the
inherent uncertainties associated with their evaluation.

107. Secondly, the procedures for the recording and
inclusion of dosesreceived by transient or contract workers
may differ from utility to utility and country to country,
and this may influence the respective statisticsin different
ways. In some cases, transient workers may appear in the
annual statistics for a given reactor severa timesin one
year (whereas they should appear once only, with the
summed dose being recorded); if appropriate corrections
are 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.
Thiswill only beimportant where extensive useis made of
transient workers.

108. Thirdly, countries differ in how they report the
exposures of workersat nuclear installations. The majority
present statisticsfor thewholeworkforce, i.e. employees of
the utility and contract workers, often with separate data
for each category; some report data for utility employees
only, whereas others present the collective dose for the
total workforce but individual doses for the utility workers
only. Where necessary and practicable, the reported data
have been adjusted to enable them to be fairly compared
with other data; these adjustments are indicated in the
respective Tables.

1. Light-water reactors
109. LWRs comprise a mgority (about 60%) of the

installed nuclear generating capacity. About 70% of them
are PWRs and about 30% are BWRs. About 33% of the
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LWRsareingalled in the United States and about 18% in
France, with the remainder distributed among some 20
countries. Experience has shown significant differences
between occupational exposures at PWRs and those at
BWRs. Each typeistherefore considered separately.

(& PWRs

110. Externad gamma radiation is the main source of
exposure in PWRs. Since there is in general only a small
contribution from internal exposure, it is only rardy
monitored. Thecontribution of neutronstothe overall leve of
external exposure is indgnificant. Most occupationa
exposures occur during scheduled plant shutdowns, when
planned maintenance and other tasks are undertaken, and
during unplanned maintenance and safety modifications.
Activation products and to a lesser extent fisson products
within the primary circuit and coolant are the main source of
external exposure. The materials used in the primary circuit,
the primary coolant chemidiry, the design and operationa
features of the reactor, the extent of unplanned maintenance,
etc. al have an important influence on the magnitude of the
exposure from this source; the Sgnificant changes that have
occurred with time in many of these areas have affected the
levels of exposure. One of the most important non-standard
mai ntenance operationsassoci ated with significant doseisthe
replacement of steam generators. Data on the collective doses
associated with this operation have been collected by OECD
[O5] and are given in Table 9.

111. The average worldwide number of PWRs increased
from 78 in 1975-1979 to 242 in 1990-1994. The
corresponding increasein averageannual energy generated
has been somewhat greater, from 27 to 149 GWa. The
number of monitored workers in PWRs increased from
about 60,000 to 310,000 (see Figure V). Between thefirst
two periods the annual average collective effective dose
increased by a factor of about 2, from 220 to 450 man Sv.
A further small increase to 500 man Sv occurred in the
third period, but the fourth period has seen areduction to
415 man Sv. To seethe underlying trend in the efficiency
of protection measures from both design and operational
proceduresit is moreinstructive to look at the normalized
collective dose. Per reactor this increased from 2.8 to
3.3 man Sv over the first two periods but has since
dropped, through 2.3 to 1.7 man Sv per reactor. The
corresponding values for collective effective dose per unit
energy generated (man Sv (GW a) %) are (in chronol ogical
order) 8.1, 8.0, 4.3, and 2.8, a substantial decrease.

112. The average annual effective dose to monitored
workers over the five-year periods has consistently fallen,
from 3.5 to 3.1 to 2.2 to 1.3 mSv, an amost threefold
reduction overall. For the first time a worldwide estimate
of average annual effective dose to measurably exposed
workers has been possible; the value of 2.7 is higher by a
factor of about 2 than that for monitored workers. Thedose
distribution data also parallels the downward trend in
doses, with both NR;5 and SR;5 consistently dropping; the
values for 1990- 1994 are <0.01 and 0.07, respectively.

113. Thereisconsiderable variation about the worldwide
average values in both the trends and levels of dose in
individual countries. In some cases this variation reflects
the age distribution of the reactors and the build-up of
activity in thecooling circuits. In other casesthereason for
itislessobvious. Moredetailed analysisiscontained in the
various OECD reports[02, O3, 04, O5].

(b) BWRs

114. Externd irradiation is aso the main source of
occupational exposurein BWRs, with most exposuresarisng
during scheduled shutdowns, when planned maintenance is
undertaken, and during unplanned maintenance and safety
modifications. By far thelargest number of BWRsarelocated
in the United States and Japan.

115. Worldwide, the average number of BWRsincreased
from about 51 in 1975-1979 to about 90 in 1990-1994;
the corresponding increase in the average annual energy
generated worl dwidewas somewhat greater, from about 15
to 50 GWa. On average, 40% of this energy was generated
by BWRs in the United States and 25% of it by BWRsin
Japan. The number of monitored workers in BWRs
worldwide increased from about 60,000 to about 160,000
over theperiod (FigurelV). The average annual collective
effective dose increased from about 280 to about
450 man Sv between the first two five-year periods. It
subsequently decreased in the third and fourth periods, to
about 330 and 240 man Sv, notwithstanding a twofold
increasein theenergy generated over the same period. The
normalized average annual collective effective dose per
reactor initially rose from 5.5 to 7.0 man Sv over thefirst
two periods, but dropped to 4.0 and then 2.7 man Sv in

thelast two periods. Thecorresponding val uesnormal -ized
to the energy generated, man Sv (GW a) %, were 18, 18,
7.9, and 4.8. Both parameters indicate significant
reductions over the four five-year periods.

116. Theaverageannual effectivedoseto monitored workers
over thefive-year periods has consgtently fallen: 4.7, 4.5, 2.4,
and 1.6 mSv. As with PWRs, there has been an almost
thregfold reduction overall. The worldwide average annual
effective dose to measurably exposed workers, 2.7 mSy, is
about 70% higher than that to monitored workers. The
declining trend in dosesisalso seen in thevalues of NR,; and
SR, with the fraction of the collective dose above 15 mSv
having been 0.13 in 1990-1994.

117. Thereisconsiderable variation about the worldwide
average values in both the trends and levels of dose in
individual countries. However thedifferencesdoseemtobe
decreasing over time, and for thevast majority of countries
reporting, a downward trend is apparent.

2. Heavy-water reactors
118. HWRs are used in severa countries but most

extensively in Canada, where the CANDU reactor was
developed and has since been exported to a number of
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countries. The main source of occupational exposure in
these reactors is, in general, external irradiation, mainly
from activation products in the coolant and coolant
circuits. Asin LWRs, most of the exposures arise during
maintenance activities. Internal exposure, however, can
also be a significant component of exposure, principally
from intakes of tritium produced by activation of the
heavy-water moderator.

119. The worldwide average number of HWRs increased
from 12 in 1975-1979 to 31 in 1990-19%; the
corresponding increese in the average annua energy
generated worl dwide was somewhat grester, from about 3 to
12 GWa. On average, 80% of this energy was generated by
HWRs in Canada. The number of monitored workers in
HWRsworl dwideincreased from about 7,000 to about 20,000
over the 20-year period, as shown in Figure IV. Theaverage
annua collective effective dose increesed, from about
30 man Sv in thefirst five-year period to about 45 man Svin
the second period and 60 man Sv in the third; in the fourth
period, however, it decreased significantly, to 20 man Sv.
Internal exposure made a sgnificant contribution to the
overal dose the contribution varied from year to year and
between countries but on average was 30%, varying typically
from 15%to 50%. Over thefirst three periods, thenormalized
average annual collective effective dose per reactor dropped
dightly (2.6 to 2.3 man Sv), but the fourth period has seen a
twofold reduction, to 1.1 man Sv per reector. The
corresponding values normalized to the energy generated,
man Sv (GW a) %, were 11, 8.0, 6.2, and 3.0.

120. Theaverageannua effectivedoseto monitored workers
over the firg two periods fdl from 4.8 to 3.2 mSv but was
then stagnant for the third period. However the last period,
1990- 1994, saw a significant reduction, to 1.7 mSv, again a
decrease by afactor of about 2. The data are dominated by the
Canadian data and show a consgtent downward trend.
However therearesignificant variationsaround theworldwide
averages, most notably for Argentina, wherefor thefirst three
periods the average annua effective dose to monitored
workers exceeded 10 mSv. For the latest period it fell to
8.2 mSv (compared with 1.1 mSv for Canada). These
differencesare also very apparent in thedistribution ratios: in
Argentina 65% of the collective dose comes from individual
annua doses in excess of 15 mSv, while in Canada the
corresponding figureis 11%.

3. Gas-cooled reactors

121. There are two main types of GCRs: Magnox
reactors, including those with sted pressure vessels and
those with prestressed concrete pressure vessels, and
advanced gas-cooled reactors (AGRs). Another type,
HTGRs, reported on previously [U6], is no longer in
operation. Most of the experience with GCRs has been
obtained in the United Kingdom, where they have been
installed and operated for many years. Initially, the GCRs
were of the Magnox type, but throughout the 1980s, the
contribution of AGRs, both in terms of their installed
capacity and energy generated, became more important.

Therelativeimportance of AGRswill increase as Magnox
reactors are decommissioned.

122. The UNSCEAR 1993 Report [U3] investigated the
differencesbetween theMagnox reactorsand AGRs. These
arise mainly from the use of concrete (as opposed to stedl)
pressure vessels in the AGRs (and later Magnox reactors)
and the increased shielding they provide against external
radiation, the dominant source of occupational exposure.
That Report identified significant differences between the
various types, with the average annual effective dose in
first-generation Magnox sted-pressure-vessel reactors
remaining uniform at about 8 mSv whereas the values for
Magnox concrete-pressure-vessel reactorsand AGRswere
less than 0.2 mSv. During the current reporting period,
1990- 1994, significant dose reductions were effected in
the Magnox reactors. The highest average annual effective
doses, about 3.0 mSv, wereat the Chapel crossreactors (the
earliest of the designs). More detailed information can be
found in the reviews of radiation exposures in the United
Kingdom [H3, H9]. In this Annex no distinction has been
made in Table 7 between the various types of GCRs.

123. Theworldwide number of GCRs averaged over five-
year periods has not differed by more than 10% from 40.
The average number in operation during 1990- 1994 was
38. The average annual energy generated increased over
thefour five-year periods from 5.4 GWato 8.4 GWain the
most recent period. Over 90% of thisenergy was generated
in the United Kingdom. The number of monitored workers
increased overall from 13,000 to 30,000, as shown in
Figure IV. The average annual collective effective dose
dropped from 36 through 34 and 24 to 16 man Sv over the
four periods. Over the 20 years, the normalized collective
dose per reactor decreased, from 0.9 to 0.4, while the
corresponding values for energy generation, man Sv
(GW @)%, also decreased, from 6.6 to 2.0.

124. Theaverageannual effective doseto monitored workers
worldwide, averaged over five-year periods, fel progressively
from 2.8 mSv in thefirgt period by afactor of about 2 between
each period, S0 that the value for 1990-1994 was 0.5 mSv.
The fraction of the monitored workforce receiving annual
doses in excess of 15 mSv has been amall, decreasing from
0.02 by a factor of more than 100. Between 1992 and 1994
therewas only oneinstance of aworker at a United Kingdom
GCR exceeding 15 mSv in a year, and only 10 workers
exceeded 10 mSv in ayear [H9].

4. Light-water-cooled graphite-moderated
reactors

125. LWGRs were developed in the former USSR and
have only been installed in what is now the Russian
Federation and Lithuania. No data for LWGRs were
reported in the UNSCEAR Survey of Occupational
Radiation Exposures, but datare ating to thetwo countries
have been obtained from | SOE and other sources[L5, R2].
Data on energy generation were taken from Annex C,
“Exposures to the public from man-made sources of
radiation”.
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126. Overall thenumber of LWGRsincreasad, from 12inthe
firdt period to 20 during 1990-1994, and the corresponding
average annua energy generation increased, from 4.4 to
9.4 GWa. The number of monitored workers increased over
thefirg three periods, from about 5,000 to 13,000, but no data
are available for 1990-1994. The average annua callective
effectivedoseincreased S gnificantly over theperiods, from 36
to 62 to 170 to 190 man Sv. Thisincreaseis also reflected in
the normalized collective dose values; that per reactor rose
from 3.0 to 9.4 man Sv and that for energy generation rose
from 8.2 to 20.3 man Sv (GW a)*. The average annud
effective dose to monitored workersis estimated to have risen
from 6.6 mSv in the first period to 13 mSv in the third. No
dataareavailablefor 1990- 1994, but given that the callective
dose rose relative to the preceding period it islikely that the
exposure of monitored workers a so increased. No data have
been available on thefractionsNR; or SR, but thecther data
suggest that they must be significant.

127. It wassuggested in the UNSCEAR 1993 Report [U3]
that the large increase in collective dose between the
second and third periods (62 to 170 man Sv) was artificial
in that the dataincluded a significant component from the
after-effects of temporary work at Chernobyl. However the
data for 1990-1994 show another increase in exposure.
Also, the data from Lithuania tend to support the overall
high levels of exposure.

5. Summary

128. Dataon occupational exposureat reactorsworldwide
are summarized in Table 8. The worldwide number of
power reactors averaged over the five-year periods
increased from about 190 in the first period to 421 in
1990- 1994. Thecorresponding increasein averageannual
energy generation was from 55 to 230 GWa. Averaged
over the whole period about 85% of the total energy was
generated in LWRs (of thisabout 70% wasfrom PWRsand
30% from BWRs), with contributions of about 5% each
from HWRs, GCRs, and LWGRs. The number of
monitored workers increased from about 150,000 to
530,000. The period 1990-1994 is the first for which a
reasonably robust estimate of measurably exposed workers,
some 290,000, is available.

129. The annual callective effective dose averaged over
five-year periods increased over the first three periods
(600, 1,000, and 1,100 man Sv) but has fallen back to
900 man Sv for 1990-1994. The trends in annual values
are shown in Figure V. About 80% of the collective dose
occurred at LWRs, with broadly similar contributionsfrom
PWRsand BWRsdespitethefact that they weremorethan
twice as many PWRs as BWRs. Averaged over al the
periods, the contribution from HWRs has been 5%, that
from GCRs 3%, and that from LWGRs about 13%.

130. The normalized collective effective dose per reactor
averaged over all reactors rose between the first two
periods, from 3.2 to 3.6 man Sv, but dropped to 2.8 and
then 2.1 man Sv over the last two periods. The

corresponding figuresper unit energy generated are 11, 10,
5.9, and 3.9 man Sv (GW a) % A generally decreasing
trend is apparent for both normalized figures for most
reactor types. The exception is LWGRs, for which a
roughly threefold increase was seen over the four periods.

131. The annual effective dose to monitored workers
averaged over all reactors fell steadily, from 4.1 mSv to
1.4 mSv. For the 1990- 1994 period, datawere availableto
enable an estimate of the annua effective dose to
measurably exposed workers of 2.7 mSv. This downward
trend in annua dose to monitored workers is evident for
each reactor type except LWGRS, although there are some
differences between reactor typesin the magnitudes of the
doses and in their rates of decline.

132. Dataonthedistribution ratiosNR,;; and SR;; areless
completethan datafor other quantities, but for 1990- 1994
more dose profile information is available for dose bands
uptol, 5, and 10 mSv. Values of NR;; and SR, averaged
over al reported data are given in Table 8. They show the
fraction of monitored workers receiving doses in excess of
15 mSv to be about 0.08 in the first period, decreasing to
<0.01 in 1990-1994. The corresponding fraction of the
collective dose arising from doses in excess of 15 mSv
decreased from 0.60 to 0.08.

E. FUEL REPROCESSING

133. Commercial-scale reprocessing of irradiated spent
fuel from nuclear power facilities to recover uranium and
plutonium is performed in only two countries, France and
the United Kingdom. Smaller facilitiesarein operation in
Japan, India, and the Netherlands (experimental facility),
and the Russian Federation has been reprocessing fud for
reactors developed in that country. Although the process
varies depending on the nature of the fuel reprocessed, it
generaly involves the dissolution of the spent fuel
elements in an acid bath, followed by the chemica
separation of uranium and plutonium from the fission
products and other actinides produced in the fuel. In spite
of the fact that most fuel eements are cooled for up to
several years before being reprocessed, they still contain
high levels of radioactive materials at the time of
reprocessing, and remote operations and heavy shielding
are necessary for the adequate protection of workers.

134. Dataon occupational exposurein reprocessing plants
aresummarizedin Table 10. The UNSCEAR 1993 Report
[U3] analysed the differences between plants reprocessing
metal fuel and oxide fuel. The UNSCEAR Survey of
Occupational Radiation Exposuresfor 1990- 1994 madeno
such differentiation. The numbers of plants involved in
reprocessing worldwide is limited, with the largest
contributions during 1990- 1994 coming from France, the
Russian Federation, and the United Kingdom. While
worldwide estimates have been derived, there are some
significant differences between the data set for 1990- 1994
and the sets for previous periods, and any comparisons
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with previous worldwide estimates should be drawn with
extreme caution. In the earlier periods the worldwide
estimates of average annual collective effective dose were
dominated by the contribution from the United Kingdom
(65% over al three periods) and, to a lesser extent, by
France (22%) and United States (13%). For 1990-1994,
theRussian contribution of 33.9 man Sv accounted for over
50% of the worldwide average annual collective effective
dose. As might be expected, this large contribution
significantly increased the worldwide estimate, some
67 man Sv, in contrast tothethree previousperiods, during
which the worldwide average annual dose declined, from
53 to 47 to 36 man Sv. If the Russian data had been
excluded, the downward trend would have been
mai ntai ned.

135. Given the confounding impact of the Russian data, it
is perhaps more instructive to look at trends in the
individual countries. The number of monitored workersin
France, Japan, and the United Kingdom all increased by
about 30% relative to the preceding period and by a factor
of between 2 and 4 relative to 1975-1979. In the United
Kingdom, the average annual collective effective doses
over thefour five-year periods steadily reduced: 47, 40, 29
and 21 man Sv. The corresponding figuresfor Francewere
about 13 man Sv in each of thefirst three periods but only
4.7 man Sv for 1990-1994. The data for the smaller

reprocessing operations in Japan rose over the first three
periods, from 0.38 to 1.8 man Sv, and then decreased, to
0.82 man Sv. The data for the United States relate to
Department of Energy facilities [D4], which are mainly
associated with defence activities, but as was done for
earlier UNSCEAR reports, they have been included under
reprocessing. Theapparent risein thenumber of monitored
workers in the United States is likely to be related to
changesin monitoring practi cesrather than to any increase
in the activity. (This matter is addressed more fully in
Chapter VI, Defence Activities). Compared with the
previous period, the average annual collective effective
dosein 1990- 1994 decreased by a factor of about 3, from
4.9 to 1.6 man Sv; a similar reduction from 2.7 mSv to
0.82 mSv is seen in the values for doses to measurably
exposed workers.

136. The average annual effective dose to monitored
workers fell consistently over the four periods for both
France, from 2.9 to 0.36 mSv, and the United Kingdom,
from 8.3 t0 2.0 mSv. The Japanese data follow the pattern
for collective dose, with arise over thefirst three periods
from 0.44 to 0.98 mSv and a drop to 0.32 mSv for
1990- 1994.

F. WASTE MANAGEMENT

137. The volume of radioactive waste from the nuclear
fuel cycle (and also from medical and industrial uses) is
increasing, with very little having been moved thus far to
final waste repositories. Consequently, doses associated
with waste management are of increasing importance.

However, in the dose data currently available, the data
specifically associated with waste management are rarely
identified separately. This is a matter that needs to be
addressed in future reviews, which could include an
indication of the general magnitude of the practice and the
present exposures to workers involved.

138. While no data are readily available on exposures,
there are some data on the magnitude of the practice in
relation to the nuclear fuel cycle. A review by IAEA [121]
of the nuclear fuel cycle and waste management gives an
overview for 1993 that can be considered typical for the
period. At that time there were 301 research and test
reactorsin operation, 14 under construction, and 260 shut
down. Of the total, 90 that were in operation, 6 that were
under construction, and 9 that were shut down were in
devel oping countries. Most of the reactors had been built
25-30 years earlier, when it was assumed that the
irradiated fuel would eventually be shipped back to the
country of origin. Thishasfrequently not been possible. In
some countries, highly enriched, high-burn-up fud is
stored in facilities that were not designed for such long-
term storage. While the management of spent fuel from
research reactors posesitsown problems, the overall spent
fuel problem is dominated by fuel from power reactors.
There are a number of strategies for dealing with spent
fuel: someis stored at the reactors, some at centralized
facilities away from the reactor, and some is reprocessed,
generating high-activity waste. Finding a permanent
repository for active waste has so far proved to be an
intractable problem in the vast majority of countries, and
anumber of interim storagefacilities have been devel oped,
based on either wet storage in ponds or dry storage
facilities.

139. In 1993 the spent fud arising from all types of
reactors was about 10,000 t HM (heavy metal), giving an
estimated cumulative total of over 145,000 t HM. About
95,000 t HM was being stored in 1993, which was over 20
times the annual reprocessing capacity at that time. The
storage capacity at reactors was estimated to be about
59,000t HM, 94% of it wet storageand 6% dry storage. To
date, the doses associated with the management of spent
fuel have been subsumed into data for reactor operation,
reprocessing, and research, with different countriestaking
different approaches. Thegrowing computerization of dose
records and the advent of active personal dosimeters could
make it possible to segregate dose data and allow doses
associated with waste management to be separately
identified.

140. Although the management of spent nuclear fud isa
major source of exposure from nuclear waste, there are
others, notably the management of waste industrial and
medical sources and the decommissioning of nuclear
facilities. The latter will lead to a growing proportion of
the waste managed, and data will be needed for doses
arising in decommissioning to carry out a comprehensive
assessment of the doses from waste management.
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G. RESEARCH IN THE NUCLEAR
FUEL CYCLE

141. It is difficult to estimate the levels of occupational
exposure that can unequivocally be attributed to research and
development in the commercial nuclear fue cycde Few data
are reported separately in this category, and even when they
are, uncertaintiesremain astother proper interpretation. The
main difficulties of interpretation are as follows:

(8 daa are often compiled for research establishments
whose main, but not sole, function is to undertake
research and devel opment associated with the commer-
ca nudear fud cyce The fraction devoted to this
function isrardy given;

(b) somefraction of theoccupational exposuresattributedin
the preceding Sections to particular parts of the fuel
cycle contains a contribution from research and
development, but the magnitude of this fraction is
difficult to estimate;

(c) collective doses from research have been normalized
in terms of the nuclear energy generated in the year
in which the research was performed. While this
convention has the benefit of smplicity, practica-
bility, and convenience, the validity of utilizing
current levels of collective dose and energy genera-
tion is open to criticism. The benefits of research
inherently accrue over a period quite different from
that in which the research was performed, and the
normalization shouldin fact take account of the total
energy generated in the period in which the benefits
are deemed to accrue. In a rapidly developing
industry, it is evident that normalization based on
current energy generation islikely to lead to alarge
overestimate in the early years, followed by an
underestimate later, as the industry matures and the
amount of research declines.

142. Occupational exposures arisng in nucdlear research,
averaged over five-year periods, are summarized in Table 11.
Thereisconsiderablevariation in thelevels of collective dose
associ ated with research activitiesin each country, reflecting,
among other things, the relative role of nuclear energy in the
national energy supply and the extent to which nuclear
technology was developed domegtically or imported. The
reported annual collective effective doses range from a very
small fraction of a man severt (eg. in Finland) to about
38 man Sv in the United Kingdom for the earliest period.
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. Thecollective
effective dose attributed to research in the three previous
periods has been dominated by the contributions from the
United States and the United Kingdom. Each has shown a
steady downward trend, from 33 to 19 man Svand from 38to
24 man Sv, respectively, over the firgt three periods. For
1990- 1994, the contribution from the United Kingdom fell
dramatically, to 5.6 man Sv. This and the halving of the
number of monitored workers reflects both better protection
standards and a large reduction in the United Kingdom's

nuclear ressarch programme. Comparable data are not
available from the United States. The largest contribution in
the 1990- 1994 period came from the Russian Federation,
which reported an average annua collective effective dose of
about 16 man Sv (over theyears 1992- 1994). Thisisthefirg
period for which data have been available. The only other
countries reporting annual doses of 1 man Sv or greater are
Canada, France, India, and Japan; each of which has a
significant nuclear research and devel opment programme. In
each case, while the extent decrease veries, there has been a
downward trend in collective dose.

143. Worldwide levels of occupational exposure associated
with research aread o given in Table 11. They were estimated
from the reported data, with extrapolation based on GDP.
This method was adopted in preference to the extrapolation
used for other parts of the nuclear fud cyde, which were
based on fuel fabricated, energy generated, €c.; the
difficulties, identified previoudy, of usng energy generation
as a bads for normalizing research were responsible for the
change to GDP. The GDPs of the countries reporting data
represented about 40% of the worldwide total. On average,
therefore, the reported data have been scaled upwards by a
factor of about 2.5; there is, however, considerable variation
about this average for particular regions.

144. The annual number of monitored workers in research
worldwide, averaged over five-year periods, has remained
remarkably congtant at between 120,000 and 130,000. The
average annual worldwide collective effective dose dropped
from 170 to 100 man Sv over thefirgt three periods and was
dightly lower, 90 man Sv, for 1990-1994. This prcfile is
mirrored in the worldwide estimates for the annual effective
dose to monitored workers, which fell from 1.4 to 0.82 mSv
over the firg three periods and decreased marginally to
0.78 mSv for 1990- 1994. Thereisa similar prdfile for the
fraction of the monitored workforceexceeding 15 mSv, which
dropped from about 0.04 to <0.01. The corresponding figures
for the fraction of the collective effective dose arising from
annual doses in excess of 15 mSy has shown a more seady
reduction, with values of 0.42, 0.39, 0.30, and 0.22. It should
be noted that there are some congderable variations between
countries and that for 1990-1994 no dose distribution data
wereavailablefor thelargest contributor tothe collective dose,
the Russian Federation. For the first time, reasonable data
were available on doses to measurably exposed workers, and
the average value worldwide was estimated to be 2.5 mSy;
gregter by a factor of 3 than the average annua dose to
monitored workers,

145. Some of the problems of making meaningful estimates
of the normalized collective dose (reative to energy
generated) were identified in paragraph 141. They involve
how to deal with the different tempora distributions of the
benefits and cogts of research. This was discussed in some
detail in the UNSCEAR 1993 Report [U3], where it was
concluded that for the purpose of assessing overall values of
normalized collective doses for the whole fue cycle, a vaue
of 1 man Sv (GW a)* could be assumed to be generdly
applicable for research, irrespective of when it was
undertaken. The con-tinued applicability of this approach
has been reviewed and confirmed.
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H. SUMMARY

146. Trends in worldwide occupational exposures from
each stage of the commercial nuclear fud cycle are
summarizedin Table 12 and illustrated in Figures V1 and
VII. The data are annual averages over five-year periods.
During the first three periods, the number of monitored
workers in the commercia fuel cycle rose, from about
560,000 to 880,000, but in 1990-1994 the number fell to
800,000 (Figure V). This was largely due to a three- to
fourfold reduction in the estimated number in the mining
sector, from 260,000 to 69,000. Thelatter figuremay bean
underestimateattributabletothelimitations of the data set,
but all the other indicators support a significant reduction
in this component of the monitored workforce. In the first
five-year period mining accounted for over 40% of the

Average annual number of monitored workers
(thousands)

workforce, but over the four periods reactor operation has
becomethe dominant component of themonitored workers
and at 530,000 now accounts for about 65% of the total.

147. The average collective effective dose, averaged over
five-year periods, initialy increased from 2,300 to
3,000 man Sv but in thelast two periods decreased to 2,500
and then 1,400 man Sv (Figure VI1I). Thisamost twofold
decrease between the last two periods is again dominated
by a reduction by a factor of 3 to 4 in the collective dose
from mining. The same cautions noted in the preceding
paragraph apply here, but the supporting evidence of a
general reduction in collective dose over all the countries
and the cessation of underground mining in a number of
countries make it more likely that the values are not
significant underestimates.
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Figure VI. Trends in numbers of monitored workers and doses to workers in the nuclear fuel cycle.
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Figure VII. Trends in collective doses and normalized collective doses in the nuclear fuel cycle.

148. Theaverageannua effective doseto monitored workers
inthefud cyde hasdecreased progressively, from4.1 mSvin
1975-1989 through 3.7 and 29 mSv to 1.8 mSv in
1990-1994. There is condderable variation about these
averages for the different stages of the fud cycle. However,
gpart from the mining stage of the nuclear fue cycle; where
doses have been generally Static at about 5.0 mSv, the overall
downward trend is evident in al the other stages of the
nuclear fud cycle. For 1990- 1994, thereis for the firgt time
a reasonably robust etimate of the average annua effective
dose to measurably exposed workers. The estimated value of
3.1 mSv represents an increase in the value for monitored
workers by a factor of just under 2. This factor varies
considerably between the stages of the nuclear fud cyde. The
fraction averaged over five-year periodsof monitored workers
receiving annual doses in excess of 15 mSv (NR;;) has
decreased from about 0.20 to about 0.01; the corresponding

decrease in the fraction of the collective effective dose (SR;s)
has been from about 0.63 to about 0.11. In the light of these
reductionsit has become relevant to look at the dose profiles
in more detail. Accordingly, in the 1990-1994 UNSCEAR
Survey of Occupational Radiation Exposures, additional data
were sought for theratios relevant to 10, 5, and 1 mSv. This
effort isfar from complete, but it provides a reasonable dose
profile within the various stages of the nuclear fud cydethat
will serve as a basdine for future reviews.

149. The normalized collective effective doses for each
stage of the fuel cycle are shown in Figure VII. The
collective dosefrom mining, milling, fuel fabrication, and
fuel reprocessing have been normalized to the energy
equivalent of uranium mined or milled or to the fue
fabricated or reprocessed in the respective periods. For
research associated with thefuel cycle, 1 man Sv (GW a)*
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has been assumed in each period. The overall normalized
collectiveeffectivedose(i.e. averaging over al stagesinall
fuel cyclesand taking account of their rel ative magnitudes)

is estimated to be (in chronological order) 20, 18, 12, and
9.8 man Sv (GW a)* for the four periods. This again
shows an overall downward trend.

I1l. MEDICAL USES OF RADIATION

150. Radiation is used in medicine for both diagnostic and
therapeuti c purposes. Thephysicians, technicians, nurses, and
others involved conditute the largest group of workers
occupationally exposed to man-madesourcesof radiation. The
wide range of applications and the types of procedures or
techniques employed in the context of patient exposure are
reviewed in Annex D, “Medical radiation exposures’, where
changes in practice and posshble future trends are dso
discussad. Congderation is limited here to the occupationa
exposuresthat arise from the application of these procedures.
Data on occupational exposures are presented for workersin
eech of the following areas. diagnogtic radiology, dental
radiology, nucdear medicine (diagnogtic and therapeuitic),
radiotherapy, other medical practices, and al medica uses of
radiation grouped together.

151. Previous Chapters of this Annex contained cautionary
remarksabout the accuracy or validity of reported statisticson
occupational exposures and the extent to which they can be
fairly compared, either between countries for the same
occupational group or between occupationa groups in the
sameor different countries. It isin theareaof medica usesof
radiation wherethese cautionary remarks are most important,
and great care must be exercised in interpreting and
evaluating the various datigics. In the medica fied, an
important difference is where the dosmeters are located (in
particular, whether they are above or below lead apronswhen
theseareworn). Twomorefactorscomplicatematters: firstly,
the radiation that contributes most to the overall occupationa
exposures from the medica uses of radiation is non-uniform
and of low energy and, secondly, the approach used to derive
effective doses from dosmeter measurements can have
important implications for the comparability of occupational
EXposUres.

152. Some of the above differences can been seenin Table 2
and in the notes to the various tables covering medical uses.
However the information is patchy, and it has proven
impracticable in this analysis to revise or normaize the
reported exposuresto ensurethat they can befairly compared.
Accordingly, when worldwide levels of exposure were
edimated from the available data, no distinction was made
between doses measured, recorded, or reported in different
ways, dl reported doses were assumed to be adequate
surrogates for effective dose. More attention needsto be given
to this matter to afford better comparability between doses
arisng in different circumstances and to enable morereliable
estimates of worldwide levels of occupational exposure.

153. Nationa data for the various categories of medical
uses of radiation averaged, where possible, over five-year
periods, aregivenin Table 13. It should be noted that some

countriesdo not keep data divided into the various medical
use areas, so their reported data appear in the “all other
medical uses’ part of Table 13. To provide a more secure
basis for estimating worldwide exposures, al the data
provided on medical useshave been aggregated by country
(Table 14). Thereported datahave al so been aggregated by
region (Table 15).

154. Worldwide levels of exposure have been estimated
from the national data by extrapolation within particular
regions based on GDP, as described in Section |.E. In
general thecollectivedosefor each practicecorrel ated well
with GDP, but there were exceptions for some countries.
The degree of extrapolation needed varied with medical
useand, moreimportantly, by region. The vast mgjority of
extrapolations were by a factor of from 1.5 to 5. However,
for eastern Europe and the remainder regions, the factor
was typically 20, in the first case mainly because there
were no data from the former USSR, and in the second
because so few countries provided data. Nevertheless the
regiona estimates are consistent with those for previous
periods.

155. Summaries of the worldwide exposures, by practice
and by region, aregiven in Tables 16 and 17, respectively.
Formally, the United States was treated as a separate
region and therest of the OECD as another region. In this
Annex the main confounding factor in deriving the
worldwide exposure estimates has been the absence of data
for the United States. As was noted in Section |.E, the
Committee has developed an approach for estimating
collective dose where no regional data are available. In
essence this estimates the regiona dose by prorating the
sum of the GDPsfor thetotal collectivedosereported. This
approach generally worked well, but it producesfiguresfor
the United States that are significantly lower than for
previousreporting periodsand thereforecallsinto question
the appropriateness of the normal method of estimation.

156. The Committee has considered alternative methods
of estimating the values for the United States. Theregion
most similar to the United Statesin this respect isthe rest
of the OECD. Earlier UNSCEAR reports derived for each
region the collective effective dose per unit GDP (man Sv
per 102 United Statesdollars). Whilethere have been clear
differences in these values for the two regions, the values
have been converging. For the last three five-year periods,
theratios of this parameter for the United Statesto that for
the rest of the OECD have been 3.4, 2.8, and 24 in
chronological order. It would therefore be reasonable to
presume that the convergence has continued and that a
ratio of approximately 2.0 would be appropriate for
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1990- 1994. The ratio of the GDPs for the two regionsis
approximately theinverseof this, namely 0.5. Onthisbasis
the values for the United States approximate to those for
therest of the OECD. World estimates using thisapproach
areincluded in Tables 13, 14, 16, and 17. The resulting
values for the United States are consistent with the trends
of increase in number of monitored workers and decrease
in annual collective effective dose observed over the first
three periods. Similar consistent trends are found in the
world estimatescal cul ated by thismethod. For comparison,
world estimates based on the method described in
Section |.E are given in bracketsin the tables.

A. DIAGNOSTIC RADIOLOGY

157. Itisnoted in Annex D, “Medical radiation exposures’
that during thelast 20 years, medical imaging has undergone
atechnological revolution; steady advances in the quality of
x-ray images and in patient protection have ensured a
continuing role for diagnogtic x-ray use in hedth care
athough alternative modalities for diagnosis, such as
ultrasound and, particularly in devel oped countries, magnetic
resonance imaging (MRI), are becoming increasngly
available. Nevertheess, x-ray examinations remain the most
frequent use of ionizing radiation in medicine. Occupationa
exposure in medicine depends on a number of factors, the
most important of which is the x-ray procedure. There are
three general procedures that congtitute sources of exposure:
radiography, fluoroscopy, and specia examinations. Radio-
graphy hereistaken to include general -purpose radiography,
computed tomography, and mammography. Specia examina-
tions are taken to include cardiac catheterization, angio-
graphy, and interventional procedures.

158. Workload is an important factor; in general,
occupational exposures are directly proportional to the
workload [N3]. Training and the use of protective aprons
arerelevant, particularly in thecontrol of exposuresduring
fluoroscopy and special examinations.

159. Radiography is by far the most widely used x-ray
imaging technique. During radiography with fixed
installations, theradi ographer would normally be expected
to stand in a control booth that is typically shielded as a
secondary barrier against x-ray tube | eakage and scattered
radiation from the room and patient. Depending on room
sizeand barrier thickness, thedoseto aradiographer inthe
control booth areaistypically lessthan 1 uSv for asingle
film taken with a technique of 80 kVp and 40 mA s[N3].
Mobile units, however, operate in an unshieded
environment and are therefore of greater concern.

160. Although doses to patients from computed tomo-
graphy (CT) may be high, the exposure of staff is usually
low, because the primary x-ray beam is highly collimated,
and scattered radiation levelsarelow. In al such CT units,
leakage of radiation has been reduced to near zero. For
staff in the control room of a properly designed facility,
computed tomography does not represent a significant

source of exposure. Only if an individual is required to
remain in the room with the patient during examination
can a measurable exposure be expected.

161. Fluoroscopic procedures, including those of aspecial
nature, congtitute fewer than 10% of all examinationsin
the United States [N2] but are by far the largest source of
occupational exposure in medicine. During fluoroscopy,
the x-ray tube may beenergized for considerabl e periods of
time. Fluoroscopic procedures require the operator to be
present in the examination room, usualy close to the
patient. In fact, the patient is the main source of exposure
because of scattered radiation.

162. In specia examinations, fluoroscopic times may be
long and the accompanying radi ographic exposures can be
numerous. Staff are nearly always present in the room
close to the patient, and it is difficult to shield against
scattered radiation. Staff exposureratesassociated with the
examinations in such rooms can be 2 mGy h™* or more,
depending on | ocation and fluoroscopi ctechnique. Cardiac
catheterization, in particular, can constitute a source of
relatively high exposure. Procedures involve not only
radiography and fluoroscopy, some also require cineradio-
graphy. During cineradiography, the table-top air kerma
rate may vary from 0.2 to 1 Gy min™. Although an
examination may require only 30-40 seconds of cine-
graphic time, total exposuresto staff can be high [N3].

163. Dataon occupational dosesfrom diagnosticradiol ogy
from the UNSCEAR Survey of Occupational Radiation
Exposures are given in the first part of Table 13 and
FigureVII1I. Thereported number of monitored workersfor
the 1990-1994 data set is about two thirds of the number
for the previousfive-year period, but from awider range of
countries. The countries reporting data on occupational
exposures from diagnostic radiology accounted for about
20% of the GDP worldwide. This compares with 18% for
the countries reporting data for the preceding five-year
period [U3].

164. The last three periods have shown an increasing
trend in the annual number of monitored workersinvolved
worldwidein diagnostic radiology. However, the estimate
for the present period, 950,000 (compared with 1.4 million
for 1985-1989), appearstoindicateareversal of thistrend.
Similarly, the estimated annual average collectivedoseis
significantly reduced: 470 man Sv compared with
760 man Sv for the preceding period. These comparisons
should be regarded with caution, because unlikein earlier
years, the questionnaire completed by countriesincluded a
category “al other medical uses’. Some countries were
only able to provide data covering all medical uses
aggregated together, and they reported them under “all
other medical uses’. If the worldwide estimates deriving
from the “all other medical uses’ category were to be
distributed among the named medical practices in
proportion to the world estimates for these practices, then
the worldwide estimates for diagnostic radiology for
1990-1994 would increase to 1.3 million monitored
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Figure VII. Trends in number of monitored workers,
doses to workers and collective doses for medical
uses of radiation.

workers with an annua collective effective dose of
540 man Sv. These figures are more in line with those from
1985-1989 hut ill show a downward trend. This could be
explained by a possble move in OECD countries (which
dominate the data) to cut back on the monitoring of staff in
response to economic pressures and aso by the impact of
effortsto improve radiological protection practices.

165. Theaverageannual effective doseto monitored workers
averaged over thefour five-year periods hasfallen from 0.94,
through 0.68 and 0.56 to0 0.50 mSv for 1990- 1994. Thissame
downward trend is evident in the data for most countries and
regional groupings, but thereiscons derabl evariation between
countriesin the level of dose and the extent of the decrease.
Most average annua doses are below 1.0 mSv, but somewhat

higher valuesare reported for Pakistan, Peru, the Syrian Arab
Republic, and the United Republic of Tanzania. The data s&t
for 1990-1994 contained more data on the numbers of
measurably exposed workersand thedosesthey received. This
has enabled a more robust worldwide estimate of this
parameter: 1.3 mSy; it is higher by afactor of 2.7 than that
for monitored workers.

166. Some data from the United Kingdom, given in
Table 18, show the breakdown of exposures by occupational
grouping for some diagnostic radiology departments [H3]. It
can be mideading to compare the calculated averages for
groups because of the large number of low doses, but some
conclusons can be drawn on the bass of these data
Radiographers receive less than 0.1 mSv in a year, whereas
radiologistsreceive afew timesmore. Cardiologiststend tobe
themost exposed; their average annual dosewas0.4 mSv, and
an appreciable proportion received more than 1 mSv.

167. Tables19 and 20 show the digtribution of doses for the
medical sector in Spain [H8] and France, respectively [C3].
The Spanish data aso show the distribution for 1989 and
include other use sectors. In 1989 in Spain the number of
medical sector workers exceeding 20 mSv (90) was grester
than the number in the nudear fud cyde sector. By 1995
there had been a significant drop in this number (to 22) and
in the collective dose and the average individua dose. The
higher dosesarein diagnodtic radiography and particularly in
interventiona radiology. This picture is aso reflected in
Table 20, which givesthe French data for 1995. According to
these data, 31 persons in diagnogtic radiology exceeded the
value of 50 mSyv in that year. Worldwide there have been a
number of instances of determinigtic skin effectsarising from
long fluoroscopic exposures [F2, W5).

168. Regional variations in the data for each medical
sector are given in Table 15. For diagnostic radiography,
the regional average individual annual dose is generally
0.3-0.4 mSv; however, average doses greater than 1 mSv
are derived for east Asia, Latin America, and the
remainder region.

B. DENTAL PRACTICE

169. In amost every dental office or clinic, a diagnostic
x-ray machine is available and frequently used. The
number of x-ray devices used in dentistry isthusextremely
large. For example, in France in 1993 more than 35,000
devices were estimated to beinstalled [V 1]. Occupational
exposure in dentistry is from scattered radiation from the
patient and leakage from the tube head, although the latter
should be insignificant with modern equipment. The
general trend over the last 30 or more years has been a
dramatic increase in the number of personnel involved in
dental radiol ogy but asteady decreasein the collectivedose
[N3]. A magjority of dental practitioners do not receive
measurabl e doses, and indeed some regulatory authorities
do not requireroutine individual monitoring except where
the workload is high.
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170. The sum of the GDPs for those countries reporting
datawas about 50% of theworldwidetotal in thefirst five-
year period, increasing to 60% in the third. For 1990-
1994, this share decreased to 40%, largely due to the
absence of data from the United States. On average,
therefore, the data have been scaled up by a factor of 2.5
but with considerabl evariation about thisaverageval uefor
particular regions. However, it has to be noted that the
United States data in previous periods dominated world
estimates out of proportion to the country’s GDP. For
example, in 1985-1989 the United States data accounted
for 64% of theworldwideestimatesof monitored workforce
and 74% of theannual collective effective dose. Therefore,
whileworldwideestimateshavebeen madefor 1990-1994,
it may be ingructive to also compare the worldwide
estimates with the United States data subtracted.

171. The estimates of the worldwide average annual
number of monitored workers(Table 13) for the preceding
three five-year periods were 370,000, 500,000, and
480,000, so that the estimate of 265,000 for 1990-1994
appears to depart from these figures. If the data for the
United States are removed, then the figures, in chrono-
logical order, are155,000, 241,000, 173,000, and 147,000.
This suggests broad comparability over the four periods
and, perhaps, the sensitivity of the estimation methods to
the profile of the data sets.

172. The average annua collective dose was about
120 man Sv in the first period, decreasing to about
25 man Sv in the third, with most of the decrease having
occurred between the second and third periods. The
corresponding estimate for 1990-1994 is 16 man Syv,
continuing the downward trend. The earlier periods were
dominated by United States data, but if these are
subtracted, the values for the four periods are 40, 30, 13,
and 10 man Sv, ill a downward trend. It would be
reasonabl e to expect the United States to continue to show
a downward trend. Therefore the worldwide estimate for
annual collective effective dose of 16 man Sv is considered
more robust than the estimate of the number of monitored
workers. It can be stated with some confidence that dental
radiology does not contribute significantly to medical
occupational exposures.

173. The annual effective dose to monitored workers
worldwideaveraged over five-year periodsfell progressive-
ly, from 0.32 mSv in the first period to 0.05 mSv in the
third. The estimate for the fourth period, 0.06 mSy, is a
marginal increase but well within statistical uncertainty
andin any casealow value. Theregional valuesarewithin
afactor of 5 of the overall average but still low. However
there is considerable variation for some countries.

174. During 1990-1994 more data were reported for
measurably exposed workersand dosedistributions. Thevalue
of 0.28 for SRy is approximatdy twice that for the preceding
period. High individua doses in dentistry are not unknown;
however, it is probable that the recorded doses reflect not the
actual exposure of individuals but the fact that persond

dosmeters are once in awhile l€ft in areas where they could
be irradiated. Given the rdatively low cdllective dose and
average individual doses, it would not take many such
ingtances to digtort the collective dose distribution.

C. NUCLEAR MEDICINE

175. Wheress the broad aim in diagnostic radiology is the
imaging of anatomy, that in nuclear medicine is more the
investigation of physiological processes, with most procedures
involving some form of measurement to quantify organ
function. The use of radionuclide generators, particularly
®MT¢ generators, requires handling tens of gigabecquerds of
radioactive material during the dution process. The magni-
tude of the exposures when performing clinica nucdear
medicine procedures depends on the precautions taken,
including the use of syringe shidds when performing the
injections. Personnel must be d ose to the patient when giving
the injections and while positioning the patient and camera.
Usually, theimaging process makes the grestest contribution
to the exposure of gaff [B1]. Internal exposures of personnd
are usualy much less than externa exposures, they are
controlled by monitoring work surfaces and airborne
concentrations, athough some medica centres conduct

routine bioassays [N3].

176. The total number of nuclear medicine procedures
performed in the United States at the start of the 1990swas
about 100 million; some 90% of these were radioimmuno-
assay invedigations, and the remainder were in vivo
adminidrations of radioactive materials. The number of in
vivo nudear medicine procedures increased by about 16%,
from 6.4 million to 7.4 million per year from 1980 to 1990.
This was less than the projected 8% per year increase
expected over that period, because some techniques, such as
the use of ®™Tc for brain scintigraphy and *"Tc sulphur
colloid liver imaging virtualy disappeared. (Computed
tomography and magnetic resonance imaging have largey
replaced those techniques)) Some other techniques, such as
positron emission tomography for mapping certain functions
of the brain, show increasng use [N3]. The number of
ingalations in France approved to undertake nuclear
medicinein 1993 was 257 for invivo therapeutic or diagnogtic
uses of radionudlides and 202 for in vitro uses [V1]].

177. Radionuclides used for organ imaging, for example
®mTc, emit penetrating gamma radiation and give rise to
the exposure of nuclear medicine staff and other personsin
thevicinity of patients undergoing diagnosis or treatment.
The dose rate at 1 m from a typical diagnostic patient is
about 10 uSv h™* after the administration of 0.74 GBq of
®mTc. Therapeutic administrations, for example 3.7 GBq
of !, giveriseto adose rate of about 200 uSv h™*at 1 m
from the patient, who will normally need to be segregated
to reduce the exposure of other persons in the vicinity.
Samples of blood taken from a patient also represent a
source of staff exposure. Work involving the preparation
and assay of radiopharmaceutical s tends to be associated
with the highest occupational exposuresin this field and



528 ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

can give rise to annual doses up to about 5 mSv. Doses to
hands and fingers can range up to the annual limit of
500 mSv, and various shielding devices can be used to
reduce extremity doses. However, the magjority of workers
in nuclear medicine departments who are not directly
handling radiopharmaceutical srecel vevery | ow exposures,
typically lessthan 1 mSv in ayear [N5].

178. Since the data on occupationa exposure arising in
nuclear medicinerarely distingui sh between diagnosticand
therapeutic applications, the present analysisisdirected to
overal levels of exposure in the field. Consideration is
limited here to effective dose, to which extremity doses do
not contribute. However in view of the potential for
significant extremity doses in nuclear medicine, these
would merit attention in any future analysis.

179. The sum of the GDPs for those countries reporting
data accounted for about 12% of the worldwide total in the
first period, rising to 18% for thethird. The proportion for
the present analysis was 19%, and allowing for regional
reporting differences, on average the reported data have
been scaled up by a factor of 7 but with considerable
variation about this average value for particular regions
and periods.

180. The annua number of monitored workers, averaged
over the five-year periods, in nudear medicine worldwide
have steadily increased, with 61,000, 81,000, 90,000, and
115,000 being the estimated values for the four periods (see
Tables 13 and 16). The corresponding values for the average
annual worldwide collective effective dose are 62, 85, 85, and
90 man Sv. The annual effective dose to monitored workers
worldwide, averaged over five-year period, varied little over
the firg three periods, with a typica vadue of 1.0 mSv.
However, the edimated value for 1990-1994 was lower,
0.79 mSv. Therewere someregiona variations, most notably
for the Indian subcontinent and Latin America, which had
values of about 2.3 mSv. Smilarly, there are nationa
variations, in particular for Pakistan and Peru, where
somewhat higher doses were experienced. The worldwide
average annual dose for measurably exposed workers during
1990-1994 was 1.4 mSyv, with the values for the Indian
subcontinent and Latin American being about 4.0 mSv.

181. The fraction of the monitored workforce worldwide
receiving annual dosesin excessof 15 mSv continuestobe
small. Indeed, only some 2% exceeded 5 mSv. Thisisthe
situation in most countries, but there are exceptions; in
particular Pakistan (26% in excess of 15 mSv) and Cuba
(13% in excess of 10 mSv). These variations are also
evident in the distribution ratios for collective dose.

D. RADIOTHERAPY

182. Therapeutic uses of ionizing radiation are quite
different in purpose from diagnostic radiological procedures.
Radiotherapy is an important treatment modality for malig-
nant disease (see Annex D, “Medical radiation exposures’).

There are three main categories of activity in radiation
oncology: brachytherapy, external beam trestment, and
therapy simulation [N3]. Brachytherapy, where there is
manual loading of the radioactive sources, isusualy themost
significant sourceof personne exposure. Exposuresmay occur
during receipt and preparation of the sources, during loading
and unloading, and during trestment. Personnel should not
normally be present in the treatment room when externa
beam therapy is being used, with the possible exception of
low-energy (50 kVp and less) x-ray contact therapy units,
which are sometimes used for intracavitary trestments. Some
exposures can, however, occur from ®Co teletherapy units as
aresult of leekage while the source isin the off position and
from radiation that penetrates the barrier during use. The
types of exposure from linear accderators, betatrons, and
microtrons depend on the type of beam (photon or eectron)
and the beam energy. Bdow 10 MeV, exposure comes only
from radiation that penetrates the protective barrier. Above
10 MeV, photonuclear reactions can produce neutrons and
activation products. The neutrons can penetratethe protective
barrier while the unit is operating. Residua activity can
expose personnd who enter the treatment room immediately
after the treatment has been ddivered. The exposures,
however, are normally low. Exposures from smulators and
other diagnostic imaging equipment used to plan treatments
areaso normally low [N3].

183. Thedata on occupational dosesin radiotherapy from
the UNSCEAR Survey of Occupational Radiation
Exposures areincluded in Table 13. Data from the United
Kingdom for specific groups of workersin a sample study
are given in Table 21 [H3]. Relatively few beam radio-
graphers, radiotherapists, technicians, or other support
staff recelve annual doses exceeding 1 mSv. With brachy-
therapy procedures, some theatre and ward nurses receive
over 5mSvin ayear.

184. Worldwide levels of dose and numbers of workers
involvedin radiotherapy have been estimated from national
datausing the same extrapol ation procedures aspreviously
described. The coverage and scaling of the data were
similar to that for nuclear medicine.

185. Theannua number of monitored workers, averaged
over fiveyear periods, in radiotherapy worldwide are
estimated to have been 84,000, 110,000, 110,000, and
120,000 for the four periods chronologically. (Some 60%
of these are employed in countries of the OECD.) The
corresponding figures for the average annual worldwide
collective effective dose are 190, 180, 100, and 65 man Sv.
Thelast two five-year periods have seen fairly significant
reductions in this parameter. While some of this decrease
will have been duetogeneral improvementsin radiol ogical
protection arrangements, a large part of it probably came
in brachytherapy, following the replacement of many
radium sources by caesium sources and the widespread use
of remote afterloading equipment.

186. The annua effective dose to monitored workers
worldwide, averaged over five-year periods, fdl consistently



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES 529

over the four periods, with values of 2.2, 1.6, 0.87 and
0.55 mSv (chronological order). This downward trend is
reflected in most of the countriesreporting, athough thereare
a few exceptions to the generd levd of average annud
effective dose, most notably Pakistan and the United Republic
of Tanzania, both of which reported values of about 10 mSv.
The average annual dose to measurably exposed workers
worldwide was 1.3 mSv, higher by a factor of about 2.7 than
that to monitored workers. Thefraction of monitored workers,
averaged over the reported data, receiving annua effective
doses in excess of 15 mSv was small, and indeed only 2%
exceeded 5 mSv. This is smilar to the figure for nuclear
medicine as is the dose didtribution for collective effective
dose. The vaues for SR, decreased from about 0.30 for the
firdt period to 0.15 for the latest period. The noted higher
average annual individual doses for Pakistan and the United
Republic of Tanzania are also reflected in the digtribution
ratios NR and SR.

E. ALL OTHER MEDICAL USES
OF RADIATION

187. The category “all other medical uses of radiation”
was intended to cover the expanding uses of radiation
within themedical sector that did not fit into the categories
of diagnosticradiol ogy, dental radiology, nuclear medicine,
or radiotherapy, the principal example being biomedical
research. However, previous UNSCEAR reports contained
a combined category, “all medical uses of radiation”, and
this may have led to some confusion in completion of the
guestionnaire. It was possible to identify and eliminate
from this category data that were simply an aggregation of
data provided for the various practices. However the
potential for a small degree of double counting cannot be
eliminated. More importantly, some countries were not
able to provide medical sector data in the various
categoriesand opted to put all their datainto this category.
Indeed it isnoticeablein Table 13 that there are some very
large monitored populations (in excess of 100,000) in this
category, which is unexpected. These data require
clarification beforethey areinterpreted; unfortunately, they
account for about 68% of the data. In terms of numbers of
monitored workers, thiscategory accountsfor some 65% of
the total reported for all medical exposures. This could
have been a significant confounding factor for the
estimates made for the various categories of medical use.
However, the problem mainly affects the OECD region
(Germany and Japan), and the level of reporting over the
other countriesof theregion wassufficient toensure usable
extrapolations in each of the categories. In view of the
problem, no attempt has been made to produce world
estimates for the “all other medical uses’ category.

F. SUMMARY

188. National data on occupational exposures from all
medical of radiation averaged over five-year periods are
givenin Table 14. Worldwide levels of exposure have been

estimated from thereported data by extrapol ation based on
GDP. However it should be noted that in accounting for the
lack of data from the United States, the method of
estimation for the United States region was modified: the
United States values were assumed to be equal to those of
the rest of the OECD. This is discussed more fully in
paragraph 156. In Figure IX, the collective effective doses
from al medical uses of radiation in each country reporting
datain 1990-1994 are shown in relation to GDP. The broad
correlaion between the two quantities is evident, with the
degree of correlation generally increasing when consideration
is limited to particular regions. For some countries in a
geographical or economic region, the normalized collective
dose (normalized in terms of the GDP) differed greetly from
the average for that region. In most of these cases the vaues
were much smdler 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 countries.
Similar observati onshave been madefor theseparate practices
involving industrial uses of radiation. Notwithstanding these
reservations on the completeness of some of thereported data,
no attempt has been made to correct for this, and the reported
datawereall included in the estimation of worldwidelevelsof
exposure. Any errors due to incompleteness of the reported
data are unlikely to be significant in comparison with the
uncertainty introduced by the extrapolation processitsef and
by the assumption that all of the reported doses are good
surrogates for effective dose.
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Figure IX. Trends in normalized collective effective
dose (to GDP) for all medical uses of radiation.

189. The data on occupational exposuresfrom all medical
uses of radiation are presented for various geographic
regions and economic groupingsin Table 17. 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, 1989, and 1994, respectively), direct
comparisons cannot be made without appropriate
corrections. Within a given period, the normalized
collective doses vary by afactor of about 2 between most
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regions. The main exception to this in the first three
periods was the United States, although some significant
variations between periods for different regionsare noted.
The period 1990-1994 has seen a convergence of the
normalized collective doses for the regions, a notable
exception iseastern Europe. Thismay reflect thechangein
profile of reporting countries in the wake of the palitical
changes taking place.
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190. The exposure data for the major regional groupings
of countries are illustrated in Figure X. The worldwide
annual number of monitored workers averaged over five-
year periodsis estimated to have increased from about 1.3
million through 1.9 and 2.2 to 2.3 million for 1990-1994.
Themajority of theseworkerswere employed in the United
States or in the rest of the OECD countries. Data for the
four periods grouped by medical use sector are given in
Table 16. Asdiscussed in paragraph 187, thewording “all
other medical exposures’ is a confounding factor in the
estimation of annual number of monitored workers,
averaged over the 1990-1994 period, for the different
medical uses. Caution should therefore be exercised in
comparing these figures with previous periods. However
theratios between the use sectorsare similar tothosein the
earlier periods and indicate that about 65% of the
monitored workers are involved in diagnostic radiol ogy,
20% in dental radiology, and 7% each in nuclear medicine
and radiotherapy.

191. The worldwide annual collective effective dose,
averaged over five-year periods, remained relatively uni-
form over the first three periods, about 1,000 man Sv.
However, the UNSCEAR 1993 Report [U3] suggested that
this might be an overestimate of the worldwide collective
dose, with the diagnostic radiography contribution, which
was the largest component, suspected of having been
overestimated. The worldwide annual collective effective
dose, averaged over 1990- 1994, is estimated to have been
760 man Sv. Thisis a significant decrease relative to the
previous periods and is consistent with the cautionary
comments in the UNSCEAR 1993 Report [U3]. While a
number of confounding factors have been identified in the
extrapolations, the overall picture across the reporting
countries is one of reduced collective doses; this finding
provides a degree of confidencein the downward trend.

192. Over the four periods there appear to have been
significant changes in the contribution of the different
medical usestothetotal collectivedose. Thecontribution from
diagnostic radiography rose, from 62% to 73% (A higher
percentage, 78%, was recorded for 1985-1989, but as noted
earlier, the validity of the data is somewhat suspect). The
contributions from dental radiology and radictherapy both
decreased sgnificantly, from 12% to 3% and 20% to 10%,
respectively. Conversdy, the contribution from nuclear
medicine increased, from 6% to 14%.

193. The average annua effective doses to monitored
workersinvolved in medical usesof radiation and thedosesto
monitored workers in each of the categories of medical use
have, with two minor exceptions, cons stently decreased over
the four periods. The exceptions are therise, from 1.01 mSv
to 1.04 mSv, for nudear medicine between the firg and
second periods and the indgnificant rise for denta
radiography, from 0.05 mSv in the third period to 0.06 mSv
in the fourth period. The overall reductions over the four
periods have been for diagnostic radiography, from 0.94 mSv
to 0.50 mSv; for dental radiography, from 0.32 to 0.06 mSy;
for nudear medicine, from 1.0 to 0.79 mSv; and for
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radiotherapy, from 2.2 t0 0.55 mSv. Over thefour periodsthe
value for all medical uses decreased by a factor of about 2.4,
to 0.33 mSv. Fewer data have been available for the average
annual effective doses to measurably exposed workers, but
rdative to the preceding period the estimated value for
1990-19% fdl, from 1.7 to 1.4 mSv.

194. For 1990-1994 the fraction of monitored workers
worldwide exposed to annual effective doses in excess of

15 mSv was small (lessthan 1% for each medical practice
and for medical uses overall). Indeed for all medica
practices, only 1% exceeded 5 mSv. For some individual
practices this percentage rose to 2%. The value of SRy5
decreased from about 0.14 to 0.10 between the first and
second periods and then increased to 0.24 for the third.
This was attributed to somewhat higher values for China,
reported only for the third period. The value for
1990-1994, 0.14, reasserts the downward trend.

IV. INDUSTRIAL USES OF RADIATION

195. Radiation sources, including sealed sources, x-ray
machines, and particle accderators, are used in a number of
industrial applications. Among these are indudtria irradia-
tion; non-destructive testing (particularly indugtria radio-
graphy); wdl logging; luminizing; thickness, moisture,
density, and level gauging; tracer techniques; and fluoroscopic
and crydtallographic analysis of materials. Asan example, in
France, in 1993, there were 785 known x-ray generators and
850 gammaradiography devices being used for non-
destructive testing [V1]. In addition, there were 16 industria
accelerators, 85irradiators, morethan 10,000 gauges, and 200
x-ray fluorescence analysers. Because of the many different
occupations involved and the ways in which exposures are
categorized, it is difficult to obtain comparable gatigtics in
different countries. Most exposures in industria uses of
radiation are small, which contributes to the lack of detail in
recorded data. Inthe UNSCEAR 1993 Report [U3], exposures
were considered for those groups of workers that generaly
experiencehigher doses industrial radiographers, luminizers,
and well loggers. Workersinvolved in isotope production and
workers employed and monitored at education and research
ingitutes were also assessed. The following categories are
used in the survey of data for 1990-1994: indudtria
irradiation, indugtria radiography, luminizing, radioisotope
production, well logging, acceerator operation, and all other
indugtrial uses. For the three previous periods the exposure of
workersin educational establishments and tertiary education
wasincluded within the general category of industrial uses; in
this Annex these exposures are included within a miscella-
neous category in Chapter VII.

196. Differences may exist in the procedures used in
various countries to group workers occupationally, which
limits the validity of direct comparisons between data
compiled in different countries. Where these limitations
may be important, they areidentified. The extent towhich
valid comparisons can be made between countriesis also
influenced by differences in the approaches used to
measureand report occupational exposures, e.g. thetypeof
dosimeter used, its minimum detectable level (MDL), the
dose entered into records when the measured dose is less
than the MDL, and doses assigned for lost dosimeters.
These differencesand their implicationsfor the validity of
comparisons between data were discussed in Chapter 1.
The approaches used in measuring and reporting occupa-

tional exposures in each of the countries for which data
werereported aresummarizedin Table2. Whereimportant
differences in approach are apparent, caution should be
exercised in making direct comparisons between data.

197. National dataon occupational exposuresarising from
theindustrial use of radiation for the categories mentioned
above are given in Table 22. From the data set available,
worldwide extrapol ations were possible only for industrial
radiography and radioisotope production. These were
derived using extrapol ationswithin regionsbased on GDP,
using the procedure described in Section |.E. Thedegreeof
extrapolation needed varied, and whiletherewasagenera
correl ation with GDP, thiswas|essrobust than for thedata
on medical uses (seeFigure XI). Thereported data, broken
down by practice and region, are given in Table 23.
National datafor thevariouscategorieswereaggregated by
country to give data on exposures to workers from all
industrial usesof radiation; they are presentedin Table24.
Worldwide estimates of exposure were derived using
extrapolations within regions, as above, but the data from
the United States were limited and the correlation with
GDP was poor. The Committee therefore used OECD
figures as a surrogate, as was done for exposures from
medical uses.
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A. INDUSTRIAL IRRADIATION

198. Therearecurrently 160 gammerirradiation facilitiesand
over 600 dectron-beam facilitiesin operation throughout the
world[13]. Themost widespread usesof thesefacilitiesarethe
derilization of medical and pharmaceutical products, the
preservation of foodstuffs, polymer synthes sand modification,
and the eradication of insect infestation. Gammaand eectron
irradiation facilities have to be constructed such that during
normal use any radiation exposure of workers will be very
dight. Theproduct dosesrequired areextremdy high, and the
source activities or beam currents are correspondingly high.
For gammafacilitiesthe sourcewould typically be*Coin the
petabequerd (PBq) range; some *'Cs sources are also used.
Doseratesin theirradiation chamber would be of the order of
1Gys?, andin some casesthereis aneed to protect againgt
radiogenic heating that could causefires.

199. Clearly, because such high dose rates are involved
thereisaneed for sophisticated engineered safety systems
that meet the defence-in-depth principle [13, 18]. The
shielding provided by such facilities is necessarily
significant, and during normal usage the exposure of
workersshould bevery low. However, significant exposure
may result from loss of control over, or damage to, the
radiation source, and in extreme cases, the exposures may
be sufficient to cause seriousinjury or even fatalitiesin the
short term. Accidents at these facilities are discussed in
Chapter VII.

200. Thiscategory of work wasnot specifically considered
in the previous UNSCEAR Survey of Occupational
Radiation Exposures [U3]. The available data, given in
Table 22, are limited and cover just 15 countries. Of
crucial importance isthe fact that there are few data from
the large industrialized countries, where the greatest
number of irradiatorsarelocated. Typically, the number of
workers in an irradiation facility is relatively small,
although the data from Japan indicate aremarkably large
number of monitored workers, some 55,000. Thisaccounts
for 96% of all the reported monitored workers, and there-
fore any comparisons should be treated with caution. The
data set was not sufficient to allow a reliable worldwide
estimate. However, acrude estimate based on aglobal GDP
extrapolation would indicate a monitored workforce of a
few hundred thousand and an annual collective effective
dose of a few tens of man sieverts worldwide. Thus, the
lack of data for this sector is unlikely to affect overall
industrial use estimates.

201. For thereported data, the average annual individual
effective dose per monitored worker ranges from zero to
1.3 mSv, with an overall average of 0.10 mSv. The
corresponding figures for measurably exposed workers
rangefrom 0.15t0 2.8 mSv. Thelatter figureisfrom Japan
and dominates the average annua effective dose to
measurably exposed workers, 2.3 mSv. The values of NR
for Japan (and overall) arelow, indicating that few workers
receiveany significant exposure. Thecorresponding val ues
of SR show a significant component of collective dosein

the upper levels of individual dose. The raw data for SR;5
and NRy; indicate that, distributed reasonably uniformly
over the five-year period, an aggregate of 268 workers
received 10.6 man Sv, equivalent to some 50 persons each
receiving 40 mSv.

B. INDUSTRIAL RADIOGRAPHY

202. Industrial radiography is performed under two quite
different sets of conditions. In thefirst, it iscarried out at
asingle location, usually in a permanent facility that has
been designed and shielded for the purposeg; in this case,
itemsto be radiographed are brought to the facility. In the
second, theradiography iscarried out at multiplelocations
in the field, in which case the radiographic equipment is
brought to the location where the radiograph is required,
often referred to as site radiography. There are often
significant differences in the degree of control that can be
exercised in the two situations. However, few of the data
reported to the Committee distinguish between the two
Situations.

203. Both x-ray equipment and sealed sourcesare used in
industrial radiography. The most common sealed sources
are ™™ (activity between 1.8 and 4.4 TBq), ®Co (activity
of the order of 0.3 GBg), and *'Cs (activity between 0.3
and 80 GBq). These can be used in three basic formats.
The oldest format is direct manual manipulation, which
either uses handling equipment or is an integral part of a
shielded “torch”. This format, which was prevalent in the
1970s but declining in the 1980s, still has some usage.
Another format has the sourcein ashielded container; the
source can be rotated or moved to produce a collimated
beam. This format, too, is declining in usage. By far the
largest amount of gammaradiography is carried out using
remote exposure containers. Typically, thesourceison the
end of a drive cable that can be controlled from 10 or so
metresaway, sothat the sourceisprojected down aflexible
tube to the radiography position, where a collimator is
normally positioned to reduce the radiation dose to the
operators. These devices are portable and are widely used
for site radiography. They are also used in fixed facility
radiography, wherethey can beintegrated intotheinstalled
safety systems, athough this is not always done. Some
installed systems use pneumatic or electrical drives. The
x-ray sets in industrial radiography typicaly vary in
applied voltage from 60 to 300 kV, athough there are
some400-kV units. In addition, thereareasmaller number
of linear accelerators, typicaly in the range 1-8 MV.
These are mostly in fixed facilities with installed safety
systems, but there are a few mobile units.

204. In siteradiography, the working conditions are such
that some routine exposure is expected. For gamma
radiography this mostly derives from exposure while the
sourceisintransit from the shielded container to and from
the collimator position; hence, positioning of the control
position isrelevant. If acollimator isnot used, doses from
primary radiation and scattered radiation will be larger.
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205. In fixed radiography facilities, the shielding and
engineered safety systems should ensure low doses.
However, variable standards of design for safety systems,
or poor maintenance and degradation of the systems, may
give rise to incidents that, if not quickly recognized, can
lead to exposures above the dose limit or even the levels
that might result in deterministic effects.

206. Site radiography presents a number of radiological
safety challenges. Thework is often undertaken in remote,
difficult, or even hostile environments;, in addition,
supervision tends to be poor, it is a highly competitive
business, and the equipment must be robust. A common
faillure mode in gamma radiography is for the source to
become detached from the drive cable but not to be
detected immediately, owing to poor or non-existent
monitoring. In short, in addition to the possibility of high
routine doses, there is the possibility of equipment and
procedural failures, apotentially lethal combination. Once
sources are removed from control or discarded, they can be
the cause of accidental exposures of membersof the public
(see Chapter VII).

207. Worldwide levels of dose have been estimated from
national data by extrapolation within regions based on
GDP. The countries reporting data accounted for about
35% of the worldwide total in the first five-year period,
increasing to 65% in the third and 66% in the fourth. On
average, therefore, the reported data have been scaled
upward by a factor of about 2 but with considerable
variation about this average for particular periods and
regions. The superficial similarity in the percentage of
countries reporting for the third and fourth periods
warrants closer examination. While there is generally
reasonable correlation of the data with GDP, the data for
the United Statesin thefourth period areradically different
from thedatafor thethird; 10,000 monitored workerswith
an annua collective dose of 5.75 man Sv and 274,000
monitored workers with a collective dose of 101 man Sv,
respectively. The estimates of numbers of workers and
doses in industrial radiography worldwide are given in
Table22, with trendsover timealsoshownin Table25 and
Figure X1I. The annual number of monitored workersin
industrial radiography, averaged over five-year periodsis
estimated to have increased from about 70,000 over the
first period to about 110,000 over each of the last three
periods, with some 10% variation about this value. 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
t0 160 and 170 man Sv in thethird and fourth periods. For
thefirst three periods, about 50% of the coll ectivedosewas
estimated to have occurred in the countries of the OECD,
with about afurther 25% to 30%in eastern Europe. For the
fourth period the contribution from the OECD countries
dropped to 40%.

208. The worldwide annual effective dose to monitored
workersaveraged over five-year periodsfell progressively,
from about 2.6 mSv in thefirst periodto 1.4 mSv in the
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third. However, for the fourth period there was a small
increase, to 1.6 mSv. The validity of this figure is con-
founded by the sparse data from the United States. If it is
assumed, as was done elsewhere in this Annex, that the
United States approximates to the rest of the OECD, the
corresponding figure would be 1.4 mSv, identical to that
for the third period. The implication is that at best the
worldwidevaluefor theannual effective doseto monitored
workers is not falling. The national data show great
variability, with some countries showing reductions and
others showing increases. Many countries show dose
distributions with low values for NR but with relatively
high valuesfor SR;; and SR, Aswith well logging, these
ratios suggest that a small percentage of the workforce
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receives doses, often routindy, above 10 mSv or 15 mSv.
These individuals are likely to be involved in site
radiography. At anational level the profile of doses can be
significantly affected by industrial/commercial activity
profiles. For example, large investmentsin power stations
(particularly nuclear), pipeline construction, and the
petrochemical industry can result in increased demandsfor
siteradiography, which non-destructivetesting companies
respond to with increased staff and activity; this activity
tapers off when industrial investment starts to languish.

209. Inpreviousperiodsrelatively few datawere available
on average doses to measurably exposed workers as
opposed to monitored workers, and no attemptswere made
to estimate a worldwide average. However, more relevant
data have been provided for the fourth period, and the
worldwide average annual dose to measurably exposed
workers is estimated to be 3.2 mSv. This estimate should
be treated with caution as the national data in Table 22
show considerable variation up to about 20 mSv.

210. Doseinformation for industrial radiographersin the
United Kingdom from 1986 to 1994 is given in Table 26
[H1, H2]. This showsthat, contrary to the trends for other
groups of workers, there has been little or no reduction in
the number of workers exceeding specified dose levels.
Indeed in the latter part of the reporting period and
subsequently, industrial radiography replaced the nuclear
industry as the industry with the most exposures in the
dose ranges above 20 and 50 mSv.

C. LUMINIZING

211. Radioactive materials have been used in luminizing
for decades. Thenumber of workersinvolved hasbeen low,
with fewer than 1,000 reported in each of the periods.
There has with time been a shift away from the use of
radium to tritium and, to alesser extent, *’Pm. Tritiumis
used in two forms: mixed with a phosphor in a paint and
as agas enclosed in a phosphor-lined, glass-walled tube.

212. The data for 1990- 1994 reported in Table 22 come
from only three countries and are not comprehensive
enough to enable a reliable estimate of the worldwide
levels of dose from the industry. The reported number of
monitored workers is less than 100; they received a
collectivedose of 0.03 man Sv and an average annual dose
of 0.38 mSv. Thefiguresreported for the preceding period
were 540 monitored workers, a collective dose of
1.45 man Sv, and an average annual dose of 2.7 mSv.
Historically, the doses to workers involved in luminizing
were high, but recent years have seen a significant
reduction. Indeed it now seems likely that, worldwide,
fewer than 1,000 workersareinvolved and that luminizing
contributes less than 1 man Sv to worldwide occupational
exposure. It may therefore not berelevant to treat these as
a separate category in future reviews but to include them
instead in the “other industrial uses’ category.

213. Luminizing is one of the oldest indudtrial uses of
ionizing radiation, and while direct occupational exposure
may be low, there are other exposures from the legacy of this
type of work. The limited controls in place during the early
widespread use of radium have |eft many contaminated sites
around the world, some known and others just coming to
light. The decontamination and remediation of these Stes
have implications for occupational exposure, but the dataare
very scarce and are likdy to be subsumed in broader
categories. Ancther aspect of luminizing isthe fact that there
are many millions of luminized itemsthat can end up in the
public domain.

D. RADIOISOTOPE PRODUCTION
AND DISTRIBUTION

214. Radioisotopes are produced for a great variety of
industrial and medical purposes. The main source of
occupational exposure in radioiosotope production and
distribution isexternal 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 their inclusion isfar from universal.
Reporting conventionsfor workersinvolvedin radi oi sotope
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
radioi sotopes or whether they alsoincludethose arising in
the subsequent processing, encapsulation, packaging, and
distribution of radionuclidesthat may have been purchased
in bulk from el sewhere), and this may affect the validity of
comparisons between reported doses.

215. Worldwide levels of exposure have been estimated
from reported national data, using extrapolation within
regions based on GDP. Thedataset issmaller than that for
industrial radiography, and on average the scale factor
used is higher, about 3, with considerable variation about
this figure. Nevertheless, it has been possible to make an
estimate of worldwide exposure. The number of workers
involved in radioisotope production around the world,
averaged over five-year periods, increased from about
57,000 in the first period to about 88,000 in the third
period, reflecting the growing use of radioisotopesin both
industry and medicine. However, the estimate for the
fourth periodisonly about 24,000 workersmonitored. Data
for previous periods was dominated by data from the
United States (about 30,000 monitored in thethird period).
There are no signs that the market for radioisotopes is
declining, and evenif theUnited States’ contributioninthe
fourth period was the same as in the third, the number of
monitored workers would till be only 50,000. It is
therefore concluded that there has been a genuine
reduction in monitored workers. The industry is now
matureand well established, with multinational companies
replacing the often nationally focused entities that
prevailed in earlier years. This has meant some
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rationalization of production and economies of scale,
reflected in the declining numbers of exposed workers.

216. Despite the above-mentioned increases over thefirst
three periods, the estimated worldwide annual collective
effective dose dropped from more than 130 man Sv in the
first period to about 100 man Sv in both the second and
third. The estimate for the fourth period is 47 man Sv, a
reduction by afactor of about 2. While the estimated value
may be low as the result of a smaller data set, when the
error margins over time are taken into account, the data
would be consistent with acompound reduction of 30% per
period. Alternatively, thereduction by afactor of 2 relative
to the last period would be consistent with the emphasis
given to ALARA in thelate 1980s by international bodies
[E3, 15, 112] having worked its way through to
implementation in thefourth period. Overall, theestimated
valueisconsidered valid. Asin previous periods, about two
thirds of these collective doses are estimated to have
occurred in OECD countries, with most of the remainder
occurring in eastern Europe and southern and South-East
Asia

217. The annual dose to monitored workers worldwide
averaged over five-year periodsfell, from about 2.3mSvin
thefirst period to about 1.1 mSv in the third period. The
estimatefor thefourth period, 1.9 mSv, indicatesareversal
of this trend. While the limited data set must cast some
doubt on this figure, it would be consistent with the
significant reductionintheestimated workforce. Moredata
were available for the fourth period on average annua
doses to measurably exposed workers, allowing a
worldwide estimate of 2.9 mSv. Some two thirds of the
monitored workers are estimated to have received
measurable doses. Thisisafairly consistent pattern across
the reporting countries, and the dose profilesindicated by
the NR and SR values are similar to those for industrial

radiography.

218. In the manufacture and processing of radionuclides
there is the potential for both internal and externa
exposure. It is not always apparent, however, from the
reported data whether the internal component was
significant and whether it was included in the dose
estimates. Thedatafor the United Kingdom from 1985 and
for Finland from 1987 onward include doses from intakes
of radionuclides. In general, the contribution to the total
dose was reported to be afew percent. It would be useful if
in future all data could clarify the component parts.

E. WELL LOGGING

219. Wdll logging hasbeen identified in somecountriesas
an industrial use that can lead to higher doses to workers
than other industrial uses. Thisis sometimes attributed to
the manual manipulation of sourcesin small spaces, such
ason ail rigs. Both gammaand neutron sourcesareusedin
well logging, but the contribution from each tothereported
dosesis generally not indicated.

220. Thedataon well logging, presented in Table 22, are
not sufficient to enable a reliable estimate of worldwide
levels of dose. Nevertheless, areview of the data suggests
that a scaling factor of 10 used on the total reported data
could set an upper bound for the likely worldwide figures.
This suggests aworldwide annual collective effective dose
of a few tens of man sieverts, or less than 10% of the
overall exposure from industrial uses.

221. The annual effective dose to monitored workers
averaged over the reported data for 1990-1994 is
0.36 mSv, continuing the trend observed over the three
previous periods, for which the corresponding figureswere
1.3, 1.2, and 1.1 mSv. Although thisis ardatively low
figure, therewas considerabl evariation between countries;
Slovakia, for example, reported a value of 5.3 mSv. The
average annual effective dose to measurably exposed
workers based on the aggregated reported data was
0.79 mSyv for thefourth period. The distribution ratios NR
and SRindicatethat whileamajority of monitored workers
get low doses, some in thisindustrial sector receive more
significant doses, although not as high asin, for example,
industrial radiography or radioisotope production.

F. ACCELERATOR OPERATION

222. Consideration is limited here to occupational
exposures arising from acceerators used for nuclear
physics research at universities and national and
international laboratories. Accelerators (generally of
somewhat smaller size) are increasingly being used for
medical purposes, i.e. therapy and radiopharmaceutical
purposes; however, the exposures arising from them are
more appropriately associated with exposuresarising from
the medical uses of radiation. Similarly, accelerators are
also found in radiography and commercial radioisotope
production, but again theseare dealt with under thosework
categories. Most exposures from accelerators result from
induced radioactivity and occur mainly during the repair,
maintenance, and modification of equipment. They come
mainly from gamma radiation from the activation of solid
surrounding materials by penetrating radiation. The
potential for internal exposure in the normal operation of
acceleratorsisdight, and dosesviathisroutearenegligible
in comparison with those from external irradiation.

223. Early high-energy accelerators used internal targets
to produce either radioisotopes or secondary 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; thisisstill true for many of the early
cyclotrons that are till in operation. Between 1960 and
1980, beam extraction techniques were improved, which
led to reduced levels of activation products, these
reductionswere, however, largely offset by the continuing
increases in beam power.
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224, In the 1980s, two developments had an important
influence on occupational exposures at accelerators. The
first was the increasing importance of colliding beam
techniques for the production of events of interest to the
particle physics community. Average beam intensities, as
measured by the number of particles accel erated per day,
are several orders of magnitude lower than those 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 second development was a move towards
heavy ion operation, where again the accelerated beam
intensitiesareseveral ordersof magnitudelower thanthose
with proton acceleration. Thishasalsoled to adecreasein
activation productsand, consequently, in exposuresduring
maintenance.

225. As a consequence of these technical developments
and the greater emphasis given generally to ALARA
programmes at accel erators, therewerelargereductionsin
the collective effective doses at large accelerator
laboratories between the mid-1970s and the mid-1980s
[P2]. Decreases in the annual collective dose, from about
0.1 to 0.01 man Sv, were experienced at Deutches
Elektronen Synchrotron; from about 0.2 to 0.02 man Sv at
Daresbury Nuclear PhysicsLaboratory; from about 5to 1.5
man Sv at the European Organization for Nuclear
Research; and from about 0.5 to about 0.2 man Sv at the
Lawrence Berkeley Laboratory.

226. Theavailabledata, shownin Table 22, cover only some
1,300 monitored workers from eight countries and are not
complete enough to permit a rdiable estimate of the world-
wide dose from accd erators; however, the sums (or averages)
of theavailable dataare shown. Theaverage annual callective
effective dose for the reported data is about 1.0 man Sy,
compared with about 7.4 man Sv for the first period and 3.7
and 3.5 man Sy for theintervening periods. The data set does
not permit drawing any conclusions beyond that the levels of
annual collective dose are consistent and that the contribution
to worldwide doses from al industrial uses is likdy to be
inggnificant. The average annual effective dose to monitored
workersfor thereported datais0.75 mSv, dightly higher than
the 0.62 mSv reported for the previous period. Again, undue
significance should not be attached to this apparent increase,
and it would be more appropriate to cond udethat thedataare
broadly consstent with those for previous periods.

G. ALL OTHER INDUSTRIAL USES

227. There are many other uses of radiation in industry,
e.g. in soil moisture gauges, thickness gauges, and x-ray
diffraction, but occupational exposure data for these are
not, in general, separately identified or reported. The
number of workers potentially exposed in these other uses
may substantially exceed thosein the few occupations for
which data have been separately presented in this Chapter.
The average exposure levels of workers involved in other
uses of radiation are, in general, small. However, because

of the way in which the doses are 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
dosessignificantly in excess of theaverageisfor thosewho
compile data to inspect the data periodically. Such
inspection is to be encouraged.

228. As is the case for the comparable genera category
under medicd uses, there are several entries of tens of
thousands of monitored workers, e.g. in Germany, Japan, and
the United Kingdom. These entries appear in this Section
becausethe national systemsfor collecting datado not readily
permit desegregating the data into the categories used in this
review. Neverthdess it is important that these data are
captured as they feed into the next Section.

H. SUMMARY

229. Table 24 showsthe national data from al industrial
uses of radiation grouped together. The data are more
complete than for the separate categories of industrial use
of radiation, but as with the data for medical uses they
suffer from limited data from the United States, which is
important in the estimation of worldwide exposure. While
thenormal method of regional extrapolation based on GDP
(asoutlined in Section |.E) was considered acceptable for
estimating worldwide industrial radiography and radio-
isotope production, its validity was dubious when applied
toall industrial uses. Thetotal reported data for the United
States during 1990- 1994 covered some 10,000 monitored
workers who experienced an annual collective effective
dose of 25 man Sv. The corresponding figures for
1985-1989 were 274,000 monitored workers and 150
man Sv. While some reductions may have occurred, they
are extremely unlikely to have been thislarge.

230. The Committee conddered alternative methods of
estimating the values for the United States. The region with
the most similarities to the United States is the rest of the
OECD countries. The UNSCEAR 1993 Report [U3] showed
the collective effective dose per unit GDP (man Sv per 10"
United Statesdallars) for the United States divided by that for
therest of the OECD to be within 10% of 2.0 for each of the
earlier periods. Given that the ratio of the GDPs for
1990- 1994 is approximatdy the inverse of this, namely 0.5,
it appears reasonable to carry out extrapolations of world
estimates on thebas sthat thefiguresfor United States can be
taken to be equa to the figures for the rest of the OECD.
World estimates using this approach are given in Tables 25
and 27. For comparison, world estimates based on the method
in Section |.E are given in brackets in these tables. It is
important to note a significant difference between the data
quoted for the firg three periods in Tables 25 and 27. The
UNSCEAR 1993 Report included exposures to people
involved in education under indudtrial uses, wheress this
Annex treets education separately. Table 25 summarizes
worldwide exposure, by practice, fromindustrial uses, and for
the firgt three periods it was easy to recdculate the data



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES 537

without the contribution from education, permitting asuitable
comparison with the data for 1990-1994. However, for
Table 27, which summarizes the contribution of the different
regions, such readjustmentsarenot readily achievabl ebecause
of theway earlier datawere configured. Theworldwidetotals
for the firg three periods include a contribution from
education and are therefore different from those quoted in
Table 25. Thus caution needs to be exercised in comparing
data over the various periods.

231. Using dataadjusted for thenon-inclusion of educationa
uses, the annual number of monitored workersinvolved with
industrial usesof radiation, averaged over five-year periods, is
esimated to have been 390,000, 510,000, 400,000, and
700,000 from the firgt to the fourth periods. The uncertainty
associated with these figures does not allow inferring a clear
upward trend; however, such atrend would be cons stent with
increased global indudriaization. Even 0, in each of the
periods the OECD (including the United States) accounts for
avast mgjority of the exposed workers. The average annua
collective doses, after an initial rise from 800 to 900 man Sv
over thefirst two periods, dropped to 490 and then 360 man Sv
in thethird and fourth periods, respectively. In general, some
three quarters of the dose comes from OECD countries.

232. The annud effective dose to monitored workers
averaged over five-year periodsfell consistently over thefour
periods, with vaues of 2.1, 1.8, 1.2, and 0.51 mSv (in
chronological order). Thisdownward trend isevident for most
countries and regional groupings, but there is consderable
variation. For the lagt period, data were available on the
averageannual effective doseto measurably exposed workers,
giving a worldwide value of 2.2 mSv. Thisis greater by a
factor of 4.5 than the value for monitored workers. Thisfactor
islarger than that for reactor workersor medical workersand
is perhaps indicative of better defined subgroups of workers,
particularly in industria radiography and wel logging, who
can routinely receive higher exposures.

233. While the confounding factor of educational uses
means that care must be exercised when comparing the
data in Table 27 between periods, it is instructive to look
at thenormalized collective dose valuesin man Sv per 10
United States dollars. Although there areregion-to-region
variations in the magnitude of the change, there is a
consistent general downward trend. Theworldwide values
were 120, 72, and about 30 man Sv per 10* United States
dollarsin thefirst, second, and combined third and fourth
periods, respectively.

V. NATURAL SOURCES OF RADIATION

234. Sincenatural radiation isubiquitousitisnecessaryto
direct attention to the highest exposures and to those cases
where actions to reduce or limit exposures are most likely
to be effective. Enhanced levels of natural background
radiation are encountered in many occupational settings,
especially underground mines. Mining involves a large
number of workers, and although data are more limited
than those for occupational exposures to man-made
sources, the annual collective effective dose has been
estimated tobetwiceaslarge[U3]. Thereislessawareness
of exposures from natural radiation in other settings, and
often there are no regulatory requirements to monitor and
record theseoccupational exposures. Consequently, surveys
are necessary at the national level to determine the scale
and nature of the exposures. A general review of exposures
from natural sources of radiation is given in Annex B,
“Exposures from natural radiation sources’. The
UNSCEAR Survey of Occupational Radiation Exposures
specifically sought information on exposures of aircrew to
cosmic rays; exposures of coal miners, primarily to radon
decay products; and exposures of miners of minerals other
than coal. Significant individual exposuresto radon decay
products can also occur in other workpl aces, and there may
also be dgnificant exposures to long-lived natural
radionuclidesin dusts during the handling and processing
of bulk quantities of minerals and other materials.
Uranium mining is not considered here but is included
instead as part of the nuclear fuel cycle (Chapter 11).

A. COSMIC-RAY EXPOSURES
TO AIRCREW

235. In the course of their work, aircrew and others who fly
frequently are exposed to devated levels of cosmic radiation
of galactic and solar origin and secondary radiation produced
in the atmosphere, aircraft sructure, etc. This has been
recognized for some time, and the exposure of aircrew was
estimated in the UNSCEAR 1993 Report [U3]. The growing
interest in these exposures in recent years is due to three
considerations. The fird is that the reative bioogica
effectiveness of the neutron component of aircrew exposure
was being underestimated by the definition of the quantity
tissue dose equivalent and by the specification of a qudlity
factor [119, N1]. Secondly, subsonic commercial aircraft,
particularly business jet aircraft, can atain higher dtitudes
[W2]. Finally, ICRP recommended in its Publication 60[112]
that the exposure of aircrew in jet aircraft should betreated as
occupationa exposure. Particularly worthy of noteisthestudy
of the European Dos metry Group (EURADOS) [E1], which
reviewed the data on exposure of aircrew to cosmic radiation
in response to the ICRP recommendations.

236. Dose rates from cosmic radiation vary with altitude,
latitude, and phase of the solar cycle. For subsonic flights at
altitudes up to 13 km, the dose equivaent ratesincreese as a
function of altitudeand latitude. Availablemeasurementswere
compiled in the review cited above [El], and a figure
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illugtrating the resultsis included in Figure 111 of Annex B,
“Exposures from natural radiation sources’. The data are
given in the previous quantities; it is etimated that effective
doses cal culated using the new quality factors from the ICRP
recommendations [112] would be smilar. The UNSCEAR
1993 Report [U3] gave the results of a worldwide measure-
ment programme on Lufthansa arplanes. Mogt flight
atitudeswereintherange 10to 11.9 km, where effectivedose
equivalent rates were less than 5 pSv h'* and 8 uSv h'?,
repectively. These values are roughly in agreement with
current etimates. The more recent review of the exposure of
aircrew[E1] indicatesthat theeffectivedoserateat an altitude
of 8 km in temperate latitudes is typicaly up to about
3 uSv h'*, At 12 km, the value would be about twice this.
These values may be compared with those given in Annex B,
“Exposures from natural radiation sources’. The equivaent
dose rates were noted to be highly dependent on the flight
profile, ranging from 0.2 uSv h* for aflight of 0.4 hoursat a
cruising altitude of 3.6 km to 5.8 uSv h™* for an Athens-New
York flight of 9.4 hours at a mean dltitude of 12 km [O6].

237. The following broad conclusions have been drawn
from the data from measurements and evaluations of
exposures at aircraft altitudes [E1]:

(8 location within an aircraft does not affect the exposure
levd by more than £10%;

() going from the equator to either pole the dose rate
increases up to a latitude of about 50° and remains
approximately constant at higher latitudes. Theincrease
isgreater for the high-LET component (afactor of 3to
5) than for the low-LET component (a factor of 1.5 to
2.5);

(©) the tota dose eguivaent rates increase with flight
altitude for al latitudes;

(d) values of the total dose equivalent correlate well with
the variation in cosmic radiation intensity due to the
solar cycle of about 11 years, being higher at times of
minimum solar activity and viceversa; the valuesrange
from about 0.8 to 1.2 of the mean; and

(e the rdative contributions of the high- and low-LET
components of the dose equivalent are broadly smilar
at temperate latitudes and at normd flight altitudes.

238. Drawing on the measurements and evaluation of the
EU research programme [B5, E1, O7, S5, T1], for flights
at temperate latitudes at a typical altitude of 10.6 km
(35,000 ft) and for average solar activity, it can be
estimated that a total time at altitude of about 200 hoursis
needed to accumulate 1 mSv. Near the equator and at this
altitude, thetime needed is about 400 hours. At an altitude
of 11.8 km (39,000 ft) these times are 150 and 300 hours,
respectively, and at an altitude of 10 km (33,000 ft) 250
and 500 hours. If it becomes necessary to assessindividual
doses, this may be done by combining roster information
with “route doses’. Route doses may be measured or
calculated using computer programs developed for this
purpose for particular routes and flight profiles. For
example, a flight from northern Europe to the eastern
seaboard of the United States, aflight time of about 7 hours

will result in an effective dose between 30 and 40 pSv. For
a longer flight, say from northern Europe to Japan, the
total effective dose is about 50 to 70 puSv. Transatlantic
flights at the altitudes used by supersonic aircraft give
effective doses similar to those for subsonic aircraft, the
higher dose rates being offset by the shorter flight times.
Estimates of effective dose from cosmic radiation for
typical flight routes are given in Table 28.

239. Thedataon occupational exposuresin civilian aviation
from the UNSCEAR Survey of Occupational Radiation
Exposures are given in Table 29. Only three countries,
Bulgaria, Finland, and the United Kingdom reported data, and
in each case without any dose distribution ratios. Of these, the
United Kingdom hasthemost extensveair transport industry,
and it is useful to look in more detail at the derivation of the
United Kingdom submission. Available data indicate that
arcrew on long-haul flights may be airborne for 600 hoursin
a year [D1], during which they are estimated to receive an
annual effectivedoseof 3 mSv [H3]. To take account of short-
haul flightsaswel, an annual average of 500 hours aloft was
assumed in deriving the average annual effective dose of
2 mSv and the collective effective dose of 50 man Sv givenin
Table 29. In the UNSCEAR 1993 Report [U3], an annual
flying time of 600 hours was estimated for aircrew in some
European countriesand about a50% longer flying timein the
United States. Based on an average annua effective dose
equivaent of 3 mSv to about a quarter of a million aircrew
worldwide (appropriate for the late 1980s), an annua
collective effective dose equivalent for dl aircrew of 800
man Sv was calculated. From the data available there would
appear to beno substantive changeto any of these parameters,
50 this esimate can be taken to apply aso to 1990- 1994. A
number of subgroups and Stuations deserve mention and are
discussed below.

240. Thedosesto other persons, such ascouriers, ismuch
more difficult to estimate. Based on an analysis carried out
at London airport [Gl], it was determined that some
professional couriers undertook 200 journeys a year,
implying 1,200 flying hours and an annual effective dose
of 6-10 mSv. Thenumber of such individualsisunknown,
but the annual collective effective dose must be a small
fraction of that to aircrew. In Germany, approximately
20,000 persons other than aircrew who are frequent flyers
are estimated to receive annual doses above 1 mSv [S2].

241. TheConcordecarriesanin-flight warningmeter, and
this has permitted the accumulation of a large amount of
data on exposure at typical supersonicflight altitudes. The
average total dose equivalent rate in 1976-1983 was
11.2 uSv h'*; average values reported for 1988, 1989, and
1990 were 12.2, 11.6, and 10 uSv h?, respectively, for
altitudes of about 18 km [D1]. Values measured by Soviet
scientistsin 1977 for supersonic aircraft, ranging from 10
to 12 uSv h'*, agree with these values [A1]. The relative
contributions of both components are about the same asfor
subsonic flight altitudes. While the crew of supersonic
aircraft such as the Concorde are subject to the highest
dose rates experienced in civil aviation, such crew do not
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necessarily recelvethe highest doses. British Airways data
for Concordeflight crewin 1994 indicated an average duty
time of 382 hoursin 12 months, and for the subgroup with
the longest flight time, engineers, the average duty time
was 403 hours [E1]. Thus, average annual effective doses
to aircrew would be about 3 mSv.

242. Elevated exposure rates may be associated with solar
flare events. At maximum solar activity, several dozen flares
may be observed in one day. However, only a small fraction
of flares (about 3%) produce high-energy fluences, and only
asmall fraction of these cause increasad intensity of cosmic
radiation [L1, W1]. In years of minimum solar activity, on
average only one significant event in a year is observed. The
largest eventstake place at the end of the period of maximum
solar activity. Therisein dose rates associated with aflareis
quiterapid, usually amatter of minutes, and theduration may
be hours or longer. The influence of solar flares on the
radiation Stuation at the atitude of air transport has been
thoroughly reviewed [F1]. It was found that the upper limit of
the dose equivalent rate during the February 1956 flare was
about 30 mSv h™* at 20 km dtitudeand 10 mSv h™* at 10 km.
That flare wasthe most important of known events, and since
then dose rates associated with flares have been very much
smaller. O'Brien [O1] cal culated theadditional contribution to
dose equivalent for regular polar flights over the period
February 1984 to July 1992, during which 14 periods of
energetic solar activity were observed. At 12 km, the
additional contribution to the dose equivalent was cal culated
tobe 3% and a 18 km, 7%. In 1993, ayear of medium solar
activity, the maximum annual effective doseto an individua
on Lufthansa flights across the North Atlantic was estimated
tobe4.5 mSv [S2]. Altogether, 25,000 personswork asflight
personnd in Germany. Mogt of them are estimated to be
exposed to annual doses of 1-6 mSv. For ardatively small
number of persons (of the order of 100), annual exposures
above 6 mSy are esimated to occur at times of low solar
activity on some routes (high geomagnetic latitude and high
atitude). Exposure during space flight was reviewed in the
UNSCEAR 1993 Report [U3]. Some further information on
exposure in space flight is given in the Proceedings of the
International Workshop on Space Radiation Damage and
Biodosmetry, held at Houston, Texas, in September 1996
[C8]. One paper reviewed the sources of charged-particle
radiation that contribute to radiation exposure on manned
spacecraft and provided estimates of thedoserate expected for
the International Space Station; these etimates are based on
measurements made on the Mir orbital sation [B4]. Another
paper presented the result of a biodosmetry anayss for the
space flight Mir-18 using fluorescence in Stu hybridization
(FISH) techniques[Y1].

243. In summary, the data indicate that the average annua
effective dose to aircrew is typicaly 1-2 mSv for those on
short-haul flightsand 3-5 mSv for those on long-haul flights.
Few aircrew will excead these val ues because there are laws
regulatingflying hours. A separategroup, couriers, may soend
more time in flight over a year but even so are unlikey to
excead 10 mSv. Worldwideannual collective effective doseto
aircrew from cosmic ray exposure is estimated to be 800

man Sv. Thisestimateisbased on the extrapol ation of limited
data, and there is a need to extend the data for future
assessments. There are now good data on typical exposure
rates and computer programmes that account for a range of
variablesand allow reasonabl e estimates of route doses. Also,
for legal reasons logs are kept of the hours and routes flown.
Bringing these two data sets together should in the future
allow much better etimates of dose profiles. This matter has
been given impetus by the ICRP recommendation that
exposureof aircrew betreated as occupational exposure[112],
and the subsequent inclusion in both the IAEA [15] and the
European Union [E3] Basic Safety Standards.

B. RADON EXPOSURES IN WORKPLACES

244, Themain source of exposurein most mining operations
isradon. Sinceradon isasoimportant in other workplaces, it
is convenient to specifically consider exposure to it in the
workplace. Exposure to long-lived radionudides in mineral
dusts can, however, beimportant in certain mining and other
Stuations, and these will be discussed below.

245, Several isotopes of radon exist in nature, but one,
#2Rn, dominates in terms of the dose to workers. Under
some circumstances, 2°Rn (commonly known as thoron
because it is in the #?Th decay chain) may aso be
important. For convenience, unlessotherwise stated, radon
is taken here to mean *?Rn. The short-lived decay
products, or progeny, of radon rather than the gasitsdlf are
themain cause of exposure, although for control purposes,
it is often the concentration of the gas that is quoted.
Workplaces themselves are often categorized as being
either below ground or above ground. The main below-
ground workplaces are mines, but thereareal so radon spas
[S3], subways, show caves and tourist mines, and
underground water treatment works and stores. Above-
ground workplaces include factories, shops, offices, and
schools. In the UNSCEAR 1993 Report [U3], only the
exposure to radon progeny in underground mines was
considered.

246. The levels of radon in workplaces are exceptionally
variable, and high doses to workers can arise in places
other than uranium mines. It is generally accepted that it
would be unreasonable on the grounds of cost to consider
controlling the normal ambient levels of radon in
workplaces. These levelsaretherefore usually regarded as
essentially unamenabl eto control . However, inrecent years
there has been increasing interest in those workplaces,
including mines, where levels are high and there is some
scope for reducing them. The approach adopted by ICRP
[112] is that the regulatory agency should identify the
workplaces that warrant control. This necessitates surveys
to determine the range of exposures, and it is clear that
many countries have yet to complete such surveys and to
determine where controls should be applied. The specia
guantities and units that are used to characterize the
concentration of radon progeny in the workplace and the
exposure of workers to them are discussed in Chapter |.
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1. Underground mining

247. Miningisan extensveindustry. In 1991, therewerean
estimated 4.7 million underground miners worldwide (see
Table30), about 84% of them engaged in coal mining and the
remainder engaged in mining other minerals [C4]. In the
latter group are about 90,000 persons engaged in the mining
of uranium ores. Chinaisthe largest employer of workersin
coal mines, and South Africa of workers in other mines
(mainly gold mines). These numbers fluctuate from yeer to
year with changing economic conditions. The exposure to
radon progeny depends on a number of factors, including the
type of mine, the geology, and the working conditions,
particularly the ventilation. Available data from the
UNSCEAR Survey of Occupational Radiation Exposures to
minersareincluded in Table 29. Exposuresto natura sources
of radiation arisng from mining have received much less
attention than those arising from the indugtrial and medica
usesof man-made sources of radiation. Relatively few dataare
available for the period of interest, and their quality or
reliability is generally much lower than for the data reported
elsawhere 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 to
personal, dos metry; dose etimatesare subject toconsiderable
error when they are based on grab samples of air instead of
personal air samplers. This situation is changing, however,
and more comprehensive and reliable data can be expected in
the future.

248. In 1991, there were about 50,000 underground cod
miners in the United Kingdom. In genera, the exposure of
coal miners to radon is low because good ventilation is
required. The average effective dose to cod miners from
radon was 0.6 mSv in that year, with about 70 miners
receiving morethan 5 mSv and 10 of them morethan 15 mSv
[H3]. Thetotal collective dose from radon to cod minerswas
estimated to be 28.6 man Sv. A survey of non-coa mines(tin,
gypsum, potash, etc) that covered about 1,300 miners
indicated an average annua effective dose of 4.5 mSy, with
about 330 exceeding 5 mSv, of whom 240 exceeded 15 mSv
and 3 exceeded 50 mSv [H3]. The total collective effective
dose from radon to the non-coal miners in the United
Kingdom was estimated to be about 6.1 man Sv.

249. The exposure of workersin South African gold mines
is generaly low, but the size of the workforce is substantial
[W4]. Inthemid-1990s, theannual production from 40 mines
was about 100 Mt of ore and 600 t of gold. About 2,000 t of
U,0O; isproduced asaby-product from three of themines. The
average number of employees in the gold mines, including
contractors, was about 310,000, about 250,000 of whom
worked underground. The mean depth of the workings is
1,600 m, and the maximum is about 3,500 m. Such depths
require a subgtantial throughput of cooled air to maintain an
acceptable working environment, which is the reason why
radon progeny concentrations are generaly low. In surveys
conducted between 1989 and 1991, it was found that 97% of
theworkerswere exposed to lessthan 1,100 Bgm (0.3 WL)
and that no workerswere exposed to morethan 3,700 Bqm™

(1 WL) [W3]. Since then, another survey was carried out in
1992 and 1993 in 21 of the mines; that survey covered 60%
of the total underground workforce [W4]. The average
concentration of nearly 2,000 measurementswas 190 Bqm3,
and 96.7% of the readings were bdow 1,100 Bg m™. The
maximum was 3,300 Bgm3. Gammadoseratesand exposure
to long-lived radionuclides in ore dusts were also measured.
Effective doses from radon progeny were determined by both
individual dosmetry and area measurements; theformer gave
valuesthat were, on average, about 50% |ower than thelatter.
Daoses from radon progeny generally madethe main contribu-
tion to total effective dose (on average, 1.8 mSv in a year, or
71%), with external gamma radiation representing the next
largest component (0.64 mSv in a year, or 25%). Long-lived
apharadiation from oredust contributesvery littletothetota
effective dose (0.11 mSv in a year, 4%). On the assumption
that the value for radon applies to al 40 gold mines, the
annual collective effective dose in South African gold mines
in the firgt half of the 1990s would have been 450 man Sv.
The total annual collective effective dose from al three
sources considered would have been 640 man Sv.

250. In Germany, an estimated 1,000 persons are employed
in underground mines (other than uranium or coa mines) that
expose them to radon level's between 1,000 and 3,000 Bg m3
[S2]. A further 200 persons are employed in mineswherethe
levels exceed 3,000 Bgq m™3. These minesindude show caves
and tourist mines. A few hundred workersin coal mines are
etimated to be exposed to radon concentrations of
1,000-3,000 Bgqm™3,

251. The data taken from the UNSCEAR Survey of
Occupational Radiation Exposures and reported in Table 29
are limited and on their own not sufficient to allow an
estimate of worldwide exposure. Over the years, there have
been a number of studies of doses to workersin underground
mines, they are summarized in Table 31. The data, which are
presented separatdy for coal mines and other mines
(exduding uranium), cover some 1,200 mines. They refer to
various time periods, which limits the extent to which they
can beevaluated in acoherent manner. Neither thequality nor
the extent of the data are considered adequate to allow their
ue to edablish trends in worldwide exposures from
underground mining. They have, however, been used to
etimate worldwide doses from the inhaation of radon
progeny; these are summarized in Table 32. Thedosescan be
considered broadly representative for the early 1990s. They
were edimated as the sum, over al the countries, of the
products of the number of miners and the reported exposure
to radon progeny. The average exposure for those countries
reporting data has been assumed to apply worldwide.

252. Theworldwideannual collective effective dosefromthe
inhalation of radon progeny in underground mines (excluding
uranium mining) is estimated to be about 3,200 man Sv, with
about 1,400 man Sv (40%) arising from coal minesand about
1,800 man Sv (60%) from other mines. The comparable
figures reported in the UNSCEAR 1993 Report [U3] for
1985-1989, were 5,300 man Sv overdl and 1,500 and 3,800
man Sv for coal mining and other mining, repectively. The
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drop for 1990- 1994 is attributable to two main factors. Fird,
the UNSCEAR 1993 Report [U3] used the ICRP
recommended conversion factor of 1 WLM =5 mSv [I113], as
opposed to 1 WLM = 5.6 mSv, which had been used
previoudy. Secondly and more importantly, for the non-coal-
mine estimate, the most up-to-date data [\W4] have been used
for the South African miners. The South African data
dominate the non-coa-mining data, and that for the early
1990s (average annud effective dose of 1.8 mSv) is
significantly lower than the value of 5.6 mSv derived from
data in the 1970s and used in the UNSCEAR 1993 Report
[U3].

253. Exposuresmay also occur from external irradiation and
from the inhalation of thoron progeny and of dust containing
long-lived alpha emitters of the uranium and thorium series;
consequently, the dose etimates in Table 32 from the
inhalation of radon progeny alone undergtate the total dose.
Few data are available on these other pathways of exposure,
and ther relative magnitudes will vary from mine to mine
depending on the geol ogy and working conditions. Estimates
made for anumber of minesin theformer USSR [P3] suggest
that the contribution from other pathwaysis about 1 mSv per
year, which, except in coal mines, is a small fraction of the
dose from radon progeny. This value was used in the
UNSCEAR 1993 Report [U3]; however, the value available
from the South African survey [W4] is0.75 mSv. Overal it
would seem appropriate to use a value of 0.8 mSv to account
for the other pathways. When such an alowance ismade, the
annual collective effective dose from al exposure pathways
for coal mining worl dwidewould becomeabout 4,500 man Sv
and that for ather mining (excluding uranium) about 2,400
man Sv. The corresponding average annud effective doses
from al pathways would be about 1.2 mSv and 3.2 mSv for
coal and other mines, respectively.

254. The doses estimated in the above manner represent
exposures received by miners at work in underground
mines. They requirefurther correction, however, if they are
to be compared directly with exposures arising in other
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, dose received while at
work. To facilitate fair comparisons with exposures in
other industries and to allow the derivation of a quantity
that represents the additional exposure from the work, the
above annual dose estimates need to be reduced by about
0.5 mSyv; thisis the annual dose that the worker would
otherwise havereceived if not at work. It isbased on 2,000
hours work per year and a worldwide average dose from
external irradiation and inhalation of radon progeny of
2.4mSv (see Annex B, “Exposuresfromnatural radiation
sources’).

255. After correcting for other exposure pathways and for
exposuresthat would have been received irrespective of work,
the worldwide annual collective effective dose from under-
ground (non-uranium) mining during the early half of the
1990s is estimated to have been about 4,600 man Sv; about

2,600 man Sv arosein coal mining and 2,000 man Sv arose
in other mines (excluding uranium). Of those countries
identified separatdy in Table 32, South Africa (about 39%)
makesthelargest contribution to thetotal collectivedose, with
significant contributions also coming from the former USSR
(about 19%) and Poland (about 22%). The additional
worldwide average annual effective dose received by
underground minersfrom their work isestimated to havebeen
about 0.7 mSv in coal mines and about 2.7 mSv in other
mines (excluding uranium), although there was consderable
variation about these averages from country to country and
from mine to mine in a given country. Somewhat greater
individual and callectivedosesarelikely to have been received
in the late 1970s and early 1980s because |ess attention was
paid to the control and reduction of exposures from this
source. Insufficient data are available, however, to dlow
rediably estimating how much greater they might have been;
the few data in Table 31 suggest that they may have been
substantially greater.

256. Very approximate and tentative estimatesweremadein
the UNSCEAR 1988 Report [U4] of callective doses from
natural sources of radiation. For cod mining, an upper
egtimate of 2,000 man Sv was made for theworldwideannual
collective effective dose; thiswasbased soldy on exposuresin
mines in the United Kingdom and on the worldwide
production of coal. Given itsvery approximate nature and the
change adopted herein the conversion factor for exposure to
radon progeny, the estimate compares favourably with the
current estimate of about 2,600 man Sv. A very rough
egtimate of 20,000 man Sv was also made in the UNSCEAR
1988 Report [U4] for theannual callective effective dosefrom
underground mining apart from coa and uranium; that
estimate 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
coa and uranium) per million population. This earlier
tentative estimate was revised downward to 4,100 man Sv in
the UNSCEAR 1993 Report [U3] on the basis of better data.
Further improvementsin data and changesin the converson
coefficients have allowed alower estimate for non-coal mines
(other than uranium): 2,000 man Sv. Theoverall estimatefor
underground mining, 4,600 man Sy, is about two thirds of
that for the period 1985-1989.

2. Exposures above ground

257. Exposuresto radon progeny may be important in some
above-ground workplaces. Radon exposures are largdy
determined by the geology underlying the building, its
congtruction, and the ventilation. It has been known for some
time that high levels of radon exist in some dwellings, but it
is only rdatively recently that attention has been paid to
workplaces other than mines. The spectrum of places where
radon can present a hazard is potentially large and includes
shops, schools, and offices. Radon entry into buildingsisfrom
both diffuson and pressure-driven flow of soil gas through
cracks in the floor. The mechanisms of radon entry into
buildings are discussed in Annex B, “Exposuresfromnatural
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radiation sources’. Building materials and radon in water
may also contribute to the levels of radon in buildings. The
experience obtained from studies of radon levelsin dwellings
may help toidentify thoseworkplaceswhereradon concentra:
tions may exceed any action level pecified by the nationa
authority for the purpose of determining whether contrals
need to be applied. Some countries have used the concept of
radon-prone aress, as suggested by ICRP [113]. These areas
can be defined in a number of ways. One way is to define
them as areas in which a least 1% of the dwellings have
radon levels more than 10 times the national average.

258. In Germany, the number of persons exposed to radon
concentrations between 1,000 and 3,000 Bg m3 was
estimated to be about 50,000 [S2]. A further 10,000 were
estimated to be exposed to aradon concentration of morethan
3,000 Bg m 3. These are only crude estimates. Ancther 2,000
or so persons in working places associated with the water
supply industry were estimated to be exposed to radon
concentrations between 1,000 and 3,000 Bq m™ and about
300 personsto levels above 3,000 Bg m™. Elevated levels of
radon in above-ground workplaces have been found in a
number of countries. Levels above 1,000 Bq m 3, the action
leve suggested in theinternational basic safety sandards|[15],
have been found in some countries, but often the sample sizes
were smal. In the United Kingdom, radon concentrations
were measured in 4,800 workplaces in aress of the country
where levels were expected to be above average. The mean
concentration was 210 Bg m=, and in 710 cases the
concentration exceeded 400 Bg m 3. Of the estimated 1.7
million workplacesin theUnited Kingdom, 5,000 workplaces
with about 50,000 workers are expected to exceed this leve
[H3]. Their collective effective doses and average individual
doses are 270 man Sv and 5.3 mSv in a year, respectively,
with 2,500 or so workers recelving doses exceeding 15 mSv
inayear.

259. There are clearly very few data on which to base an
estimate of worldwide exposure. However, a crude estimate
could be based on the United Kingdom experience. As with
underground mining it isnecessary to make an adjustment for
the general ambient level of exposure to radon. If the same
reduction isused, theestimated averageannual collectivedose
to those exposed above the action level would drop to about
240 man Sv in the United Kingdom. If this figure is then
extrapolated on the basis of GDP, the worldwide annua
collective effective dose would be about 6,000 man Sv. This
isdearly very crude, and country-to-country variablessuch as
geology, building materials, configurations, and regulations
could have a sgnificant effect. This is an area where more
data are needed to help refine the estimates.

C. EXPOSURES IN MINERAL PROCESSING
INDUSTRIES

260. The earth’s crugt generally contains concentrations of
uranium of the order of 0.5-5 ppm and of thorium of the
order of 2- 20 ppm. The average activity concentration of 28U
and Z2Th are in the range 25-50 Bq kg (see Annex B,

“Exposures from natural radiation sources’). However, both
elements may be concentrated in certain rocks by geologica
processes such as partial melting and recrystallization, which
can be caused by the movement of tectonic plates and other
processes. Uranium and thorium are sometimes enriched in
granitesand akalineigneous rocks, often accompanied by tin
and mineralscontaining rareearth dements. Particularly high
concentrations can occur in coarsely crystalline rocks called
pegmatites, which are formed during the solidification of the
lag fraction of molten rock, where rdatively high
concentrations of less common dements have built up.
Uranium is aso concentrated in some conglomerates,
sandgtones, black shales, and phosphorites by sedimentary
processes. These sedimentary uranium materids may be
mobilized and the uranium concentrated by metamorphic
processes to form complex deposits that usually contain ores
of many metals. Uranium not only occursin mineralssuch as
pitchblende (uraninite) but al so, likethorium, may beenriched
in various hard and resistant materials such as zircon and
monazite. Wesathering, wave action, and similar mechaniams
may concentrate such materials into heavy minera sands,
such as the monazite sands of Brazil, southern India, and
Wedtern Australia.

261. There is a substantial worldwide industry in which
materialswith relatively high concentrations of uranium and
thorium are mined and milled, either for the sake of the
metdls themsdves or for the other materials that occur with
them, such as the rare earths and phosphates. In addition,
during the processng of some materias, concentrations of
natura radionuclides, often out of secular equilibrium with
their parents or daughters, may build upin scalesand in other
(usually waste) materials. Thiscan happen in oresmelters, in
plants that process calcium phosphate in the production of
phosphoric acid and fertilizers, and in the pipesand valveson
oil platformsand in refining facilities. Some of theseminerals
and materials are known to have the potential to cause
significant occupational exposure; they arelisted in Table 33
[E2, N4]. The liging is incomplete smply because the
materials have not come under regulatory control and have
nat, asaresult, been fully sudied. Thedatain thetableshould
therefore be regarded as illudtrative rather than exhaudtive.
Uranium ore could have been included here but is instead
consideredin Chapter |1, along with other sources of exposure
arisng in the nuclear fud cycle

262. The mining and milling of ores with elevated levels
of natural radionuclides and their subsequent processing
can lead to the exposure of personnel from externa
radiation and from intake, primarily inhaation [D2].
Exposure to dusts is particularly important during dry
operations with bulk material in enclosed facilities.
Exposures can aso come from the scales that build up in
the plant. During normal operations, thisis likely to be
largely due to external radiation; internal exposure may,
however, arise during maintenance and cleaning
operations. Exposure to radon needs to be taken into
account, but as identified in Section V.B this route of
exposure is not soldy dependent on the activity
concentrations of the material being handled.
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263. For the purpose of determining when radiologica
precautions may be required in handling materials with
eevated levels of natural radionudides, some assessments of
dose have been undertaken [D2, 117]. Under somewhat
pessmigic assumptions, materials containing activity
concentrations of between 1 and 10 kBq kg™ of parent
radionuclide could result in annual effective doses to workers
of the order of 1 or 2 mSv from externa and interna
exposure. The assumptions used in the assessment of interna
exposure were airborne dust concentrations of 5 mg m3,
continuous occupational  exposure conditions and no
respiratory protection, 5 pm activity median aerodynamic
diameter (AMAD), and the new ICRP dosimetry [I17]. An
evaluation of the availableliterature has shown that handling
substances containing natural radionuclides with an activity
concentration of lessthan 1 Bq g * of the parent radionuclide
generaly leadsto effective doses of lessthan 1 mSv in ayear,
even in the most unfavourable circumstances [S2].

264. There is a particular interes in the occupationa
exposures asociated with mineral sands, which contain
significant concentrations of thorium (up to 8%). These are
mined and processed in severd countries for their thorium
content, although more typically for the other materials such
as rare earths and rutile. Typica concentrations of thorium
and uranium in commercidly important minerals from
Western Audtralia are given in Table 34. It can be seen that
the indugtry is primarily concerned with the production of
ilmenite. Monazite, however, is important because of its
rdatively high thorium content and its propensity to
concentrate preferentially in airborne dugt in the separation
plant by afactor of between 10 and 30 [H4, H6, H7, J1, K1].

265. Sand mined from a suitable Ste undergoes a pre-
liminary separation stage a the mine that removes
approximately 90% of the light quartz minerals [J1]. The
remaining heavy mineras are transported to a sand-
processing plant, where further separation and concentration
produces the four main commercia sand fractions. ilmenite,
rutile, zircon, and monazite. Both wet and dry separation
techniques are used. In Ausraia, measurements in one
processing plant and itsenvirons gave an average doserate of
0.4 uSv h'* [J1]. Levels doseto a stockpile of monazite were
reported to be up to 1.5 uSv h't. Even higher levels from
monazite have been reported elsewhere externa exposure
levels ranging from less than 10 uGy h™* to more than
100 uGy h't in storage areas [19, K1]. Over aworking year,
the exposure levels in the Augtralian plant were estimated to
give an effective dose of 1 + 0.5 mSv. Interna exposure has
been of greatest concern, however, owing to the use of dry
processing techniques and the dustiness of the operations. In
the same plant, airborne dust concentrations averaged 3.3 +
2 mg m 3, with an average AMAD of 3.2 pm (GSD: 2.8);
using previous | CRP dos metry, this gives an average annual
effective dose of 7 mSv [J1]. In Western Audtralia, around
1,500 workers are involved in the mining and processing of
the heavy mineral sands and a further 500 are employed in
various downstream processing activities, but only 150-200
employees are designated as radiation workers. Workers are
<0 designated on the bads of ther potentia to receive an

annual effective dose in excess of 5 mSv. Typicdly, only
workersinvolved in the operation and maintenance of thedry
separation plants would be designated as radiation workers
[H4, H6, H7]. One downstream process is the practice of
manufacturing gasmantlescontaining thorium. Thisisknown
to be widespread in many countries, however, no data were
provided and no estimate has been made of the resulting
occupationa exposure.

266. Thetrendsin the maximum and mean annud effective
doses to designated workers over a 10-year period,
1986- 1995, intheWestern Australian minerd sandsindustry
are shown in Figure X1l [H4]. Significant reductions have
been achieved, the mean annua dose having declined from
just under 25 mSv (90% external, 10% interna) to around
6 mSv (85% external, 15% interna) in 1990-1994. It is
estimated that exposures before 1986 were higher than those
shown; in plants that operated in the late 1970s and early
1980s and that produced large quantities of monazite,
exposures could have been twice ashigh. Theannual externa
exposures to monazite plant operators and monazite product
baggers regularly exceeded 10 mSv in the 1970s [H4, H6,
H7]. Most of the decline has been in the internal dose. The
annual external radiation dose has remained reatively
constant over the 10-year period, beingin therange1-2mSv.
In the UNSCEAR 1993 Report [U3], the average annual
effective dose to 376 dry-process workers was reported to be
20 mSv for 1983-1988, with 50% of the workers above
15 mSv. About 90% of the dose for this period came from
internal exposure. Further subgtantive reductionsin airborne
concentrations are consdered unlikely in the absence of a
fundamental changein the processing technology. Theabove-
quoted internal exposures should be reduced by a factor of 3
to be condstent with ICRP Publication 68 [115].
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Figure Xlll. Trends in effective doses to workers in the
mineral sands industry in Western Austrlia [H4].

267. There have been proposalsfor the processing of mona-
zite to produce rare earth metals, and a plant is likely to be
builtin Augtraliainthenear future. In thisplant, themonazite
grain will be cracked open and the radionuclides solubilized
in the process. This plant will require high standards of
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occupational protection. Similarly, there have been demands
for the uranium and thorium content of mineral sand products
tobereduced. Todothiswill require chemical separation, and
high standards of occupationd protection will again be
required [H4, H6, H7].

268. Countriesother than Augtraliawheremineral sandsare
mined include India, Maaysa, and South Africa. Severa
thousand workers in each of these countries are involved in
the mining and milling of the sands. About 600 workers in
China and 300 workers in the United States are involved in
basthaesite mining (a rare earth minera aso containing
significant amounts of thorium) [19]. It isa so perhaps worth
nating that workers in plants where the products from the
processing of minera sands are used may aso receive
significant exposures if precautions are not taken. For
example, assessments of dose have been reported for one
factory in Italy handling zircon sand for producing refractory
materials[B2]. The sand had activity concentration of 22U of
about 3 kBqg kg* and an activity concentration of Z2Th of
about 0.8 kBq kg *. Owing to the large particle size of the
material, therewas effectively noinhal ation hazard associated
with the untreated material; the doses from external radiation
weregenerally low, being unlikely to exceed 1 mSv in a yesr.
However, where the material was heated and ground, annual
effective doses of 5 mSv could be received (based on the old
ICRP dos metry). There was some evidencethat the airborne
dust was enriched in ?°Po.

269. Uranium and thorium are associated with phosphatic
deposits of marine origin. They occur in beds of varying
depths; in Florida, they occur in deposits with up to 15 m of
overburden. Concentrations of 22U at the surface aretypically
of the order of 20-40 Bqg kg* and increase gradually with
depth to values of the order of 700-4,000 Bq kg*
immediately above or in the matrix [N4]. In mining and
beneficiation, gamma radiation levels range from normal to
50-100 nGy h™* over unmined land and up to 1 uGy h™* near
large quantities of beneficiated rock. Thisisnot an important
route of exposure, however, snceannual effective doses from
externad radiation do not exceed 1 mSv above normal
background.

270. Wheretherock is handled in the dry state, thereisthe
potential for airborne dusts, and control measures may be
needed. In phosphoric acid plants, devated gamma radiation
levds have been found in some Forida fadilities, with
calculated values up to 0.4 mSv in aweek [N4]. The grestest
potential for exposure has been found to be in filter pan
refurbishing, ether a the plant or at off-ste machine shops.
External gamma radiation levels in filter pan deaning and
maintenance range from 10 uGy h™*in thegeneral vicinity to
120 uGy h™* in contact with the uncleaned pan. Cumulative
doses to workers would depend on a number of factors but
clearly could exceed 1 mSv in a yesr.

271. The production processes in oil and gas extraction
industriesdo not routinely involvethe widespread dispersal of
activity into theworking environment, asdoesthe handling of
bulk quantities of materials. They can, however, lead to quite

substantial deposits of activity in some plants. Furthermore,
the physical and chemica reactions during processng can
alter the state of equilibrium of the radionudlides such that
individual radionuclides may become concentrated to levels
many times their levd in the source materid. The
radionuclideof principal concern for occupationa exposureis
Z%Ra (and ?®Ra), which accumulates in scale that must
periodically be removed [H5]. The conditions and chemical
composition in the well fluids and process streams vary
considerably, depending on operational factors such as the
characterigtics and numbers of producing wellsand the extent
of water injection. It is also likdy that the concentrations of
radium-bearing compounds underground will vary between
and within fiedds. The location and extent of scae
accumulation depend on such factors as the turbulence of
flow, temperature, and acidity. The consensus is that most
deposition isfrom the aqueous phase, so the presence of water
in aprocess stream or vessdl can Sgnal the potential for scale
deposition. In oil wels in the United Kingdom, scaes
commonly have an activity concentration of 1-10 Bq g * but
can be an order of magnitude higher [D3]. Levds as high as
several kilobecquerels per gram have been reported [H5].

272. An indication of the number of workers involved in
handling materials containing eevated levels of natura
radionudlidesisavailablefrom Germany [S2]. The number of
workers involved with phosphate fertilizers who receive
between 1 and 6 mSv in ayear isestimated to be 1,000 in the
trade (e.g. store workers) and 2,000 in the application of the
material (in farming). The activity concentration of the
materid isabove 2 Bg g of uranium and its progeny. It was
egtimated that about 100 workersinvolved with zircon sands
(activity concentration of 5-10 Bq g * of thorium decay chain
radionuclides) and 30 involved with pyrrhite ore (activity
concentration of natural radionuclides up to 30 Bq g %), and
10 with copper dag processng receive similar doses.

273. While a number of specific sudies have been noted
above, the information is fragmented and covers a wide
variety of gtuations. It is clear that some of the operationsin
the mineral processing industries provide the potentia for
significant exposure and, as shown by the datain Figure XI11,
can cause average individual doses to exceed the dose limit.
These high dose stuations ariselargely from the potentia for
exposure not to be recognized and hence nat to be brought
under regulatory control, rather than from poor application of
protection standards. This potentia isdriving effortsto bring
such stuations within a regulatory framework [E3, 15], and
hopefully more coherent data will be available for future
reviews. Depite the high doses noted above, the examples
presented support the supposition in the UNSCEAR 1993
Report [U3] that the average annual dose to workers is
unlikely to exceed 1.0 mSv. That Report made a crude
estimate of some 200 man Sv from this practice, then folded
in an etimate of exposure arising from coal-fired power
plantsof the order of 60 man Sv, and concluded that aglobal
figure of 300 man Sv would be appropriate. Again, in the
absenceof firm evidence, the crude estimate of averageannua
collective dose worldwide of 300 man Sv is considered the
best available estimate.
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D. SUMMARY

274. A common feature of the estimates of exposure to
natural radiation from various practices is the very limited
amount of data on which the estimates are based and the high
uncertainty. These estimates, summarized in Table 35, should
therefore be treated with caution. The overall collective dose

is very significant; some 11,700 man Sv. The main contri-
butors are, firgly, mining (2,600 man Sv from coa mining
and 2,000 man Sv from other mining) and, secondly, the
above-ground (in buildings) inhalation of radon and its decay
products, some 6,000 man Sv. Thislatter figure in particular
should be regarded asa crude etimate. It is hoped that better
datawill be available for future assessments.

VI. DEFENCE ACTIVITIES

275. Radiation exposurestoworkersin defenceactivitiescan
be grouped into three broad categories: those arising from the
production and testing of nuclear weapons and associ ated
activities, those arising from the use of nuclear energy as a
source of propulsion for naval vessds; and thosearising from
the use of ionizing radiation for the same wide range of
purposesfor whichitisusadin civilian spheres(e.g. research,
transport, and non-destructive testing). Previous UNSCEAR
reports reviewed the firgt two of these activities separately.
While this approach is continued here, it must be recognized
that there is a degree of overlap between the categories and
aso that the limited number of countries responding to the
UNSCEAR Survey of Occupational Radiation Exposures
congtrainsthe conclusonsthat can bedrawn. Thethird broad
category, that of exposure from conventiona indudrial,
medical and research uses, has not been separately identified
in the data provided and is therefore not addressed further
here, but it may be a congderation for future reviews.

A. NUCLEAR WEAPONS

276. Nuclear weapons have been developed, tested, and
deployed by five countries: China, France, the former USSR,
the United Kingdom, and the United States. The main
potential sourcesof occupational exposurein thedevel opment
and production of nudear weapons are the two radicactive
fissle materids plutonium and uranium and tritium.
Exposures may arise by two main routes: (a) the intake of
these materials into the body by inhalation or ingestion (or
absorption through the skin in the case of tritium) and (b)
external irradiation from gammarays and, to a lesser extent,
neutrons. Intake of these e ementsinto 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
generaly 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 persona air samplers, whole-body
monitoring, and bicassay; where the potentia for intake is
much less, area monitoring of airborne levels may suffice
Because of the steps taken to provide confinement for these
materials, externd irradiation tendsto bethe dominant source
of exposure for thoseinvolved in the production, testing, and
subsequent handling of nuclear weapons. Astheenergy of the

gamma radiation typicaly emitted by the more common
isotopes of these eements is relatively low, thisis one area
where the direct recording of the dos meter measurement as
the received whole-body or effective dose, as is common
practice, could lead to significant overestimates. Neutron as
wdl asgammados meters may be used where exposuresfrom
the former may be significant.

277. In the United States, the Department of Energy (DOE)
isrespons blefor stewardship of thenucd ear weaponsstockpile
and the associated fadilities, for restoring the environment at
rdated Stes, and for energy research [D4]. The fadlities
covered indude accderators, fud/uranium enrichment, fud
fabrication, fue processng, maintenance and support, reactor
operation, research, waste management, weaponsfabrication,
andtegting. Theannual numbers of workersinvolved in these
activities, induding the number monitored and the number
with measurable doses during 1990-1994, are given in
Table 36. In the United Kingdom, the Atomic Wesapons
Egablishment is the organization whose stewardship is
comparable to that of the United States Department of
Energy. Relevant dataaregiven in Table 37. During thetime
periods covered by the four previous UNSCEAR reports, the
United Kingdom and United States were the only countries
that provided substantive data (these can be seen in the firgt
part of Table 38). Included in the table are al employees,
contractors, subcontractors, andvistors. Alsoindicated arethe
collective doses, in total and by component of exposure. It
should be noted that between 1992 and 1993, the United
States changed its method of calculating internal exposure,
with the result that doses before and after these years are not
directly comparable. The changes in reporting requirements
had a sgnificant impact on the collective dose over this
period. The collective dose seemed to decrease by up to 28%
because the dose from intakes in previous yearsis no longer
reported in the current year.

278. In the United States the data averaged over five-year
periods given in Table 38 indicate that the number of
monitored workers has risen from 15,900 in 1985-1989 to
20,800 in 1990-1994. However, the most important
differenceisahalving of the annual collective effective dose
between these two periods from 11.9 to 59 man Sv. A
number of factors are rdevant here. Firg, the operationa
status of many of the DOE facilities has changed, with many
having been shut down and having gone through transition
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from operation to stabilization or decommissioning. Produc-
tion of plutonium at the Hanford Site ceased in 1990. In 1989,
the plutonium fabrication plant at the Rocky Flats site was
shut down for safety code violations, and many production
functions were suspended. Plutonium operations were halted
at the Rocky Hatsstein 1991. By 1988, no DOE reactor was
producing tritium for nuclear weapons. By 1992, the United
States was no longer building nuclear wespons. This
programme appears to have involved many contractors. The
second rlevant point is the policy on who is incduded in
monitored workers. For 1990-1994, they included al DOE
employees, contractors, subcontractors, and vidtors. The
Department of Energy notes [D8] that the number of
monitored workers may not be indicative of the size of the
exposed workforce because some establishments provided
dosmetry to individuals for reasons other than radiation
protection, eg. for reasons of security, administrative con-
venience, and legal liability. Asaresult, it may not bevalid to
compare the sze of the monitored workforce over time.
Similarly, such a large monitored population can confound
comparisons of dose. The average annual dose to monitored
workers thus appears to have decreased by a factor of three
between the last two periods, which is somewhat more than
the decrease in the average annud collective dose.

279. The number of monitored workers in the United
Kingdom has stayed roughly constant, around 4,000. The
average annual collective effective dose after an initid
increase from 2.0 to 3.6 man Sv over the firgt two periods
subsequently decreased by a factor of 3, to 1.2 man Sv for
1990- 1994. A similar pattern isseen with theaverageannual
dose to monitored workers, which over the four periods
decreased from 0.94 to 0.28 mSv.

B. NUCLEAR-POWERED SHIPS AND
THEIR SUPPORT FACILITIES

280. Nuclear-powered ships (submarines and surface
vessels) are operated by several navies, in particular those
of China, France, India, the former USSR, the United
Kingdom, and the United States. Pressurized water-cooled
reactors are the power source in amost al 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, wheremaintenance, refuelling, etc.
are carried out and personnel aretrained.

281. Dataon occupationa exposurefrom nuclear-powered
ships and support activities in the United Kingdom for
1990- 1994 are given in Table 37 on a year-by-year basis
and summarized as an entry in Table 38. The data [H3,
H9] stem from the Defence Radiol ogi cal Protection Service
(DRPS); while they cover naval activities, the data also
cover components from the other armed forces and many
of the industrial-styl e practices used by them. There may
therefore be some differences between the workforces
reported on for 1990-1994 and those reported on
previously. However, these differences probably do not
distort the data significantly. The number of monitored

workers, about 6,300, was reasonably constant for thefirst
three periods but in 1990- 1994 increased to about 9,800.
Despite this increase, the average annual collective
effective dose dropped from 11.6 man Sv for 1985- 1989 to
8.0 man Sv for 1990-1994. This continues the downward
trend from 26.3 man Sv in the first period. In previous
periods the total reported data were dominated by United
States data, but that country did not contribute data on
nuclear-powered ships for the UNSCEAR Survey of
Occupational Radiation Exposures.

C. SUMMARY

282. Data on occupational exposure from al defence
activities are summarized in Table 38. Although this period
has seen the introduction of data from France and the
Netherlands, the bulk of the data till comes from jugt the
United Kingdom and the United States, with the latter
dominating. Thetotal number of monitored workersaveraged
over fiveyear periods has increased steadily, from about
100,000 in the firgt period to 140,000 in 1990-1994. The
average annual collective effective dose fell from about 140
man Sv in the firgt period to about 80 man Sv in the second
and third periods, with a sgnificant further reduction to 33
man Sv for 1990- 1994. The average annual effective doseto
monitored workers decreased in each period from 1.3 mSv in
thefirst period to 0.24 mSv for the most recent period. Given
themuch larger contribution made by the United Statesto the
overall data, these parametersmainly reflect theexperiencein
that country. Here attention is drawn to the comments made
in Section VI.A, concerning nuclear weapons, and the differ-
ent data coverage in the different periods.

283. The above data need qualifying with regard to ther
completeness, in particular to whether they incude all
significant occupational exposures associated with defence
activities. For example, they do not include occupationa
exposures incurred in the mining of uranium used in ether
the nucdlear 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 exposures arising in the
chemical separation and subsequent trestment of plutonium.
Such omissions, should they exig, are Sgnificant only in the
context of proper assgnment of exposures to different
practices; any omission hereislikely to be compensated for by
an overestimate of exposuresin other practices(e.g. exposures
in mining, enrichment, and fuel reprocessing attributed to the
commercia nuclear fud cyde).

284. The data presented above for al defence activities
include occupational exposures for three countries that have
developed and deployed nuclear weapons or that operated
nuclear ships, namey, France, the United Kingdom, and the
United States. Any edimate of worldwide occupationa
exposuresfrom defence activitiescan, therefore, bemade only
by extrapolating theavailable data. Inevitably, thiscan only be
donevery approximately, and neither method of extrapolation
presented in Section |.E is appropriate.
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285. The UNSCEAR 1993 Report [U3] reviewed the
potential for extrapolation based on normalized collective
dose, with the normalization performed in terms of unit
explosive yidd for weaponsand per ship or ingtalled nuclear
capacity for the naval propulson programme. It concluded
that such extrapol ation washot viable. Pending theacquisition
of further data, the UNSCEAR 1993 Report [U3] proposed
adopting a very smple approach for estimating worldwide
exposures from this source, namely, that the worldwide
collective dose from defence activitiesis greater by afactor of
3 than the sum of that experienced in the United Kingdom
and the United States. Four assumptions underlay the choice
of thisfactor: firg, theleve of defenceactivitiesin theformer
Soviet Union and the United States were broadly comparable;
secondly, the levels of exposure in the former Soviet Union
were gregter than in the United States by an indeterminate
amount that did not exceed a factor of 2 in 1975-1989;
thirdly, thelevelsof exposurein France have been comparable

with those in the United Kingdom; and, fourthly, the
exposures in China were not as large as those in the former
Soviet Union or in the United States. Theaddition in themost
recent fiveyear period of the French data does not
significantly change matters, and it is concluded that the
above smple approach is dill the bet available in the
circumgtances. Basad on these assumptions, the estimated
worldwide average annua collective effective dose from
defence activities would have been about 400 man Sv in
1975- 1979, faling to about 250 man Sv in 1985-1989, and
100 man Sv in 1990-1994. Given the coarseness of the
underlying assumptions, it is not be possible to give a precise
etimate of the collective dose perhaps al that can be
concluded is that the worldwide average annual collective
doseduring the period anal ysed was about 100 to 300 man Sv.
Thisegtimateisinevitably associated with much uncertainty,
which can only be reduced by reevant data from China and
the former Soviet Union.

VIl. MISCELLANEOUS OCCUPATIONAL CATEGORIES

A. EDUCATIONAL ESTABLISHMENTS

286. Research workers in educationa establishments use
radioactive sources, X-ray equipment, and unsedled
radioactive sourcesfor awiderange of activities. Examples of
usesinclude x-ray crystallography, radioactivelabds(eg. *H,
¥C, 2p, 35, and @), and irradiators using ®Co or *'Cs
sealed sources. In the UNSCEAR 1993 Report [U3], it was
noted that the lack of consstency in reporting data made it
difficult to estimate the level of exposure and to draw useful
comparisonsfor thiscategory of exposure. Datathat should be
rightfully attributed to this category are often attributed to
other broad practices of radiation, such as research in the
nuclear fud cycleor indudtria uses, andviceversa. Theintent
here is to include exposures arising in tertiary educational
establishments (universities, polytechnics, and research
ingtituteswith an important educational role). Exposuresfrom
ressarch related to the nudear fud cycde and from such
activities asthe use of accd erators should have been included
in those more specific occupationa categories.

287. Thedatareported by countriesaregiven in thefirg part
of Table 39. Worldwide levels of exposures have been
estimated from national data by extrapolation within regions
based on GDP. The coverage and scaling of data (by afactor
of about 2.5) were smilar to the coverage and scaling for
indugtrial radiography. The collective effective dose is less
wdl corrdated with GDP than that for the other occupational
categories anaysed; the greater potentia for non-uniform
reporting of datain this category has doubtless contributed to
this Stuation.

288. In the three previous periods the estimated worldwide
number of monitored workers varied between 140,000 and
180,000, whilethe most recent period has seen an increaseto

310,000, with the principal contributions coming from
Canada, Germany, and Japan. Thisapparent doubling may be
an overesimate attributable to the factors identified above.
The average annual collective effective dose fdl from 74 to
22 man Sv over thefirg three periodsthen roseto 33 man Sv
for 1990-1994. Again, thismight beadight overestimate, but
itisprobably of the correct order of magnitude. Thedatashow
the average annual effective dose decreasing throughout all
four periods, from 0.55 to 0.11 mSv. Although thereis some
variation from country to country, the dose profile data
indicate few workers in this sector receive any significant
doses. In line with this, the value for the average annua
effective dose to measurably exposed workers, 1.1 mSy, is
rdatively small.

B. VETERINARY MEDICINE

289. Diagnodtic radiography is the man source of
occupational exposure in veterinary practice. In general,
effective dosestoindividual sshould below, becausethey arise
essentialy from scattered radiation. Poor practice may,
however, result in the unnecessary exposure of extremitiesif,
for example, assgtants hold animals in podgtion while the
radiograph is being taken. The data from the UNSCEAR
Survey of Occupational Radiation Exposures are given in the
second part of Table 39. The countries reporting for
1990- 1994 are broadly the same as in the preceding period,
with one critical exception: there are no data from the United
States. In 1985-1989, the United States accounted for 85,000
of the reported 96,000 monitored workers and for 36 man Sv
of the 37 man Sv total for collective dose It is therefore
difficult to meaningfully compare the different periods.
However, if the United States data are removed from the
reported data for the previous period (1985-1989) a
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comparison of sorts can be made. The number of monitored
workers in each period was about 11,000. Similarly, the
average annua collective effective dose was just over
1 man Sv in each period and the average annua effective
doses were about 0.1 mSv in each period. There are
cons derablevariations between and within countriesover the
four time periodsconsidered. Interpretation of this data needs
to take into account many of the cautionary comments made
for medical diagnosgtic exposure, particularly in regard to the
large differences that can occur depending on whether
dosmeters are worn above or below any protective lead
aprons.

290. The vast mgjority of the data for 1990-1994 comes
from OECD countries. The limited data set make it difficult
to interpolate and produce a world estimate. If the procedure
described in Section |.E is used, a worldwide collective
effective dose of 8 man Sv reaults. This is not considered
reliable enough to give anything other than a lower bound to
the possble values. The etimate for the previous period,
52 man Sv, is probably more robust, and in the absence of
better data a rounded figure of 50 man Sv could be assumed.

C. OTHER OCCUPATIONAL GROUPS

291. The “other occupational groups’ category was
included in the UNSCEAR Survey of Occupational
Radiation Exposures to ensure that no sizeable group of
exposed persons was overlooked. The data provided are
given in the last part of Table 39; they cover disparate
groups that often cut across the other categories reported
on. In total, this category covers only an average annual
number of monitored workers of some 9,000, receiving an
annual average collective effective dose of 9.6 man Sv and
an average annual effective dose of about 1.0 mSv. It is
concluded that no significant group hasbeen missed in the
UNSCEAR Survey of Occupational Radiation Exposures.

D. ACCIDENTS WITH SERIOUS EFFECTS

292. Accidents that occur in the course of work add to
occupational exposures and in some cases can have serious
conseguences. Accidentswith clinical consequencesfor those
exposed that occurred in 1975- 1994 are listed in Table 40.
The incidents are separated into accidents occurring in four
activities the nudlear fud cycde and associated research,
indugtrial uses of radiation, tertiary education and research
(including accderators), and medical uses of radiation. Most
of the data were obtained in response to the UNSCEAR
Survey of Occupational Radiation Exposures. Someadditiona
entries have been made from other compilations of accidents
[122, R5] to the extent that dose information was available or
clinical consequences could be ascertained. The data are
shown in graphicformin Figure XIV. Thereare 11 accidents
listed for 1990-1994 involving 27 sgnificantly exposed
persons, 4 of whom died. The 3 fatal accidents (one each in
Belarus, China and Isad) were dl rdated to irradiation
facilities; they are covered in more detail below. These

fatalities are in addition to the three fatalities previoudy
reported for irradiators (in Italy, Norway, and San Savador
[123]). Also noted bdow is the death of an industrid
radiographer in the United Kingdom linked to chronic high-
doseexposure[L2]. With the obviousexception of Chernobyl,
it is the accidents in indudtrial uses that dominate the data
reported to UNSCEAR. Over all four periods, and excluding
Chernobyl, there have been 98 reported accidents with 144
workers sgnificantly exposed (including 8 fatalities). Some
65% of the accidents and exposed persons have been in the
indugtrial sector, with 7 out of the 8 fatdities dso being in
this sector. However, it should be noted that overal (and in
the categories as well) there has been a generd downward
trend: the number of accidentsreported in thefirst period was
40 and the number in 1990-1994 was 11.

293. The accidental exposures listed in Table 40 are those
that occurred in the course of work. Thisreflectsthe approach
taken in previous UNSCEAR reports, namely to exclude two
categories of accident: exposures from the theft or loss of
industrial or medical sources and the accidental exposure of
patientsduring diagnosisor therapy. Theexclusion of thefirgt
of thesepaintsaless-than-compl etepicture, and therearegrey
aressin categorizing accidents. The most obvious exampleis
that of workersin themetalsrecycling industries. Whilethese
workers are not direct users, lost or abandoned sources are
entering the metals recycling industry with increasing
frequency [C5, D5, L6], giving rise to hedlth and economic
conseguences. Indeed the problem is serious enough for the
industry to be investing heavily in indalled systems to check
incoming scrap metd for radioactive content. It could thus be
argued that occupational exposureto radiation occursin this
industry. Table 41 ligs accidents that have had significant
conseguences and may be of rdevance but do not fall within
the drict definitions of occupational exposure or the time
framethat isthe primary focus of this Annex.

294. The Committee previously noted that because
accidents were likely to have been under-reported,
conclusions could not easily be drawn on trends in the
number and types of accidentsthat were occurring. While
under-reporting still exists, in recent years there has been
a serious attempt by IAEA [14, 16, 17, 18] to study the
detailed causes of some of the more serious accidents with
aview to learning lessons that might be applied to future
operations of a similar nature. There has been much
interestinindustrial irradiators, in which anumber of fatal
accidents have occurred. Such accidentsinevitably arouse
considerable interest, and it is likely that the information
now availableisreasonably complete. Thedegree of under-
reporting of non-fatal accidentswith clinical consequences
is, however, gtill unclear. Theinformation on theaccidents
in irradiator facilities given here comes largely from
published reports, particularly arecent |AEA review of the
lessonsfrom industrial irradiator accidents[18]. Industrial
radiography is another area where accidents with clinical
effects continue to occur. Once again, most of the
information comes from published reports [L3, L4], but
undoubtedly it is far from complete.
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Figure XIV. Trends in accidents with clinical consequences.

295, Irradiators. Use of industriad gamma and eectron
beam irradiators for a range of industrial purposes began in
the late 1950s in indudtridized countries and later spread to
other countries. There are now more than 160 gamma
irradiation facilities and over 600 dectron-beam facilities in
operation worldwide [18]. During the early years of the
industry (until 1975), no fatal accidents occurred, but snce
1989, a number of serious accidents have been reported [14,
16, 123]. Between 1975 and 1994, sx fata accidents were
reported. Thefirg wasin Italy in 1975, the second in Norway
in 1982, and the third in El Salvador in 1989 [123]. All of
these were ligted in the UNSCEAR 1993 Report [U3]. The
three additional fatal accidents occurred during the period
being covered here: thefirg and second in Chinaand Isradl
in June 1990 and thethird in Bdarusin October 1991. There

wereaso severd seriousnon-fatal irradiator accidentsduring
the period under review.

296. The fatal accident in China involved an irradiation
facility (0.85 PBg ®Co) used for derilizing traditional
Chinese medicines. One of the two doors in the entry route
had been out of commission for some time due to a motor
failure, and because of a power failure the interlock on the
second door was hot operable. Seven workers entered to re-
arrangethe product boxes but could not seethe position of the
source due to a metal shroud. Two of the workers received
doses of 11 and 12 Gy and subsequently died. The fata
accident in lsrael involved an irradiator facility (12.6 PBqg
®Co) usad for gterilizing medical products and spices for the
food industry. A digtorted carton containing materials to be
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irradiated became jammed on the conveyor transport system
while the source was in the exposed position. The operator
disregarded the warning signal from agamma monitor, used
an improper entry procedure to defeat the safety system, and
entered the irradiation room. His whole-body dose was
estimated to be about 10-15 Gy. Despite intensve medica
care, he died of radiation effects 36 days after exposure [14].
In the fatal accident in Belarus, an operator was exposed to
radiation in an indugtrial irradiator, again following ajamin
the product transport system, with the source (30 PBq ®Co) in
theexposed position. At thetimeof theaccident, theirradiator
was being used to serilize medical equipment. The precise
details of the actions of the operator are not known, athough
it is dear that the specified operating procedures were not
followed and the safety features were circumvented. After
recongtruction of the accident, a mean whole-body dose of
approximately 11 Gy, with localized areas of up to 18 Gy, was
estimated. Despite intensive medical treatment, the operator
died 113 days after exposure[16].

297. Three workers received significant doses from a linear
accelerator of the van de Graaff type in France in July and
August 1991. Reported doses ranged up to 40 Gy to the kin
for themogt irradiated of thethree[C1, Z1]. According to the
published reports, the accident was due to negligence and
non-compliancewith regulatory requirements. Theaccd erator
wasused totreat agranulated form of polytetrafluoroethylene.
All three workers entered the facility through the exit of the
conveyor. Thelr exposure was a result of the dark current
associated with the accdlerator after it had been switched off
but with the accd erator voltage maintained to savetime. The
resdual doserate was afew grays per second. One suffered
severe skin lesons; the other two wereless serioudy affected.
An acceerator operator was overexposed at an indudtrial
irradiation facility in Maryland in the United States in
December 1991 [I8, S1]. The radiation source was a 3-MV
accelerator for producing high dectron beam currentsfor the
processing of materials, typicaly polytetrafluoroethylene
powder, wire, and plagtic pdlets. During maintenance, the
operator placed his hands, head, and feet in the beam. This
was done with the filament voltage of the eectron source
turned off but with the full accelerating potential on the high-
voltage terminal. The operator was therefore exposed to the
electron dark current, which was sufficient to produce dose
rates of the order of 0.4-13 Gy s Three months after the
accident, thefour digits of the operator’ sright hand and most
of the digits of his left hand had to be amputated; he dso
suffered hair thinning on the scalp after two weeks. A mean
esimated dose to the man's fingers obtained by dectron
paramagnetic resonance spectrometry was of the order of
55 Gy. Also in November 1992, four workers were over-
exposed in an irradiation facility in China [P1, $4]. The
details obtained so far are sparse. The Stuation was described
asinvolving a power loss and out-of-order safety interlocks.
One of the workers suffered acute radiation syndrome.

298. Research accelerator. In November 1992, an indivi-
dual entered an eectron accd erator research facility in Hanoi,
Viet Nam, without the operator’ sknowledge and unwittingly
exposed his hands to the x-ray beam [17]. He was adjusting a

sample to be irradiated when, owing to the lack of safety
systemsand proceduresto prevent it, the operator switched on
the machine. Exposure was only a few seconds but at a very
high doserate, and the severity of radiation damageled within
months to amputation of the whale of one hand and the
fingers of the other. On the basis of a physica dosmetry
caculation usng dl the information available, a most
probable dose of 10-25 Gy was egtimated for the left hand
and 20-50 Gy for theright one.

299. Industrial radiography. Anindustrial radiographer
in the United Kingdom died in 1992, probably as a result
of substantial radiation exposure received over severa
years [L2]. His total average whole-body dose was
estimated to be at least 10 Gy; a much larger dose to a
hand required partial amputation of the hand. The cause of
his death was acute myeloid leukaemia. The exact
circumstances of his exposure were not established. He
had, however, been working in industrial radiography
since 1974. Until 1983, he worked with torch-type
containers using **Ir sources. Thereafter he worked with
wind-out, remotely operated **?Ir sources. Doses recorded
by hisindividual monitorswereunremarkable, hislifetime
recorded dose being 104 mSv.

300. Outsidethe period of direct interest there were other
accidents involving industrial radiography. In France in
1995, an accident occurred during the handling of a1 TBq
192 r gammaradiography source by an employee of aboiler-
making firm [K2]. Although the empl oyee’' shands showed
clinical effects, thesewereignored until routineprocessing
of the employee’ s dosimeter revealed a dose equivalent of
200 mSv. The circumstances of this accident have not yet
been determined. The clinical development of the lesions
and athermographic analysis both indicated that the local
dose had exceeded 30 Gy. In Iran in 1996, as a result of
poor proceduresin a confined situation, aworker received
an estimated 3 Gy to thewhol e body and up to 50 Gy to the
chest [010] in connection with theuse of an *r source. In
1999, in Peru, awelder picked up an **?Ir source and put it
in his pocket. He received approximately 3 Gy whol e body
but up to 100 Gy to a buttock [O10].

301. Criticality. In1997, aworker at the nuclear weapons
research centre of Arzamas-16 in the Nizhny Novgorod
region of the Russian Federation recelved a whole-body
gamma-neutron dose of 14 Gy with 200 Gy tothehandsas
aresult of acriticality accident with a weapons-grade 2°U
assembly. The worker died three days after the accident
while undergoing treatment in a Moscow hospital [O010].
In 1999 at Toka Mura, Japan a criticality accident
occurred in a fuel conversion plant, involving the
processing of highly enriched fuel for an experimental fast
reactor. Using unauthorized procedures, the workers
poured 16.6 kg of 18.8% enriched uranium into a
precipitation tank, resulting in the critical excursion. The
threeworkersinvolved received dosesof approximately 17,
8, and 3 Gy; the two workers receiving the highest doses
later died, the first 83 days and the second 211 days after
the accident [125, S8].



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES 551

302. Loss of control of sources. In Xinzhou, Chinain
1992, a farmer who was working on a site demolishing a
former irradiation facility picked up acylindrical stedl bar and
put it in his pocket. He becameill the same day, and the bar
went with him to the hospital. The bar contained a 0.4 TBq
®Co source. The farmer, his brother and father all received
dosesin excess of 8 Gy and died; 14 other persons received
dosesin excess of 0.25 Gy. In Tammiku, EStonia, in 1994, a
B'Cs source (afew terabecquerdls) thought to have been part
of an irradiator was disposed of as scrap metal [124]. 1t was
recovered and stored in a source store with limited security.
The store was broken into and the source removed. Six
people, exposad to varying degrees up to 4 Gy whole body,
developed avariety of lesions. Onelocalized exposurewas up
t0 1,800 Gy and the person died. Eleven frontier guardswere
exposad to one or more sources of *¥'Cs with activities up to
150 GBq at the Lilo Training Centre near Thilis, Georgia
[G3]. The sources had beonged to a former administration.
Theincident occurred over a period spanning 1996 and 1997.
Thesourceswereintended for training civil defencespecialists
or for calibration. Some of the sources had been removed
from their containers, either till fixed in the source holder or
separate from it. Information on theirradiation isincomplete,
but it appears that at least one source was kept in the pocket
of a coat. Each of the guards suffered from one or more acute
localized irradiation lesions of varying seriousness, severa
suffered from nausea and vomiting. In Istanbul, Turkey, in
1998, a3 TBq ®Co therapy sourceinside a shiel ded transport
container was sold as scrap. The individuals who purchased
the source were unaware of the radiation hazard and pro-
ceeded to break open and dismantlethe container in aresiden-
tial areaof Istanbul. Thoseinvolved gtarted to suffer from the
acute radiation syndrome, and further work was stopped. The
cause of these symptoms was not recognized for someweeks.
A total of 18 persons, incdluding 7 children, were admitted to
hospital. Five exhibited clinica effects of acute radiation
exposure, with one person having sgns of radiation-induced
kin injuries on the fingers of one hand. The 3 TBq ®Co
source was recovered. It was initially thought that a second
8Co source had also been dismantled in this accident, but that
appears now not to have been the case [010]. In Bangkok,
Thailand in February 2000, poor source security resulted in
three old radiotherapy heads being taken to a scrap yard. One
source, etimated to be about 15.5 TBq *Co, was removed
from itsshidding. The resulting exposure caused 10 persons
to be hospitalized, and three of these subsequently died.

303. While accidents causing death are relatively well
known, thereislikely to beasubstantial under-reporting of
other accidents, and even whereinformation isavailableit
is often fragmented. The UNSCEAR 1993 Report [U3]
noted that a study [R6] of published material dealt with
only about half the accidents covered in UNSCEAR
reports. Recognizing that the lessons learned from
accidents are important for preventing future accidents, a
number of countries and international organizations have
been setting up accident data-bases that should help future
reporting. Examples are the IAEA’s Radiation Event
database (RADEV) [010]; in the United Kingdom, the
lonizing Radiations Incident Database (IRID) [C6, T2];
and in the United States the Registry kept by REAC/TS
[C7]. Caution needs to be exercised when comparing
databases because of differencesin scope, timeframes, and
categories. The REAC/TS database, which issummarized
in Table 42 and Figure X1V, covers 1944 to 1999 and
accidents involving the public and patients. Despite these
differences and the inevitable bias towards data from the
United States, which accounts for some two thirds of the
data, the information paints an overall picture. Three
quarters of the accidents occurred in the industrial sector,
which isconsistent with the UNSCEAR data. It al so shows
a downward trend in recent times, but unlike the
UNSCEAR data, thisdoesnot start to be apparent until the
beginning of the 1990s.

E. SUMMARY

304. Excluding the Chernobyl accident, the 98 occupationa
accidentsreported to UNSCEAR for 1975-1994 covered 144
workers and included 8 fatalities. Owing to under-reporting,
the actual number of accidents may have been two or three
times grester, and there have been significant accidents
connected with occupational usesof radiation but that exposed
persons not directly employed in the origind practice.
Although the available data seem to suggest a downward
trend, thisshould betreated with caution. Papers presented at
ajoint IAEA, European Community, Interpol, and the con-
ference of the World Customs Organization (WCO) in 1998
on the safety of radiation sources and security of radioactive
materials [C6, D5, L6] suggest that more accidents are
coming to light.

CONCLUSIONS

305. Occupational radiation exposures have been
evaluated for six broad categories of work: the nuclear fuel
cycle, medical uses of radiation, industrial uses, defence
activities, education and veterinary uses, and occupations
where enhanced exposures to natural sources of radiation
may occur. Results for 1990-1994 are summarized in
Table43 and, in abbreviated form, for the whole period of

interest (1975-1994) in Table44. The contribution of each
category to overall levels of exposure and the trends with
timeareillustrated in Figure XV. The worldwide average
individual and collective effective doses have been derived
largely from data reported to the UNSCEAR Survey of
Occupational Radiation Exposures, supplemented, where
appropriate, by data from the literature.
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number of monitored workers, doses to workers, and
collective effective doses from man-made sources of
radiation.

306. The worldwide average annual collective effective dose
to workers from man-made sources of radiation in the period
1990-19% is estimated to be about 2,700 man Sv. The
collective effective dose from exposuresto natural sources(in
excess of averageleved sof natural background) isestimated to
beabout 11,700 man Sv. Thelargest component of this, 6,000
man Sv, comes from a category new to UNSCEAR reviews,
namdy, the exposure of workers to radon and its progeny
significantly above background levels. Of the remainder, the
largest components are 2,600 man Sv for cod mining and
2,000 man Sv for other mining operations (excluding uranium
mining, which is dealt with in the nuclear fud cyde). There
are contributions of 800 man Sv to aircrew from exposure to
cosmic radiation and 300 man Sv to those involved in the

minerals processing indugtries. The estimated collective dose
from natural sourcesof radiation is, however, associated with
much greater uncertainty than that from man-made sources of
radiation.

307. Of theannua collective effective dose from exposureto
man-made sources of radiation (2,700 man Sv), about 50%
arises from operations in the nudear fud cycde (1,400
man Sv), about 30% from medical uses (760 man Sv), about
14%fromindustrial usesof radiation (360 man Sv), about 4%
from defence activities (100 man Sv), and about 2% from
educational and veterinary activities (40 man Sv). The
contribution from medical uses of radiation may, however, be
an overetimate by a factor of 2 or more; most of the
exposures from this source arise from low-energy x raysfrom
diagnosticradiography, and thedosimeter readings, whichare
generally entered directly into dose records, may overestimate
the effective dose by alarge factor.

308. Theaverageannual effective doseto monitored workers
varies widdly from occupation to occupation and aso from
country to country for the same occupation. The worldwide
average annual effective doses to monitored workers in
indugtry (excluding the nuclear fud cycle), medicinge
educational and veterinary activities are less than 1 mSv
(about 0.51 mSv, 0.33 mSv, and 0.11 mSv, respectively). In
particular countries, however, the average annua dose for
some of these occupations is severa millisevert or even,
exceptionaly, in excess of 10 mSv. The average annud
effective dosestoworkersinthenudear fud cycleare, in most
cases, larger than the doses to those in other occupations; for
the fud cyde overal, the average annual effective dose is
about 1.75 mSv. For the mining of uranium, the average
annua effective dose to monitored workers in countries
reporting data was about 4.5 mSy, and for uranium milling
operations, it was about 3.3 mSv. There are, however, very
wide variations about these average values, with doses of
about 50 mSv being reported in some countries. The average
annual effective doseto monitored workersin LWRsis about
1.4mSyv, with doses about 20% grester, on average, in HWRs
(1.7 mSv) and smaller by afactor of about 3, on average, in
GCRs(0.5mSVv). Directly comparable datawere not available
for LWGRS, but other data suggest doses could be10-15mSv.
Theindividual dosesin fue reprocessing are about 1.5 mSy,
wheress those in fud enrichment are much smaler,
<0.1 mSv.

309. The percentage of monitored workers worldwide who
worked with man-made sources of radiation and whoreceived
annual effective doses in excess of 15 mSv is estimated, on
average, to have been less than 1% during the period
1990-199%4. Thereis, however, consderable variation in this
value by occupation. Typically, fewer than 0.1% of monitored
workersin medicine and industry (excluding the nuclear fuel
cycle and defence) are estimated to have received doses in
excess of this levd. For the nudear fud cycle as a whole,
about 1% of monitored workers, on average, exceeded this
leve of annual effective dose. However, thereis consderable
variation between different stages of thefue cycle (e.g. about
10% for uranium mining).



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES 553

310. The percentage of the worldwide collective effective
dosefrom all usesof man-made sources of radiation (or, more
grictly, for those uses for which data have been reported) that
arises from annudl individual doses in excess of 15 mSv is
estimated to have been about 13% during 1990-1994. There
is, however, condderable variation in this value from one
occupation to ancther. Typically, about 14% and 25%,
respectively, of the collective dose in medicine and industry
(exduding the nuclear fud cycle and defence) is estimated to
have arisen from annual individual doses in excess of this
leve. For the nuclear fud cycle asawhole, about 11% of the
collective dose arose from annua individual dosesin excess
of 15mSv. Thereis, however, consderablevariation between
different stages of the fud cyde about 32% for uranium
mining and milling, about 8% averaged over al but LWGR
reactors, about 13% for fuel reprocessing, about 11% for fuel
fabrication, and essentially zerofor enrichment. InthisAnnex
for the firg time some data have been available on the
percentages of workers exceeding other dose values, namey
10 mSv (NRyg), 5 mSv (NR;), and 1 mSv (NR,), and on the
percentage of the collective dose coming from individual
exposures exceeding these values, SRy, SR; and SR,. The
data are not sufficiently robust to produce worldwide values,
but for some of the practicesthey provide a better insght into
the dose prdfiles underlying the limited indicators NR;5 and
SR;s. With the ongoing decreasesin collective and individua
doses, these additional parameters, i.e NRy,, NRs, NR, and
SRip, SR, SR, will become more important.

311. For the1990- 1994 period, sgnificantly moredatathan
in previous periodswereavailable on averageannud effective
dosesto measurably exposed workers. Thishasallowed for the
firg time reasonably robust worldwide estimates to be made
for many of the practices. For the nuclear fud cycle, thevalue
was 3.1 mSyv, higher by afactor of about 2 than the value for
monitored workers (1.75 mSv). In each of the remaining
categoriesfor which an estimate was avail ablethemeasurably
exposed values were higher by a factor of about 4 than those
for monitored workers: 1.4, 2.2, and 1.0 for medica uses,
industrial uses, and educational/veterinarial uses, respectively.
Consderable variation about these genera factors is seen
when individual practices are examined. For example, in
uranium mining thereislittle difference between the average
annual effective dose to workers of 4.5 mSy and the corres-
ponding value of 5.0 mSv for measurably exposed workers,
while in dentigtry there is more than tenfold difference
between the values of 0.06 mSv and 0.89 mSv for monitored
workersand measurably exposed workers, respectively. When
viewed together with the NR and SR parameters for each
practice, these data provide a dearer picture of the dose
profiles than was previoudy available.

312. Theaverageannual effective dosetoworkersexposedto
enhanced levels of radiation from natural sources, in
particular in underground mines, varies considerably between
mines and between countries. In coa mines, the average
annua effective dose is estimated to be about 0.7 mSv. In
other (non-uranium) mines, the worldwide average effective
doseis estimated to about 2.7 mSv. Aircrew are estimated to
receive an average annual effective dose of about 3 mSv.

313. Trends in exposures over the period 1975-1994.
Trendsin exposure from man-made sources areillugtrated in
Figure XV1 for each of themain occupational categories con-
sidered in this Annex. No attempt has been made to discern
any trends in occupational exposures from natural sources,
because insufficient data are available to make meaningful
estimates; the few data that do exist, however, suggest that
exposures in mining operations and minerals processing in
earlier periodsweregreater than thoseestimated here, possibly
much greeter. Thisisso because somewhat |ess attention was
given in the past to the contral and reduction of exposuresin
underground mining.
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Figure XVI. Overall trends in worldwide occupational
exposures to man-made sources of radiation.

314. The worldwide annual average number of workers
involved with man-made uses of radiation is estimated to have
increased from about 2.7 to about 4.6 million between thefirgt
and fourth five-year periods. Thegreatest increase (from about
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1.3 to about 2.3 million) was in the number of monitored
workersin medicine. Thenumber of monitored workersinthe
nuclear fuel cycle alsoincreased significantly, by about 50%,
from about 0.6 million in thefirst period to about 0.9 million
in the third period, but for 1990-1994 it dropped to 0.8
million. In defence activities and indudtrial uses there have
been some variations, but overall both increased by about
30%, with defence activities rising from about 0.3 to 0.4
million andindustrial usesrising from about 0.4t00.7 million
workers.

315. Theannual collective effective dose averaged over five-
year periodsfor al operationsin the nudear fud cyclevaried
little about the average value of 2,600 man Sv between 1975
and 1989 despite a three- to fourfold increase in dectrica
energy generated by nuclear means. The latter has continued
to increase, but the average annua collective effective dose
has falen by a factor of about 2, to 1,400 man Sv. A
significant part of this reduction came from the dramatic
reduction in the uranium mining component, from 1,100
man Sv in 1985-1989 to 310 man Sv in 1990-1994. This
estimated reduction isbased on limited data, soits magnitude
must be viewed with some caution. However, other indicators,
such as the reduction in the amount of uranium mined, the
closng of many underground mines, and a more generd
move to open-pit mining, support the view that a substantial
reduction has taken place. In other parts of the nuclear fue
cycle the dtuation is more varied, for example in
reprocessing the downward trend in previous val ues, 53, 47,
and 36 man Sv, has been reversad with an increase to 69
man Sv for 1990- 1994, although to alargedegreethissmply
reflects the indusion of Russan data for the firgt time
However within the nucdlear fud cyde the other important
element, other than mining, is reactor operation, which after
increasing from 600 to 1,100 man Sv over the first three
periods dropped to 900 man Sv for 1990-1994.

316. Thenormalized collectiveeffective dose per unit energy
generated has decreased with time for the fud cycle overall
and for mogt of its sages. For the fud cycle overdl, it has
decreased by a factor of about 3, from about 20 man Sv
(GW a)* to about 9.8 man Sv (GW a) %, with mogt of the
decrease occurring during the last two periods. For reactors
between thefirgt and second five-year periods, the normalized
collective doses changed little, but large decreasesoccurredin
the next two periods (first by a factor of 1.7 and then by a
factor of 1.5). The UNSCEAR 1993 Report [U3] linked the
firgt of these reductions to completion of most of the safety
modificationsfollowing the accident at the Three-Mileldand
reactor and to much greater attention paid by utilities and
regulators to reducing occupationa exposurein both existing
and new reactors. This latter downward pressure on doses
continued into the 1990-1994 period and indeed was given
new impetus by changes in risk factors and consequent
recommendations from ICRP[112] for reductionsin the dose
limits. The above trends are also reflected in the average
annua effective dose to monitored workers, which in the
nuclear fuel cyde has been consigtently reduced over the
whole period, from 4.1 mSv to 1.75 mSv. There are some
variations between parts of the nuclear fuel cycleand between

countries. Of particular note is the fact that in the firgt three
periods, the dose to monitored workers at LWGRs increased
from 6.6 mSv to 13 mSv, and while no specific value for the
fourth period was reported, other indicators suggest at least
that the high level of exposure was maintained.

317. Theworldwide average annua collective effective dose
fromall industrial usesof radiation (excluding thenuclear fuel
cycleand defenceactivities) wasfairly uniform over the period
1975-1984, at between 800 and 900 man Sv. It decreasad,
however, by a factor of dmost 2 in the second half of the
1980s (to 490 man Sv) and then fel further, to about 360
man Sv, in 1990-1994. The same trend is reflected in
estimatesof individual dose: theaverageannual effectivedose
to monitored workersdecreased from some 2.1 mSv in 1975~
1979, through 1.8 mSv and 1.2 mSy, to 0.51 mSv in 1990~
1994. It should be noted that in previous UNSCEAR reports
indugtrial uses included a component from educational uses,
which tended to distort the data. In this Annex, educational
uses are dealt with in a separate category, and the industria
data for earlier years have been adjusted to remove the
educational component. In defenceactivities, both theaverage
individual and collective doses fell by afactor of about 4 over
the whole period, from 1.3 mSv to 0.24 mSv and from
420 man Sv to 100 man Sv, respectively.

318. Theworldwide average annual collective effective dose
from al medical uses of radiation, about 1,000 man Sy,
changed little over the first three five-year periods but then
dropped sgnificantly, to 760 man Sv, in 1990-1994. A clear
downward trend is evident in the worldwide average effective
dose to monitored workers, which decreased from about
0.78 mSv in thefirg five-year period to about 0.33 mSv in the
fourth; there was, however, condderable variation between
countries. The annual average number of monitored workers
in medicine increased steadily over the four periods, amost
doubling, from 1.3 million to 2.3 million. It isfor thisreason
that the callectivedoseremained relatively uniform with time,
notwithstanding thesignificant decreasein averageindividual
dose. The extent to which some of these decreasesin average
individual dosearered or are merdy artifacts dueto changes
in monitoring or recording practicewarrantsfurther analysis.

319. The percentage of monitored workers worldwide
involved with all uses of man-made sources of radiation who
received annual effective doses in excess of 15 mSv has
decreased progressively, from an average of about 5% in the
fird period to 3% in the third period, and to less than 1% for
1990-1994. This same downward trend is evident in the
percentages of nuclear fud cycle and medical workersworld-
widereceiving annual dosesin excess of that sameleve. The
tabulated data for medical workers show an increese in the
third period. The increase is more apparent than real, how-
ever, and is dueto theinclusion for that period of data from
a country that had previously not reported data, and which
significantly increased theworl dwide estimate. If that country
were excluded, the trend would be downwards for medical
workers throughout the period [U3]. For industria workers
worldwide (excluding the nuclear fue cycle and defence), the
trend isless congstent but overall has been downward.
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320. 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 also
decreased progressively, from about 45% to about 36%, on
average, between thefirst and third five-year periods. This
decrease was greater between thethird and fourth periods,
with avalue for 1990-1994 of 13%. The same downward
trendisevident for the collectivedose from the nucl ear fuel
cycle and from medical uses of radiation. The tabulated
datafor medical uses show an increasein thethird 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, thereislittleevidenceof any clear trendwithtime
in the fraction of the collective dose arising from annual
dosesin excess of 15 mSv, although over thewhole period
it has fell from 35% to 25%.

321. Occupational exposures to workers caused by
accidents give an added component of dose or injury to
thoseinvolved. The data compiled indicate that most of the
accidents occurred in the industrial use of radiation and
that most of them involved industrial radiography sources.
The great majority of accidental exposures of sufficient
magnitude to cause clinical effects were associated with
localized exposures to the skin or hands. From 1975 to
1994, 36 people died as a result of radiation exposures
received in accidents, 28 of these deaths were at
Chernobyl. A significant feature of the more recent
accidents is the three fatal accidents in industrial
irradiation facilities. in El Salvador, 1989 [123]; in Israd,
1990 [14]; and in Belarus, 1991 [16]. From 1975 to 1994,
about 98 accidents to workers worldwide with actual
clinical consequences were reported. Because non-fatal
accidents may be under-reported, the actual number may
have been somewhat greater.

322. The estimates of occupational radiation exposurein
thisAnnex have benefited from amuch moreextensiveand
complete database than was previously available to the
Committee. The efforts by countriesto record and improve
dosimetric data were reflected in the responses to the
UNSCEAR Survey of Occupational Radiation Exposures
and have led to improved estimates of occupational
exposures.

323. The Committee' s current estimate of the worldwide
collective effective dose from man-made sources for the
early 1990s, 2,700 man Sv, is lower by afactor of about 2
than that made by the Committee for the late 1970s. A
significant part of the reduction comes in the nuclear
power fuel cycle, particularlyin uraniummining. However,
reductions are seen in all the main categories. industrial
uses, medical uses, defence activities, and education. This
trend is aso reflected in the worldwide average annual
effective dose, which has fallen from about 1.9 mSv to
0.6 mSv.

324. No attempt has been madeto deduce any trendin the
estimates of dose from occupational exposure to natural
sources of radiation, as the supporting data are somewhat
limited. The UNSCEAR 1988 Report [U4] made a crude
estimate of about 20,000 man Sv from this source, which
was subsequently revised downward to 8,600 man Svinthe
UNSCEAR 1993 Report [U3]. The comparable figure for
1990-1994 is 5,700 man Sv; however an important new
element has been added for this period, namely
occupational exposure to elevated levels of radon and its
progeny, bringing the overall estimate to 11,700 man Sv.
Thisis gtill considered to be a crude estimate and much
better data are required. This will be a challenge for the
next assessment by the Committee of occupational
radiation exposures.
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Table 1

Occupational categories used by UNSCEAR for evaluating exposure

Exposure source

Occupational categories

Nuclear fud cycle

Uranium mining

Uranium milling

Uranium enrichment and conversion
Fuel fabrication

Reactor operation

Fuel reprocessing

Research in the nuclear fud cycle

Medical uses

Diagnostic radiology
Dental radiology
Nuclear medicine
Radiotherapy

All other medical uses

Industrial uses

Industrial irradiation
Industrial radiography
Luminizing

Radi oisotope production
Well-logging
Acceerator operation
All other industrial uses

Natural sources

Civilian aviation

Coal mining

Other mineral mining

Oil and natural gasindustries
Handling of mineralsand ores

Defence activities Nuclear shipsand support activities
All other defence activities
Miscellaneous Educational establishments

Veterinary medicine
Other specified occupational groups
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Table 2
Dose monitoring and recording procedures for occupational exposure
Data from UNSCEAR Survey of Occupational Exposures

Minimum detectable level Dose recorded Dose recorded
Country / area Occupation (MDL) or recording level when less than MDL for lost
mSv, (mSv) dosimeters
Argentina All 0.1 0.00
Augdralia? All 0.01 x ray 0.00
0.07 gammaray
Brazil 2° All 0.2 0.00 Averagevalue
Bulgaria Reactor operation 1.00 0.33
Nuclear medicine and radiotherapy 2.00 1.00
All other medical uses 0.40 0.20
Industrial radiography - x-ray 0.40 0.20
All other 2.00 1.00
Canada All 0.20 0.00
China 0.03 0.015
China, Taiwan Reactor operation (PWR) 0.05 0.00 Average of
Province® Reactor operation (BWR) 0.08 0.00 colleagues doses
All other 0.08 0.00 for same period
Croatia All 0.05 0.00
Cuba All 0.20 0.20
Cyprus All 0.20 0.05 (1990)
0.00 (1991-1994)
Czech Republic® Reactor operation 0.10 0.00
Research in the nuclear fud cycle 120
All other 0.05 0.00
Denmark ° ¢ Research in the nuclear fud cycle 0.20 0.00 0.00
All other 0.10 0.00 0.00
Ecuador All 0.20or 0.10
(different laboratories)
Finland Reactor operation 0.10 0.00
Other 0.30 0.00
France Nucleer fud cycle 1990-1993 0.15 COGEMA
0.10 EDF
0.35CEA
1994 0.20 All 0.00
Gabon Uranium mining and milling 0.99 calculated
All other 0.01 0.01
Germany Mining (other than uranium) 0.001 0.00 Attributed by
All other 0.10 0.00 controlling
authority
Greece® All 0.20 0.00
Hungary Reactor operation 0.10 0.00
All other 0.35 0.00
Iceland Well logging 0.20 0.00
Medical uses 0.05 0.00
India All 0.05 0.00
Indonesia Reactor operation
Radi oi osotope production
Well loggers 0.05 0.05

Educational establishments

All other industry 0.01 0.01
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Table 2 (continued)

Minimum detectable level Dose recorded Dose recorded
Country / area Occupation (MDL) or recording level when less than MDL for lost
(mSv) (mSv) dosimeters
Irdland All 0.15Film
0.10TLD

Japan All 0.10 0.00
Jordan Radiotherapy 04 0
Kuwait 0.2 0.1
Mexico All 0.25 0.00 5.00
Myanmar All 0.01
Netherlands All 0.01
Pakistan All 0.10
Peru All 0.10 0.00
Poland All industrial uses 0.50 0.25
Slovakia All 0.10 0.00
Slovenia Nuclear fuel cycle 0.01

Diagnostic and dental radiology 0.04 0.00

Nuclear medicine 0.1 0.10

Radiotherapy 0.005 0.00

Industrial radiography 0.1 0.10

All other industrial uses 0.1 0.00
South Africa All 0.20 0.00
Sri Lanka All 0.05
Sweden All 0.1 0.00
Switzerland All 0.01 0.00
Syria All 0.20 0.10
Syrian Arab Rep. All those using devices 0.2 0.00 Mean value for last

12 months

Tanzania All 0.10
Thailand Reactor operation 0.2 0.00

Radi oisotope production 0.2 0.00

Nuclear medicine and radiotherapy 0.15 0.00

All other 0.02 0.00
United Kingdom All 0.1 0.00

a All datarefer to external exposure.
b  Dosesto contractorsincluded.
¢ Corrections made to avoid double entries.
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Table 9
Collective effective doses to workers at reactors during replacement of steam generators
[05]
Collective effective dose
Country Reactor Replacement year Number of loops (man Sv)
replaced
Per replacement Per loop
Belgium Dod 3 1993 3 1.96 0.65
France Dampierre 1 1990 3 213 0.71
Bugey 5 1993/1994 3 1.55 0.52
Gravelines 1 1994 3 1.45 0.48
Germany Obrigheim 1983 2 6.90 345
Japan Mihama 2 1994 2 1.46 0.73
Takahama 2 1994 3 1.49 0.50
Sweden Ringhals 2 1989 3 2.90 0.97
Switzerland Beznau 1 1993 2 1.10 0.55
United States Surry 2 1979 3 214 7.14
Surry 1 1980 3 17.6 5.86
Turkey Point 3 1981 3 215 7.17
Turkey Point 4 1982 3 13.1 4.35
Point Beach 1 1983 2 5.90 2,95
H.B. Robinson 2 1984 3 12.1 4.02
D.C. Cook 2 1988 4 5.61 1.40
Indian Point 1989 4 541 1.35
Palisades 1990 3 4.87 1.62
Millstone 2 1992 3 6.70 2.23
North Anna 1 1993 3 240 0.80
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ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

Table 12

Worldwide average annual exposures from the commercial nuclear fuel cycle ®

Monitored Average annual Average annual Average annual Distribution ratio ©
Practice workers® collective collective effective effective dose
effective dose dose per unit to monitored
energy generated workers NRy ¢ SRis
(thousands) (man Sv) (man Sv per GWa)

1975-1979
Mining®' 240 1300 57 55 0.37 0.69
Milling ©f 12 120 0.52 10 0.41 0.76
Enrichment 11 53 0.02 05 0.00 0.00
Fuel fabrication 20 36 0.59 18 0.012 0.38'
Reactor operation 150 600 11.0 41 0.078" 0.60’
Reprocessing ¢ 7.2 53 0.70 7.3 0.16 0.29¢
Research 120 170 1.0 14 0.035 0.42
Total 560 2300 20 41 0.20 0.63

1980-1984
Mining ©f 310 1600 55 51 0.30 0.61
Milling ©f 23 120 0.41 51 0.30 0.64
Enrichment 43 0.8 0.02 0.2 0.00 0.00
Fuel fabrication 21 21 021 1.0 0.002 011"
Reactor operation 290 1000 10.0 3.6 0.069" 0.52!
Reprocessing ¢ 94 47 0.75 49 0.10 0.11°¢
Research 130 150 1.0 11 0.021 0.39
Total 800 3000 18 37 0.16

1985-1989
Mining ©f 260 1100 43 44 0.25 0.52
Milling ©f 18 120 0.44 6.3 0.18 0.43
Enrichment 5.0 04 0.02 0.08 0.00 0.00
Fuel fabrication 28 22 0.12 0.78 0.002 0.019'
Reactor operation 430 1100 59 25 0.033" 0.34!
Reprocessing ¢ 12 36 0.65 3.0 0.064 0.12¢9
Research 130 100 1.0 0.82 0.011 0.30
Total 880 2500 12 29 0.10 0.42

1990-1994
Mining ©f 69 (62) 310 172 4.5 (5.0) 0.10 0.32
Milling ©f 6 20 011 33 0.00 0.01
Enrichment 13 1 0.02 0.12 0.00 0.00
Fuel fabrication 21(11) 22 0.1 1.03 (2.0) 0.01 0.11
Reactor operation 530 (300) 900 39 14(2.7) 0.00" 0.08
Reprocessing ¢4 45 (24) 67 3.0 15(2.8) 0.00 0.13
Research 120 (36) 90 1.0 0.78 (2.5) 0.01 0.22
Total 800 (450) 1400 9.8 1.75(3.1) 0.01 011

The data are annual values averaged over the indicated periods.

Datain parentheses relate to data for measurably exposed workers.

¢ Thevaluesof the distribution ratios should only be considered indicative of worldwide levels asthey are based, in general, on data from far fewer
countries than the data for number of workers and collective doses.

d Thisratio appliesto monitored workers.

e Alsoinclude uranium obtained or processed for purposes other than the commercial nuclear fud cycle.

For 1985-1989 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 to radon daughters (10 mSv WLM* used in the reported data). The ratios NR;; and SR, are averages of reported data

inwhich, in general, the previoudy used conversion factor has been applied. Thetabulated ratios are thus strictly for avalue of E somewhat lessthan

15 mSv. The relationship between the reported and revised datais not linear because exposure occurs from other than just inhalation of radon progeny.

For 1990- 1994 a conversion factor of 5.0 mSv WLM* for exposure to radon daughters has been used.

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

Does not include data for LWGRs, FBRsand HTGRs.

Ratio appliesto LWR and HWR fuels only, as data for other fuels are not available; the ratio would be smaller if al fuel types were included.

Does not include data for GCRs, LWGRS, FBRsand HTGRs.

In the absence of sufficient data on equivalent electrical energy generated from reporting countries for 1990-1994, the Committee has taken the

normalized average annual collective effective per unit energy generated to be the same asthat for the previous period.
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Table 16
Summary of worldwide exposures from medical uses of radiation @

Monitored Measurably Annual average Annual average individual dose (mSv)
Practice workers exposed workers collective effective
dose .
Monitored Measurably
b
(thousands) (thousands) (man Sv) workers exposed workers
1975-1979
Diagnostic radiology 630 600 0.94
Dental practice 370 120 0.32
Nuclear medicine 61 62 1.01
Radiotherapy 84 190 223
All medicine 1300 990 0.78
1980-1984
Diagnostic radiology 1100 720 0.68
Dental practice 500 93 0.19
Nuclear medicine 81 85 1.04
Radiotherapy 110 180 158
All medicine 1900 1100 0.60
1985-1989
Diagnostic radiology 1400 760 0.56
Dental practice 480 25 0.05
Nuclear medicine 90 85 0.95
Radiotherapy 110 100 0.87
All medicine 2200 1000 0.47
1990-1994
Diagnostic radiology © 950 350 470 0.50 134
(840) (330) (485) (0.57) (1.47)
Dental practice® 265 17 16 0.06 0.89
(240) a7) (13) (0.04) 0.77)
Nuclear medicine® 115 65 90 0.79 141
(100) (60) (86) (0.86) (1.40)
Radiotherapy ° 120 48 65 0.55 1.33
(105) (52) (72) (0.68) (1.39)
Other uses 870 70 119 0.14 1.70
(555) (16) (39) (0.07) (2.44)
All medicine® 2320 550 760 0.33 1.39
(1 840) (475) (695) (0.38) (1.47)

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

Thetotal for measurably exposed workers has been rationed up to take account of countriesthat did not report the number of measurably exposed
workers, but did report a figure for monitored workers.

The values shown in brackets are the world estimates based on the standard method given in Section |.E; however the Committee identified a more
robust method of estimation for thisinstance, based on the regional value for the United States being taken to be equivalent to the rest of OECD
(see para 156).
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Table 17

Worldwide exposure from all medical uses of radiation @

Monitored Measurably Average Averageannual | Average annual Collective
workers exposed annual individual dose individual dose | effective dose®
Region workers collective dose to monitored to measurably per unit GDP
workers exposed workers (man Sv
(thousands) (thousands) (man Sv) (mSv) (mSv) per 10% USS$)
1975-1979
East and South-East Asa 4 70 17 44
Eastern Europe © 190 110 0.57 94
Indian subcontinent 12 10 0.82 81
Latin America
OECD except United States 360 220 0.61 74
United States (estimate) ¢ 490 460 0.95 250
Remainder 230 190 0.84 160
Total 1300 990 0.78 130
1980-1984
East and South-East Asa 10 16 16 37
Eastern Europe © 460 150 0.31 64
Indian subcontinent 15 9 0.57 33
Latin America 60 270 45 350
OECD except United States 610 210 0.35 43
United States (estimate) ¢ 580 410 0.70 120
Remainder 160 90 0.55 79
Total 1900 1100 0.60 87
1985-1989
Asa 96 170 18 440
East and South-East Asa 17 29 17 56
Eastern Europe © 430 130 0.31 38
Indian subcontinent 19 10 0.53 30
Latin America 110 180 16 220
OECD except United States 740 190 0.27 24
United States (estimate) ¢ 730 280 0.38 58
Remainder 75 35 0.47 56
Total 2200 1000 0.47 54
1990-1994
East and South-East Asa 44 28 45 1.00 1.56 40
Eastern Europe 420 145 182 0.44 1.25 105
Indian subcontinent 26 14 21 0.79 1.44 41
Latin America 22 9 28 1.26 3.30 32
OECD except United States 870 160 180 0.20 1.10 16
United States ¢ 870 160 180 0.20 1.10 16
(400) (90) (115) 21
Remainder 61 27 127 210 4.69 94
World 2320 550 760 0.33 1.39 34
(1 850) (475) (695) (0.38) (1.47) (31)

(¢}

The data are annual averages over the respective five year periods and are, in general, quoted to two significant figures.
The normalized collective doses per unit GDP for the three five year periods are expressed, respectively, in terms of 1977, 1983, 1989 and 1994
prices; direct comparison between the values for different periodsis possible only after correcting for these different price bases.
Including the whole of the former USSR.
The values shown in brackets are the world estimates based on the standard method given in Section |.E; however the Committee identified a more

robust method of estimation for thisinstance, based on the regional value for the United States being taken to be equivalent to the rest of OECD (see

para 156).
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Table 18
Exposures to medical staff involved in diagnostic radiology in the United Kingdom in 1991
[H3]
Number of workersin dose range Total number Annual Average
Occupational group of workers collective dose annual dose

0-1mSv 1-5mSv 5-15 mSv >15 mSv (man Sv) (mSv)
Radiographers 5663 55 1 0 5719 0.28 0.05
Radiologists 729 38 0 0 767 0.14 0.18
Cardiologists 171 22 2 1 196 0.089 0.44
Other clinicians 465 9 0 0 474 0.044 0.09
Nurses 1522 38 1 0 1561 0.13 0.08
Technicians 1070 27 1 0 1098 0.090 0.08
Other 937 5 2 0 944 0.053 0.06
Table 19
Trend in occupational exposures in Spain from 1989 to 1995
[H8]

Occupational Total number of workers Average annual individual Collective dose Number of individual dose
p dose (mSv) (man V) >20 mSv
category
1989 1995 1989 1995 1989 1995 1989 1995
Medical uses of radiation
Diagnostic radiology 33036 41583 0.82 053 26.4 19.7 15
Radiotherapy 1041 1614 091 057 09 09 1
Nuclear medicine 924 1546 1.93 135 16 20 1
Dental radiology 1294 4631 1.29 0.60 16 21 2
Other - 7196 - 0.42 - 27 3
Total 37750 56 570 0.86 0.55 47 274 90 22
Industrial uses of radiation
Radiography 650 440 1.10 246 0.6 0.7 0
Gammagraphy 169 327 452 2.59 0.7 0.7 4
Process control 672 1871 1.58 0.99 09 16 2
Metrology 350 1.32 0.1 0
Manufacturing 1045 114 11 0
Other 1037 1.26 11 7
Total 3031 5070 16 13 53 5.6 17 13
Nuclear fuel cycle
Reactor operation 10807 8765 2.7 31 20.6 16.0 88 93
Other fuel cycle 757 807 12 03 0.6 01 0 0
operation
Research/transport - 4778 - 0.7 - 2.7 - 4
Total 11564 14 350 18 13 21.2 18.8 88 97
All uses of radiation

Total 52 345 75990 735 51.8 195 132
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Table 20
Medical occupational exposures in France in 1995
[C3]

Occupational category Monitored workers Collective dose Individual dose Individual dose

(man Sv) >20 mSva? >50 mSva?
Radiology 86 607 13.0 104 31
Radiotherapy 8528 20 11 1
Nuclear medicine 3998 15 3 0
In vitro unsealed sources 4669 0.09 0 0
Dental radiology 19759 1.0 6 3
Occupational medicine 6172 0.39 1 1
Veterinary uses 2959 0.27 2 1
Total 132 692 18.3 127 37
Table 21
Exposures to medical staff involved in radiotherapy in the United Kingdom in 1991
[H3]
. Numbers of workersin dose range Total number Annual Average
Occupational group ;
of workers collective dose annual dose
0-1mSv 1-5mSv 5-10 mSv >10 mSvy (man Sv) (mSv)

Beam radiographers 541 15 0 0 556 0.038 0.07
Radiotherapists 192 6 0 0 198 0.019 0.09
Sealed- source technicians 8 1 0 0 9 0.001 0.12
Radiotherapy theatre nurses 9 1 0 0 10 0.003 0.28
Brachytherapy ward nurses 548 5 3 0 556 0.053 0.10
Other nurses 203 9 1 0 213 0.051 0.24
Technicians 130 1 0 0 131 0.008 0.06
Other 354 6 0 0 360 0.028 0.08
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Table 24
Exposures to workers from all industrial uses of radiation #
Data from UNSCEAR Survey of Occupational Exposures
Monitored Measurably Annual Average annual
workers exposed collective effective dose (mSv)
Country / area Period workers effective NR;s " R
dose Monitored Measurably
(thousands) (thousands) (man Sv) workers exposed workers
Argentina 1985-1989 0.07 0.03 0.85 1.29 2.74 0.03 0.61
1990-1994 0.53 0.28 0.68 1.27 244 0.01 0.25
Augralia 1975-1979 221 0.92 041
1985-1989 7.1 3.30 0.78 0.11 0.23 0.00 0.09
1990-1994 11.43 4.29 1.83 0.16 0.43 0.00 0.17
Brazil 1985-1989 15.00 3.10 24 1.60 7.69
1990-1994 144 0.43 1.47 1.02 3.40 0.01 0.40
Bulgaria 1990-1994 0.83 0.17 0.74 0.89 3.70 0.00 0.02
Canada 1975-1979 8.06 3.60 13.2 1.63 3.66 0.02 0.42
1980-1984 11.0 4.36 14.4 131 3.30 0.02 0.34
1985-1989 10.70 4.70 16.2 1.52 3.45 0.02 0.39
1990-1994 459 2.52 9.84 214 391 0.03 0.34
China 1990-1994 4,76 4.25 6.8 143 1.60 0.01 0.24
China, 1980-1984 242 191 0.79
Taiwan Province 1985-1989 3.04 1.97 0.65
1990-1994 4.67 1.74 1.47 0.31 0.85
Croatia 1990-1994 0.26 1.00 0.07 0.27 0.88
Cuba 1990-1994 0.33 0.33 041 1.25 1.25 0.00 0.02
Czech Republic 1975-1979 1.65 2.26 1.38 0.01 0.23
1980-1984 2.92 3.77 1.29 0.01 0.18
1985-1989 3.62 3.77 1.04 0.01 0.21
1990-1994 233 1.81 2.85 1.22 1.58 0.00 0.06
Denmark 1975-1979 0.46 0.32 0.68 0.00 0.06
1980-1984 0.64 0.49 0.76 0.00 0.11
1985-1989 0.80 0.52 0.65 0.00 0.07
1990-1994 2.76 0.50 0.52 0.19 1.04 0.00 0.04
Ecuador 1990-1994 0.17 0.15 0.25 1.49 1.72 0.00
Finland ¢ 1975-1979
1980-1984 0.67 0.05 0.14 0.21 297 0.20
1985-1989 2.09 0.15 0.26 0.12 1.75 0.00 0.05
1990-1994 2.36 0.17 0.32 0.14 1.94 0.00 0.06
1.19 0.13 0.16 0.13 1.20 0.00 0.04
France 1975-1979
1980-1984
1985-1989 9.9 24 242
Gabon 1990-1994 0.01 0.01 0.08 20.48 20.48 1.00 1.00
Germany ¢ 1985-1989 58.6 14.70 25.6 0.44 1.74 0.01 0.29
1990-1994 519 16.59 479 0.92 2.89 0.01 0.23
Greece 1990-1994 0.24 0.03 0.06 0.26 2.50 0.00 0.20
Hungary 1975-1979 3.26 0.58 3.01 0.92 5.14 0.01 0.36
1980-1984 3.36 0.56 1.93 0.58 347 0.00 0.19
1985-1989 3.26 0.53 1.57 0.48 297 0.00 0.12
1990-1994 2.25 0.33 0.85 0.38 2.60 0.00 0.08
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Table 24 (continued)

Monitored Measurably Annual Average annual
workers exposed collective effective dose (mSv)
Country / area Period workers effective NR; " Ry
dose Monitored Measurably
(thousands) (thousands) (man Sv) workers exposed workers
Iceland 1990-1994 0.03 <0.01 0.00 0.00 0.00 0.00
India 1990-1994 5.08 2.80 7.95 157 2.84 0.02 0.34
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 0.11 137 0.00 0.09
1991-1994 0.13 0.23 0.03 0.23 132 0.00
Italy © 1985-1989 1.98 0.44 0.87 0.44 197 0.00 0.35
Japan 1975-1979 27.6 393 8.93 0.32 227 0.01
1980-1984 29.0 4.06 11.0 0.38 2.70 0.00
1985-1989 32.00 3.06 8.48 0.27 2,77 0.00
1990-1994 120 6.49 16.5 0.14 254 0.00 031
Kuwait 1990-1994 0.19 0.03 0.62 3.26 22.96 0.00 0.00
Mexico 1985-1989 1.63 051 523 321 10.20 0.05 0.66
1990-1994 1.69 051 52 3.07
Myanmar 1990-1994 0.01 0.01 0.00 0.00 0.00 0.00
Netherlands 1980-1984 171 0.63 0.37 0.00 0.34
1985-1989 227 0.88 0.39 0.00 0.15
1990-1994 4.09 1.38 2.68 0.65 1.95 0.01 0.19
New Zealand 1980-1984 0.28 0.43 1.50
Norway 1980-1984 121 051 0.85 0.70 167 0.00 0.04
1985-1989 144 051 0.68 0.47 1.35 0.00 0.09
1990-1994 2.33 031 0.33 0.14 1.06 0.00
Pakistan 1990-1994 0.13 0.12 0.62 4.66 5.00 0.11 0.63
Peru 1990-1994 0.26 0.23 04 1.54 1.75 0.01
Poland 1990-1994 225 2.09 3.83 171 184 0.01 0.15
Portugal 1985-1989 0.63 0.52 0.18 0.28 0.34
Russian Federation 1985-1989 12.8 104 8.15
1990-1994 2.99 2.99 6.08 2.03 2.03 0.00 0.04
Slovakia 1990-1994 0.89 0.36 091 1.03 2.50 0.00 0.10
Slovenia 1990-1994 0.81 0.58 03 0.37 0.52 0.00 0.10
South Africa 1975-1979 2.01 0.79 021 0.11 0.27 0.00 0.05
1980-1984 2.90 1.18 211 211 517 0.03 0.41
1985-1989 23 0.55 571 441 10.50 0.00 0.69
1990-1994 0.12 0.08 0.27 231 3.60 0.03 0.27
Spain 1985-1989 3.02 20 3.98 132 1.60 0.01 0.02
Sri Lanka 1990-1994 0.06 0.03 0.04 0.73 154 0.01 0.49
Sweden 1990-1994 1.09 0.48 0.44
Switzerland 1975-1979 117 10.2 0.87 0.01 031
1980-1984 12.9 5.92 0.46 0.00 0.14
1985-1989 13.6 4.08 0.30 0.00 0.08
1990-1994 2,77 0.33 0.12 0.00 0.18
Syrian Arab Republic 1990-1994 0.07 0.01 0.02 0.28 2.50 0.00 0.00
Thailand 1990-1994 231 0.25 181 0.78 7.18 0.02 0.68
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Table 24 (continued)
Monitored Measurably Annual Average annual
workers exposed collective effective dose (mSv)
Country / area Period workers effective NR; " Ry
dose Monitored Measurably
(thousands) (thousands) (man Sv) workers exposed workers
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 26.0 0.93
1985-1989 18.80 15.1 21 112 1.39 0.01
1990-1994 19.60 10.27 13.0 0.67 127 0.00
United Rep. Tanzania 1990-1994 0.03 0.02 0.08 2.46 3.56 0.00 0.00
United States’ 202.00 290 144
1975-1979 305.00 380 1.25
1980-1984 274.00 101 150 0.55 149
1985-1989 10.04 5.75 252 251 4.39 0.03 0.34
Reported total ¢ 1975-1979 240 445 181 0.01 0.36
1980-1984 386 552 143 0.01 0.29
1985-1989 423 343 0.81 0.01 0.34
1990-1994 267 69 163 0.61 237 0.01 0.26
World egimate" 1975-1979 530 290 870 1.64 3.0 0.01 0.35
1980-1984 690 300 940 1.36 32 0.01 0.28
1989-1989 560 250 510 0.90 2.00 0.01 031
1990-1994 700 160 360 051 224 0.00 0.25
(390) (100) (240) (0.62) (2.34) (0.01) (0.26)

Q "0 Qo0 o

Data are annual averages over the periods indicated.
Thevalues of NR are for the monitored workforce.
Includes exposures of workers at the research reactor and in research establishments.

Within the data from 1990-1994, the data concerning 1990 only relate to the Federal Republic of Germany.

The reported number of workersis small compared with numbersin comparable industrialized countries, which suggests that the data are incomplete.
Calculation of SR digtribution ratios based on data from 1993 and 1994.
Thetotal for measurably exposed workers has been rationed up to take account of countriesthat did not report the number of measurably exposed
workers, but did report a figure for monitored workers.
The values shown in brackets are the world estimates based on the standard method given in Section |.E; however, the Committee identified amore
robust method of estimation for thisinstance, based on the regional value for the United States being taken to be equivalent to the rest of the OECD
(see para 156). These are the unbracketed figures.
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Table 25

Summary of worldwide exposures from industrial uses of radiation 2

Monitored Measurably Annual average Annual average individual dose (mSv)
Period workers exposed workers collective effective
(thousands) (thousands) ® dose (MSv) Monitored Measurably exposed
workers workers
Industrial radiography
1985-1979 72 190 2.6
1980-1984 120 230 20
1985-1989 110 160 144
1990-1994 106 53 170 1.58 317
Radioisotope production
1985-1979 57 130 23
1980-1984 82 100 13
1985-1989 88 98 112
1990-1994 24 26 47 1.93 2.95
Other ¢¢
1985-1979 260 480 18
1980-1984 310 570 18
1985-1989 200 230 11
1990-1994 570 140 0.25
All industry ¢

1985-1979 390 800 2.05
1980-1984 510 900 1.76
1985-1989 400 490 1.23
1990-1994 © 700 160 360 051 224

(390) (100) (240) (0.62) (2.34)

a Thedataareannual values averaged over the respective five year periods and arein general quoted to two significant figures.

b  Thetotal for measurably exposed workers has been rationed up to take account of countriesthat did not report the number of measurably exposed
workers, but did report a figure for monitored workers.
¢ Edimated by subtracting the contributions from the specified practices from the estimated value for all industry.
d The“All industry” datain previous reportsincluded “ Tertiary education and research ingtitutes’. The figures quoted in this document for the previous
periods are with this component removed to permit a better comparison with the data for 1990-1994.
e Thevaluesshown in brackets are the world estimates based on the standard method given in Section |.E; however the Committee identified a more
robust method of estimation for thisinstance, based on the regional value for the United States being taken to be equivalent to the rest of OECD (see

para 156).
Table 26
Exposures to workers involved in industrial radiography in the United Kingdom
[H1, H2]
Year Numbers of workersin dose range Total number Annual Average annual dose (mSv)
of workers collective dose
5-10mSv | 10-15mSv | 15-20mSv | >20Sv "‘>"t2 gge (man S) Toall To workers with
workers non-zero doses
1986 170 75 15 42 302 75 14 18
1987 125 52 24 25 226 6 10 15
1988 107 27 7 15 156 3.7 0.7 14
1989 89 39 18 24 170 48 0.8 19
1990 97 37 14 21 169 40 0.7 13
1991 120 32 26 24 202 4.6 0.9 17
1992 97 29 7 16 149 49 0.9 18
1993 79 23 8 18 128 3.0 0.6 15
1994 53 25 17 14 109 27 0.6 13
1995 56 12 5 11 84 24 0.6 14
1996 62 19 3 6 90 24 0.6 16
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Table 27
Worldwide exposure from all industrial uses of radiation @
Measurably Average Average annual individual dose Collective
Monitored exposed annual (mSv) effective dose®
Region workers workers collective dose per unit GDP
Monitored Measurably (man Sv
(thousands) (thousands) (man Sv) workers exposed workers per 10% USS$)
1975-1979
East and South-East Asa®
Eastern Europe® 17 176 10 150
Latin America
OECD except United States ® 210 240 11 79
United States (estimate) 200 290 14 150
Remainder f 100 170 17 120
Total 530 870 16 120
1980-1984
East and South-East Asia 12 9 0.79 20
Eastern Europe © 20 150 7.9 68
Latin America
OECD except United States ® 240 240 0.99 49
United States (estimate) 310 380 13 110
Remainder f 110 160 14 73
Total 690 940 14 72
1985-1989
East and South-East Asia® 10 7 0.65 13
Eastern Europe® 26 140 5.6 41
Latin America 24 43 18 52
OECD except United States ® 180 130 0.69 16
United States (estimate) 270 150 0.55 31
Remainder 41 35 0.85 26
Total 560 510 09 26
1990-1994
East and South-East Asia 21 11 18 0.86 161 16
Eastern Europe 23 16 29 1.24 1.85 16
Indian subcontinent 7 4 12 1.64 292 24
Latin America 4 2 4 1.18 227 5
OECD except United States 320 62 140 0.44 227 12
United States? 320 62 140
19) () (25) (251) (4.39) ®
Remainder 4 1 10 2.58 7.87 7
World ¢ 700 161 510 051 224 34
(390) (69) (360) (0.62) (2.349) (31)

T Q

- D Qo0

The data are annual averages over the respective five year periods and are, in general, quoted to two significant figures.
The normalized collective doses per unit GDP for the three five year periods are expressed, respectively, in terms of 1977, 1983, 1989 and 1994
prices; direct comparison between the values for different periodsis possible only after correcting for these different price bases.
Non-centrally planned economiesin East- and South-East Asa.
Including the whole of the former USSR.

All countries are members of the Organization for Economics Co-operation and Development (OECD) except for the United States.

Includes the remainder of the world for which values are not specifically tabulated el sewherein the Table. Note that the countries or regions

comprising the remainder differ in the respective five year periods.

The values shown in brackets are the world estimates based on the standard method given in Section |.E; however the Committee identified a more
robust method of estimation for thisinstance, based on the regional value for the United States being taken to be equivalent to the rest of OECD (see

para 156).
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Table 28
Estimates of effective dose from cosmic radiation for typical flight routes
[E2]
Effective dose (mSv)
Route Flight duration (min)
One flight on route 1,000 hours flying on route
Short-haul routes
Dublin - Paris 95 0.0045 2.8
London- Rome 135 0.0067 3.0
Frankfurt - Helsinki 160 0.0100 37
Brussels - Athens 195 0.0098 3.0
Luxembourg - Madrid 130 0.0054 2.6
Stockholm - Vienna 140 0.0082 35
Lisbon - Munich 180 0.0091 3.0
Copenhagen - Dublin 120 0.0071 35
Amsterdam - Manchester 70 0.0030 2.6
Dublin - Rome 180 0.010 33
Long-haul routes
Stockholm - Tokyo 605 0.051 5.0
Dublin - New York 450 0.046 6.1
Paris - Rio de Janeiro 675 0.026 2.3
Frankfurt - Bangkok 630 0.030 29
London - Toronto 490 0.050 6.2
Amsterdam - Vancouver 645 0.070 6.6
LosAngeles - Auckland 760 0.030 23
London - Johannesburg 655 0.025 23
Perth - Harare 665 0.039 35
Brussdls - Singapore 675 0.030 2.7
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Table 30
Employment in underground mining worldwide in 1991
[C4]
Number of miners (thousands)
Country
Coal mining Other mining Total
China?® 1594 64 1658
Czechodovakia 55 2 57
Germany 105 4 109
India 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
Total 3908 756 4664
a The Chinese datafor coal mining represent large and intermediate mines only, which produce about 60% of the coal.
Table 31
Exposures to radon and decay products in non-uranium mines
Coal mining Other mining
Country Year Number Annual Exposure Number Annual Exposure Ref.
of exposure above of exposure above
mines (mSv) 10 mSv (%) mines (mSv) 10 mSv (%)
Australia 1991 3 1.0 0 23 05 0 [H10]
Canada 1980s 4 20 2 [A2]
France 1981 3 1.0 0 5 5.0 8 [B6]
Germany 1990 20 05 0 [R3]
1991 45 7.0 18 [S6]
India 1980s 5 0.1 0 [M3]
1980s 22 4.0 9 [N7]
Italy 1970s 35 6.0 8 [S7]
Poland 1980s 71 15 0.2 26 05 0 [D6]
South Africa 1970s 25 35 10 [G4]
1993 40 18 0 [W4]
USSR 47 0.2 26 43 [P3]
United Kingdom 1980s 220 0.5 0 [D7]
1990 41 23 7 [B7]
United States 1975 223 0.5 <1 10 25 4 [R4]
1990 992 6.0 [B8]
1985 86" 0.6 [E4]
Yugodavia 1970s 5 1.0 0 [K3]
1980s 2 85 50 [K3]

a Mea mines.
b Non-metal mines.
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Table 32

Worldwide collective dose from inhalation of radon and its decay products from underground mining
(excluding uranium) in the years 1990-1994

Exposure to radon progeny °

Country Number of miners®
Annual collective effective dose Average annual effective dose
(man Sv) (mSv)
Coal mines
Germany 105 53 0.50
India 669 67 0.10
Poland 251 380 1.50
USSR 840 170 0.20
United Kingdom 46 23 0.50
United States 51 26 0.50
Other 1940 690 0.36
Total 3910 1410 0.36
Other mines (excluding uranium) °
Germany 4 28 7.0
India 10 40 4.0
Poland 10 5 05
South Africa® 340 610 18
USSR 40 170 43
United Kingdom 2 5 23
United States 48°¢ 210 44
Other 306 750 24
Total f 760 1820 24
All underground mines (excluding uranium mines)

World 4670 3230 0.7

Unless otherwise indicated, number of minersistaken from Table 30. In the category “ Other mines’ the number of miners also include uranium
miners; corrections are made for thisin thetotals.
Derived from reported exposuresin Table 31 assuming a conversion factor of 5.0 mSv WLM™,
The number of minersinclude those working in uranium mines and the estimated collective doses are, therefore, overestimates; thisis corrected in the
total collective dose but not on a country by country basis. The reported average individual doses are averages over all underground mines excluding

coal and uranium mines.

Exposure data taken from [W4] which are representative for the 1990s, somewhat higher levels were reported in the 1970s[G4] (see Table 31).
Valuetaken from [E4]; it isfor all underground minersin the United States except those working in coal and uranium mines.
Uranium miners have been excluded from the total.
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Table 33

Natural radionuclides in minerals and ores

Material Typical concentration in ore/raw material (kBq kg™) gﬁfgg&gg;n?kgao;glﬂ)
Uranium Thorium Ra
Bastnaesite 5
Bauxite, red mud <1 <1 <1
Fluorspar 4
IImenite and rutile <1 <1
Monazite 6-20 4% (by weight)
Oil, natural gas <4 000 (in scalesin pipes)
Phosphate 0.1-4 <1 (in phosphogypsum wastes)
Pyrochlore and columbite 50 50
Tin <1 <1
Zirconium (baddeleyite and zircon) <5 <1

Table 34
Minerals recovered in mining and processing of mineral sands in Western Australia
[K1]
Concentration (% by weight) *
Mineral Chemical formula Percentage of production

Thorium Uranium
lImenite FeOTiO, 76 0.005-0.05 0.001-0.003
Monazite [CeLa,Nd, Th]PO, <1 5-7 0.1-05
Rutile TiO, <5 0.005-0.01 0.001-0.003
Zircon ZrSO, 19 0.01-0.025 0.015-0.03
Xenotine YPO, <1 15 04

a 10% (1 ppm) = 4.1 Bgkg®* #*Thand 12.5 Bq kg™ #®U. These data were erroneousy converted and included in the UNSCEAR 1993 Report [U3].

Table 35

Summary of occupational exposures to natural radiation excluding uranium mining

Occupation or practice Number of workers Worldwide annual collective Average annual effective dose
P P (thousands) effective dose (man Sv) (mSv)
Coal mining * 3910 2600 0.7
Other mining ® 760 2000 2.7
Mineral processing, etc. 300 300 1.0
Exposure above ground (radon) ¢ 1250 6 000 4.8
Aircrew 250 800 3.0
Total 6 500 11700 18

a These edtimates have been derived from the estimates for inhalation of radon and its progeny with corrections for the addition of 0.8 mSv per worker

for naturally occurring external exposure and the reduction by 0.5 mSv per worker to account for the dose that the person would receive irrespective of

work.

b Includes coal-fired power plants and extraction of mineral sands, phosphate ores and their subsequent use.

¢ A crude egtimate extrapolated by GDP from an estimate of 240 man Sv in the United Kingdom arising from exposure inhal ation of radon and its decay

productsin places of work above an action level.
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Table 36
Exposures to workers in defence activities related to nuclear weapons in the United States
[D4]
Workers . Measurably Average Collective effective dose equivalent (man Sv)
) Monitored M
Year in workers exposed dose
workforce workers (mSv) External External
Internal Total
photon neutron
1990 177 313 108 065 36 074 0.85 185 3.8 8.2 305
1991 183 546 119770 31326 0.82 14.2 34 8.1 25.7
1992 191 036 123711 29414 0.78 119 31 7.9 23.0
1993 194 547 127 042 24049 0.68 12.0 33 0.95 16.3
1994 184073 116511 25390 0.65 12.7 33 043 16.4
1995 172178 127 276 23613 0.78 14.4 37 0.31 184
a Tomeasurably exposed workers.
Table 37
Exposures to workers involved in defence activities in the United Kingdom
[H3, H9]
Percentage of workersin dose range Average Annual
Number of annual collective
Year workers dose dose
0-5mSv 5-10mSv | 10-15mSv | 15-20mSv | 20-30 mSv >30 mSv
(mSv) (man Sv)
Nuclear weapons fabrication
1990 3935 98.9 0.9 0.1 0.00? 0.4 17
1991 4031 99.2 0.7 0.1 0.00? 0.3 12
1992 4153 99.2 0.8 0.00 0.00 0.00 0.00 0.3 11
1993 4259 99.5 0.5 0.00 0.00 0.00 0.00 0.2 1.0
1994 4320 99.9 0.1 0.00 0.00 0.00 0.00 0.2 0.8
Nuclear-powered ships and support facilities
1990 8516 92.8 4.8 15 0.5 0.4 0.01 1.3 111
1991 8534 96.0 39 1.0 0.08 0.05 0.01 1.0 8.6
1992 10861 97.8 197 0.16 0.00 0.018 0.028 0.7 7.3
1993 10391 98.2 157 0.21 0.00 0.0 0.0 0.7 7.0
1994 10596 99.1 0.75 0.16 0.00 0.0 0.0 0.6 6.2

Above 15 mSv.



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

630

¢80 08 8'6 66T -066T
160 €/.S9 929 686T-G86T
LZT 8'S9 8'1S 86T -086T
(444 2'¢6 9Ty 6.6T-G/6T s [EloL
¢100 180 9'Sy 7’99 6861 -G86T
¢100 10T 8'Gy €ar 86T -086T
1500 /8T 6'99 [A=i 6.6T-G/6T SelS palun
000 ¢80 08 8L'6 66T -066T
6100 98T 91T A 6861 -G861
0500 TT'e T0C €9 86T -086T
TL00 €Ty €9¢ 9€9 p6.6T-S.6T 5 WopBuIY penuN
sanioe) oddns J1ayl pue sdiys yesjonn
820 TL 67¢C , V66T -066T
1.0 ladh T0C 6861 -G86T
890 A1 g'ce 86T -086T
.90 8€T 8'0¢C 6.6T-G/6T s [EloL
820 6'S 9L 8'0C 66T -066T
GL'0 6'TT vS'L 6'GT 686T-G86T
290 LTT 9’8 €8T 86T -086T
290 60T €6 9T 6.6T-G/6T p SORIS PN
000 000 820 9T'T 14%% 66T -066T
000 000 650 144 (044 6861 -G86T
000 000 960 9G'¢ L€ 86T -086T
000 000 760 G6¢C 4% 26/6T-S.6T q wopbBuiy psnun
S9I1IAIIOR PaleIdosSSe pue uoljedllge) suodeapy
5 o - 5 o - S Joy Jom pasodxe S oM oM (rs uew)
oS w oS oS aN N aN aN A|qensea|y poJolUO asop S JoyJom SIBIOM
ONIRYD pasodxd BV__co 013 Anuno
(850p 3A19]100) (50310 Jo Joquunu) (nsw) as0p BAI0RYD aAR|00 | Aqeinsesyy | POOMUOW poLiad unod
oleJ uonnguisia oleJ uonnguisia fenuue abe Jony fenuuy

sainsodx3 reuonednadQ Jo ABAINS YYTDSNN Wol) eleq

= SB11IA1108 30USJop WOJ) SI9XI0M 0] 8insodx]

8¢ al|qeL




631

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

"9J0Us U0 sucs.ed pa1ysse o se pareud sap asou) 0} pue Bss e Saiinp 1y} Bulinp 11 pssu oym
jpuuos.ed p.Jeog-Uo 0} AJUO panss| Usag aney SOIBWBOP ‘SO86T ALea 8U1 80ulS “puucsed ad1nBs pue Uel|IAI Yiog asiwo.dwiod Aew puucsied peseq-aioys “puucsied aJoys pue pfeog-uo Joj periodelafeerpayl b

‘[rQ] wiouy uede '¥66T-266T Jojafeoneauyis pessnanfeaayLl
'SARIS PaliuN 8y} pue WwopBuly parun ay} Jojerep peliene Jeak-on1)ay) jo afielone pelyfiom Jo LUNSaY)1Se POALBP SANeA 3
"UOITELULLINS B} U1 PaSN 8JBM S3S0P [enpIAIpUl fenide ‘Ajuenbesgns | [eAlsiul 8sop U1 asop Ueall 8} pue S,XJoM JO Jaquinu sy
Jos1onpoud 8y} JO WINs 8y Se pefen /8 8.8M S50 9A11991100 dY) /86T 9Jojog “Busal pue uoiedLige) suodeam ui pafefius siojeuod pue ABoug Jo uswiedag S91eIS paliun 8yl Jo ssafojdwe Jo seunsodxe sspnppu  p
'6/6T Tk ay) Jojsobeone afe poledsiyl Jojaneaay] O
" PPW S0P 3U Ag Pa.NsesWU 5043 e UOIUM ‘SaN [eA paReNael 8U) 4O 9405 ey ss3| A|jeoidA) oe sasop aaoeye enjoeayl
'spolied paleoIpul By} PAOSAN[RA fenule aeeepay] e
20 €e 6ET 66T -066T
990 8 LT 686T-G86T
1.0 8 91T 86T -086T
€T LET 70T 6.6T-G/6T [eloL
9.0 610 (44 €6 61T 66T -066T
G6°0 090 69 0€L STT 6861 -G861
160 7S50 99 ST19 70T 86T -086T
8T 60T T0T 8'SS G'¢6 6.6T-G/6T SelS palun
¢00 000 000 990 [A) 6€T 66T -066T
T00 61T 9Vl 24" 6861 -G86T
€00 90¢ €9¢ 8¢l 86T -086T
00 00€ 8'GE 6'TT 6.6T-G/6T wopBury peiun
000 000 000 000 000 000 000 610 T00 100> ¢00 ST0 66T -066T SpuelRYPBN
€10 T00 000 000 8L'T €20 €T €L0 L'S 66T -066T 0Ue.lH
SI1IAIIOR 92UdJBP ||V
5 o - 5 o - S Joy Jom pasodxe S oM oM (rs uew)
oS w oS oS aN N aN aN Aqeinseaiy poJouo asop S JoyJom SIBIOM
ONIRYD pasodxd hox_co 013 Anuno
(esop anno9]109) (sJoxJom Jo Jaquinu) (rsw) asop annoaye A3 |00 Algenses|y PoIONUON potied Wnog
oleJ uonnglisia oleJ uonnguisia fenuue abe Jony fenuuy

(panunuod) 8¢ a|qeL



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

632

€L0 (44} 000 000 c00 000 000 000 61T 900 c00 c00 G€0 66T -066T 0RIO
0.0 0€0 10 800 100 000 000 000 860 €00 880 060 9'9¢ 66T -066T
LT0 0000 8't 9T1T0 6ES'T GSO0'T T€TC 686T-G86T
000 000 €60 ST00 €000 €000 120 86T -086T
610 60000 6L¢C 0T°0 ¢c00 8000 (44} 6.6T-G/6T 1 1 Aewe
T000 (444 €500 0c0 600 8¢ 6861 -G86T S0Ue.lH
¢6'0 790 o 120 €00 T00 000 000 6L¢C LT0 (44} 800 €eT 66T -066T
110 8000 89T Sv00 €500 ¢e00 8T'T 6861 -G861
2900 000 €971 000 8€0°0 €200 G6°0 86T -086T ,pueu
9’0 €10 900 700 91’0 T00 000 000 €60 990 LS0 090 980 66T -066T
0€00 T000 950 ¢to 120 6861 -G861
850 LT00 160 810 810 86T -086T
€20 €000 Sv'0 700 800 6.6T-G/6T 4 2llgndsy yoezo
€0 000 000 000 050 000 000 000 VT ceT €00 c00 c00 66T -066T eqnd
L0 €20 810 810 ¢00 000 000 000 690 10 GTo (44} OT'T 66T -066T
9500 700 1.0 686T-G86T 30UIN0Id Ueme | ‘eulyd
0 10 900 €00 T00 000 000 000 050 G0°0 9.0 ST LYT 66T -066T
9800 €0000 S9°0 170 SO0'T 29T 156 6861 -G86T
700 €0000 8.0 110 080 0T ov'L 86T -086T
0600 G000°0 8.0 10 690 680 T0'S 6.6T-G/6T  EPEUeD
00T G20 G20 2661 yeuebing
o 000 000 000 T00 000 000 000 750 €00 c00 700 760 66T -066T 5 |1Zeld
€20 000 000 000 000 000 000 000 110 00 ¢00 120 290 66T -066T
000 000 .00 €00 6900 760 (444 6861 -G86T
(o) 0] GS00 G50 6.6T-G/6T poEBleIsNY
SjUBWIYSI|ge1Sa [euoleanpy
5 o - 5 o - S Joy Jom pasodxe S oM oM (spuesnoy) | (spuesnoys)
oS s oS oS aN N aN aN Algenses|y pa.J0}IUOIN (ns uew) S JoY JIoM S.JoyJom
poliad Anuno)
950p SA10940 pasodxe po.Joluo
(esop anno9]109) (sJoxJom Jo Jequinu) (rsw) asop annoaye A3 |00 Algenses|y
olreJ uonnguisia 4 OlfeI uoNNquUISI fenuue abe Jony fenuuy

sainsodx3 [euonednaoQ Jo ASAINS YYIDSNN Wol) ereq
- UolleIpel Jo S8sn SNoauR|[82SIW WOl SI8XI0M 0] sainsodx3

6¢ 9lqeL




633

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

190 (44} 900 c00 S00 T00 000 000 €20 YAW4 v'6 66T -066T
€0000 €e0 88¢C €88 6861 -G861
90000 o 1449 81’8 86T -086T
/000 6.0 16'S vl 6/6T-G/6T 4 PUeRZING
S0°0 cto 8E¢C 66T -066T UBpaMS
0L0 000 000 000 c00 000 000 000 €50 S0°0 000 €00 €00 66T -066T ejue s
(o) 0] 000 c0€e 6170 120 0,00 €0 6861 -G86T
i) 0200 cr's 6C'T L0 1600 9€0 86T -086T
000 000 00 /000 ¢000 ¢v00 €20 6.6T-G/6T BV YINoS
6170 1710 000 000 (o) 0] 000 000 000 960 €e0 (o) 0] cr’o €0 66T -066T eDeNoIS
880 ¢ €e0 LE0 8.0 6861 -G86T fefinuiod
160 €80 ¢s0 G20 €0 810 800 ¢00 6C €LC .00 200 €00 66T -066T uesied
T00 000 000 000 20 00 c00 600 950 ¢66T-066T
817’0 T000 060 /S0°0 9200 6200 i) 6861 -G86T
000 000 G50 ¢e00 Y100 G200 o 86T -086T o RemioN
¢80 €L0 990 ¢s0 T00 T00 000 000 20T STo €0 620 0T¢ 66T -066T SpuejeyBN
€20 00 €00 000 8T'T 8T'T c00 c00 c00 66T -066T JewueA N
€L0 (0,740] 820 020 000 000 000 000 10T T00 980 980 2’69 66T -066T
00000 .90 LT00 9’0 690 9'/¢ 686T-G86T
20000 290 €200 610 6.0 7'1c 86T -086T ueder
T000 €000 €90 2800 500 G800 990 6861 -G86T Key
110 €000 GL'0 cL0 817’0 790 990 6861 -G86T
LEO0 8100 €eT ¢6'0 G20 610 820 86T -086T eBsauopu|
650 91’0 600 .00 G0°0 000 000 000 180 120 0 750 90¢ 66T -066T
/900 G000°0 160 20 jeirdl0] L0 6T 686T-G86T
20 €000 VLT 620 620 LT0 10T 86T -086T JBlpu|
290 000 000 000 T00 000 000 000 G6°0 00 T00 T00 6€0 66T -066T
000 000 c0¢ 700 6000 G000 120 6861 -G86T
000 000 €60 GT00 €000 €000 120 86T -086T
610 60000 6L¢C 0T°0 ¢c00 8000 (44} 6.6T-G/6T w Arefuny
5 o - 5 o - S Joy Jom pasodxe S oM oM (spuesnoyy) | (spuesnoys)
oS s oS oS aN N aN aN Algenses|y pa.J0}IUOIN (ns uew) S JoYJIOM S.JoyJom
poliad AnunoD
a50p SA10941 pasodxe poJoluo
(esop anno9]109) (sJoxJom Jo Jequinu) (rsw) asop annoaye A3 |00 Algenses|y
olreJ uonnguisia 4 Olfe1 uoNNquUISI fenuue abe Jony fenuuy

(Penunuod) 6¢ a|geL



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

634

LE0 000 000 000 LT0 000 000 000 160 GL'0 810 810 €20 66T -066T
¢S0 €10 G20 686T-G86T
290 10 €20 86T -086T
650 (o) 0] LT0 6/6T-G/6T 4 21andey Yyoezo
/80 000 000 000 0€0 000 000 000 880 0.0 000 ¢000 ¢000 66T -066T snudAo
8€0 S0°0 c00 000 T00 000 000 000 9’0 900 €10 620 144 66T -066T
950 170 LT0 T€0 ¢ST 686T-G86T
9200 20000 .0 €10 91’0 ¢co LZT 86T -086T
110 80000 €L0 ¢co LT0 20 L0 6.6T-G/6T epeue)
8.0 000 000 000 800 000 000 000 6ET G20 000 €000 c00 66T -066T s |lzelg
0€0 91’0 91’0 91’0 000 000 000 000 .00 €00 .00 880 99¢ 66T -066T
000 000 c00 T00 ¢00 680 L0¢C 6861 -G86T
000 000 10 G500 6€0 6/6T-G/6T poBlRISNY
auloIpaw Aleuliaion
G50 (44} 110 .00 c00 000 000 000 oT'T 110 €e 00e [0)%3 66T -066T
10 (44 09T 6861 -G86T
20 1174 08T 86T -086T
G50 1ZA ovt 6/6T-G/6T s PHOM
290 820 GTo 600 T00 000 000 000 €T 900 WL 859 7'GCT 66T -066T
¢L00 0000 91’0 9€T 'S8 686T-G86T
110 /0000 T€0 '0C 099 86T -086T
610 000 190 g'ee 9'8¢€ 6.6T-G/6T ;1oL
980 GE0 9 c00 686T-G86T
850 ST €00 86T -086T
cL0 8T c00 6.6T-G/6T p OIS PR1IUN
/80 750 000 000 o 610 000 000 69¢C 4% 00 c00 c00 66T -066T eluezue | “doy peiiun
c00 T00 000 000 .90 LT0 120 ce0 KT 66T -066T
¢000 8.0 ce0 8€0 6170 LTT 6861 -G86T
000 000 (o) 0] €T x4 86T -086T wopBury psiun
G80 ¢S0 €e0 G20 c00 T00 000 000 ¢6'0 AN} .00 .00 950 66T -066T puejrey
Sr'0 S0°0 000 000 c00 000 000 000 960 0c0 S0°0 €00 €20 66T -066T d1jgndey qely uenis
5 o - 5 o - S Joy Jom pasodxe S oM oM (spuesnoyy) | (spuesnoys)
oS s oS oS aN N aN aN Algenses|y pa.J0}IUOIN (ns uew) S JoYJIOM S.JoyJom
poliad AnunoD
a50p SA10941 pasodxe poJoluo
(esop anno9]109) (sJoxJom Jo Jequinu) (rsw) asop annoaye A3 |00 Algenses|y
olreJ uonnguisia 4 Olfe1 uoNNquUISI fenuue abe Jony fenuuy

(Penunuod) 6¢ a|geL



635

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

ct’o 800 890 66T -C66T USpaMS
.00 000 680 ce0 i A €10 GL'0 66T -066T
8900 T000 68T ce0 20 €10 GL0 6861 -G86T
9500 T000 090 0c0 ¢r’o 0c0 190 86T -086T
o T000 8700 [A%0N0] €100 820 o 6.6T-G/6T BV YINoS
S0°0 000 000 000 9.0 9.0 T00 8000 8000 66T -066T BILAOIS
190 000 000 000 00 000 000 000 vT'T 10 T00 T00 800 66T -066T eDeAoIS
L0 o G20 10 AN} c00 T00 000 ¢6'0 Sv'0 €50 S0 9T'T €66T-066T Spue|eyBN
000 000 000 000 190 190 000 000 000 66T -066T JewueA N
c00 000 000 000 1.0 110 STo 0c0 8E'T 66T -066T
800 A 08T 686T-G86T n Ueder
€e0 ¢00 000 ¢000 700 6861 -G86T puep.|
020 000 €50 020 c00 €00 600 6861 -G86T
000 000 190 0c0 91’0 9200 0800 86T -086T
000 000 150 LT0 T100 1200 2900 6.6T-G/6T elpu|
000 000 000 000 000 000 T00 66T -066T puepo|
66T -066T
.0 91’0 000 000 €00 000 000 000 9G'T (o) 0] T00 000 900 6861 -G86T
20 000 8L¢C 0c0 €00 T00 10 86T -086T
o 0T00 L0'S G50 Sv00 6000 1800 6.6T-G/6T Keebuny
000 (0}5%4 LT0 c00 600 6T'T 686T -S86T ,0uelq
780 0€0 000 000 600 T00 000 000 0S'T 620 900 00 610 66T -066T
0T €00 ¢00 686T-G86T
000 0T ¢100 0T00 86T -086T puejuiH
G50 600 000 000 000 000 000 000 LE0 ¢00 c00 900 760 66T -066T
€00 200 1.0 686T-G86T
LT0 0000 6500 0€00 ¢s0 86T -086T
000 000 Sv00 ¢c00 6170 6.6T-G.6T rewued
5 o - 5 o - S Joy Jom pasodxe S oM oM (spuesnoyy) | (spuesnoys)
oS s oS oS aN N aN aN Algenses|y pa.J0}IUOIN (ns uew) S JoYJIOM S.JoyJom
poliad AnunoD
a50p SA10941 pasodxe poJoluo
(esop anno9]109) (sJoxJom Jo Jequinu) (rsw) asop annoaye A3 |00 Algenses|y
olreJ uonnguisia 4 Olfe1 uoNNquUISI fenuue abe Jony fenuuy

(Penunuod) 6¢ a|geL



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

636

880 S0 o €e0 0c0 900 €00 ¢00 €0T 95’6 LE'6 66T -066T [eloL
G6°0 L0 ¢s0 LT0 cto 00 ¢00 000 G6°0 0.0 (0,740] v1T0 850 66T -066T SelS palun
00T 00T 660 880 760 160 GL'0 090 LT LT STT 900 900 66T -066T BILLAOIS
.90 T00 000 000 810 000 000 000 8T'T S0 10 cro G20 66T -066T eDeNoIS
€20 000 000 000 090 090 c00 00 00 66T nkled
880 1.0 1.0 1.0 T00 000 000 000 78T 600 ¢00 T00 G20 €66T-066T Spue|eyBN
680 €50 €0 .20 900 TO 000 000 e 620 .00 €00 G20 66T -066T 0RIO
060 0 120 cr’o 91’0 €00 100 000 €0¢ 790 [45y4 vT'T €9°¢ 66T -066T Auew e
790 820 €10 .00 9€9 oTv I'e 750 780 66T -066T N0ueIH
050 000 000 000 SO0'T 70T 900 G0°0 G0°0 66T -€66T Jopendo3
000 000 000 000 000 000 000 ¢000 610 66T -066T rewued
850 0€0 €10 00 €10 c00 T00 000 00T 1.0 L0 L0 990 7661 -T66T a1jandey yoezd
L0 000 000 000 G20 000 000 000 760 190 T00 6000 T00 66T -066T snidAo
817’0 T00 000 000 €20 000 000 000 .0 .0 ct’o STo 91’0 66T -T66T eqnd
6v'T 150 20T 890 66T 66T -066T 30UIN0Id Ueme | ‘eulyd
G6°0 780 9.0 c¢L0 900 c00 T00 T00 961 8.0 0€0 900 6€0 66T -066T s |lzelg
sdnoub [euoirednaoo 18yl

090 20 €10 c00 €00 000 000 000 290 810 8 0€T 0'Sy 66T -066T

ce0 ¢S 0°09T 6861 -G86T

(0,740] 9 <9 86T -086T
¢s0 °14 8y 6/6T-G/6T s PHOM

090 20 €10 800 €00 000 000 000 L0 ¢t’o VET 8¢ 9Tl 66T -066T

c00 000 6€0 T.E 7'96 6861 -G86T

1200 20000 LS0 G€er 8'€C 86T -086T
¢t’o T000 €L0 ladh L'6T 6.6T-G/6T J'erep papoddl [e1o |

66T -066T

G6°0 o 9€ 08¢ 0S8 686T-G86T

80T 290 €T ct T 86T -086T
9c¢ L0 T 29 781 6.6T-G/6T AS9RIS PR1UN

000 000 000 000 120 900 c00 800 0€0 66T -066T
TO 7’0 00 686T-S86T wopBury payun

950 110 000 000 T00 000 000 000 S0°0 .00 6ET 66T -066T

S0°0 S0°0 €0T 686T-G86T

000 000 (44} €10 650 86T -086T
[A%0N0] 90000 .20 cto 0 6/6T-G/6T pueezIMg

5 o - 5 o - S Joy Jom pasodxe S oM oM (spuesnoyy) | (spuesnoys)
oS w oS oS aN N aN aN Ajqeinses|y pa.J0}IUOIN (ns uew) SJoyJom S.JoyJom
poliad Anuno)
a50p SA10941 pasodxe poJoluo
(esop anno9]109) (sJoxJom Jo Jequinu) (rsw) asop annoaye A3 |00 Algenses|y
olreJ uonnguisia 4 Olfe1 uoNNquUISI fenuue abe Jony fenuuy

(Penunuod) 6¢ a|geL



637

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

"eJep 11489 JO uoljejode @ uo paseq a.e (686T -G86T POLRd dUy) G8BT J0jsanfenay L

S[ewue |[ews Uo Bpuews. Yiimsew iue abfe|

U 94G IN0ge Y1IM Usel aem sydelBoipes uol||iw 'z swos "Adodasolon|) Ul AS Uew €0 pue suoifeu iwexs d1ydelBoipes U1 asoe as0p 9A11991100 8U JO AS Uew 90'T ‘Siuessse Buip|oy 1o sierepay) 686T -S86T 104
"PaJo1IUOW 880U} JO 94G/ PRJOA0D AJUD Blep peiods. 8yl aous ‘€€°T JO Joide) e Ag dn pafeds Usag aney| asop 9A1139](00 8U) pue SJOXI0M JO Bguinu ay |

"2INs00 X2 9P IMP IOM 0} dAITRIUSSaI0R.

paJepBU0D 3 Aew asay) INg ‘efep peliode. Jo safielone ale HS pue YN JO SSTeWIS 8y} ‘Bfep U 1NsuUl Jo asnedsq (da9o) 1onpoud feuoireu ssolb ay) Uo paseq sanfen feuoifal Jo suoife|odel)xe a.fe safew se ay |
'SIS0P D19 (09 PUR SJOXIOM JO JBgUINU JO SKseq aUj} LLLIO} FeLf) 3sou) ey} 938 |duiod Sso| aje elep asay) ‘fesoual U] 'so17e) 889U} Uo paliodal elep Jo sofielone afe HS

pue YN Uo erep 8y} Teyl palou g OS[e PINOUS 3| 'SSIIUNOD USSP LWOJJ SUO NG L1IU0D 35 LidWwod Bfep auy} Tey) 1Ua1xe au) 01 plfeAul sispoliad Juseyip Joj erep Jo sucsLiedwod 10841 ‘Ajiuenbesuo) “uonsanb ui poled
ay) 1o} pelioda. oM elep Jaypeym uo Buipuedap ‘slies ayiag jou Aew spolad Jeak -aAl1)aA0edsal 8y} 0} SUOFRLUILINS 8} U1 PApN [oU 1 S91IUN0D 8y asnedaq Alenoied ‘95ed ylim pepidmeiul aq pnous erep asay |
*A|uo uossIWWoD Alok|nBay Jea PN S91eIS PN 8y} JO SasUR0I| Joyale ele

'910A0 N} Jeaonu ay) 4o} Yo1essal Uo elep awios apnjoul Aewl ereq

"0B0 Jo AisPAIIN BY) o} AR|0S B BIep 66T -086T

'S9IN}IBUI Y0easal pue Lo 1Ieonps WOy eTep sapnjou |

"(01 Aydoso|iyd ‘eousos ‘Bu AW Jou 9°1) AJUo UoITeINES 22160 0ULY] SSpPN[oU |

'$9.J1UBD Yo.Jeasa . Buipnoul ‘ABojouyos) pue Ssousios fenfeu Ul Bulues) pue yotessal Ul Busiie sainsodxe apnpul ereq

'S0UB [0S JES[ONU PR [BOIPBLU U} IM PSTR1008Se JeUj} 104 JdS0XD UOIEINPS pue LOJessal |[e Joja1e efep ay) ‘686T ~T86T 104 PRI} [e21PSW -UoU 3U) U1 S338]100 [B01ULIS) pUR SSISIBAIUN [[e 1043 Blep 3y} ‘086T ~9.6T 404
“Auewss) Jo o1gndey feJepe 0181epl AJUo 06T BulUBOU0D BTEp 8} ‘66T ~066T WOJ) BIEP 8U) UM

"uo1eoNpe Ao Ul SaInsodxe Uo a|e|fere a1e elep ON ‘SI0IeRPoJe pue SI01Jes. UoJeasa. 100X0 SN} isul YoJessal | sapniou |

"eeA0S0YIez)) Jelio) 8yl O Sle Rl 686T -G/6T J0jered

"U9Xe1epUN S1 Y0Jeasal 11| 3,8YM SIUBLUUS | [ge1ss Buiydes) Ul pue SIoee pode Je S3Insodxa apn [oxe INg S31ISBAIUN WOl Ajufew afe eleq

‘BUPIPBW AJeu LBIBA LWOJ UOING LU0 © Uejuod efep paliodey

'SJOXJOM PRJ0}IUOW JO 94GZ ApTew xoidde Jo aidwes e uo paseq a.fe erep paliodoy

"poLiad SIU} JO SA IS0 B 0} PALINSSE LSS0 3y 066T 0} BIRP AU} ‘686T ~G86T J0) BIep JO30USSHR U} U1 {BULIOYIUOW [BNPIAIDUL JO SYINSD)

31 Uo AJ109.1p peseq 9,0M SaTeW 1S9 U1 066T Ul “ASW T°0 2.4eaU Y1 01 PBpUN0J S} NSsaJ 3y} Yiim Aiofared Jeyl Ui SIeXIoM JO Bguinu parewl isa 8yl Aq pepiAip AloBated feuoirednado Ue Jojsasop paliodal ay) Jo [e1ol
31 WOy pare|nofed 98M 66T -G/6T 104SIs0p [enpiaipulafielony elep Ul Ssousselip 8yl Joj Junoode Ajied Aew siyl pue ‘pariodal ae elep Uoiym JoyspoLiad omiayl ul Jueoip sem Buipioas. ssop Jo poypw ay |
*A1UNod 3111UB Jo} patejode X Usaq aney 30J0§x1om pasodxe au} JO 940/ INoge Jojaireuuosanb Ul paliodal SSsop SA1309|100 8y} pUe SB3JoM Jo sequinu ‘686T -G/ 6T 104

'SRX}JOM pasodxe A|gelnsesiu pue pa.JolIuoW L10q Joj LeAID .1e Blep aJaUm paewl 159 8q 0s e Ued 90.104310M pasodxe aU) JojSan e\ ‘82J0340M paJolIuoLL 8y} Joj mou ate Py N Josanfeaay |

‘2.8 B3I Jospolied

3Y1 U1SJeaA Jo leauinu paliwi| e Ajuo Jo} paliode.l aeM eTep ‘Sased aWos Ul ‘paliodal a,oM BIep UdIYM I} S1eak sy} Jono safiesone se paALisp aem Aoy | 'spoliad paredipulay) Ao pabiesne sanfeA fenuue aJe erep ay |

Qe . m.x_Ecoao.

O T

(panunuod) 6¢ a|qeL



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

638

Apoq BZOPWBIN
ajoymayl 01 A9 T|'0 Jo pue (Jebuly uo uing uoireipel) Bbuly 01 A9 8T Joasoq T Jebuiy e Busn esewred ojuiaaincs paysnd JoreledO 80INCS [RUISNPUL J |5 86T eunuebly
agny 2.1y soueng
sdn Jebuy uo suing uoireipes ‘palonb Jou ssoqd 2z ABAIBP 8Y} Ul pabpo| pue paydelep auwedsd 80.N0S 80INCS [LISNPUI U]y, T86T eunuebly
Sal1y soueng
puey 19| uo sebuly om 01 suing uoirelpel Busned A9 9T -2T joasod T 89.nos Jo Buljpuey enue 80INCS [eLSNPUL J 8/6T eunuebly
pejonb 'v'g erde]
10U JBY10 03 SIS0 (Suing uoieipe.) Joresedo auo Jo spuey 0] A9 QT Jo asoQ € 15 Aydelbo|[esAlo WOl paAcwsl BINyS Aydebo|esAin Aei-X 1161 eunuebly
uolreipel Jo sasn [elsnpu|
sapljonuoipel) Bumiwe-erq
Po1I00B1 S10940 91U [0 OU ‘A9 G'T INOCR 8 0} PRYRLUISS 350P UIS T Ajutew wiouy 84 pue spuey Yiod JO UO U Lejuod 9/6T q wopBury poyuN
piojueH
A9 98 Jo08uoq 0}850Q T WY,z ORI 961 SelS palun
Siue|dsure ] Mo.teLl auog Buipn pul Juswes .} [Agousyo
[E21PSW SYFESP OF ‘UIXS 0} S0P PoZ1[ed0| pue A9 9T -T 4O S0P Apog-5 |0y L2 s9|n. Buiresedo Jo yoesiq uSpIdJe I010esy 9861 dsSsn
BuidonAN
UIys 0} Uing uoireipel ‘puey Jo uis 01 A9 Og Joasoq T [POMO|[0} 10U YJOM JO}SUOONIBU| J1010e8. o Jeasay 8/6T USpeNS
SuoITeLBCe [eLOSOLLOIUD Ul asealoul b1 ‘puey 19| Ul ainfeeduws) Ul aseasoul Syed
Aresodwiay ‘puey 108yl uo sebulj 01 A9 T ‘AW 6z Jo asop APog-2 |0y T JBSSOA J0]J88. W04} SJ01001ep Jo Buljpuey ssapred 8oueuBlURW 1010eaY 686T ArebunH
BwBPa0 pue (sa.bep pereWw IsaepuUN Jlopusssoy
pJg pue puz) SiirewBpo IR 21U0JIYD pue ande ‘puey Bl 01 A9 0 -0z Joas0d T ApsoJb adwes e Jo UoifeAlide UoIneN J010e81 U Jeasay G/6T "doy olfes00WRQ Uew.po
A9 €0 Jo as0p Apog-aj0um T jue|d ,emod sesjonN 6.6T » 90U
Bun| 611 ursnuownsudoipes Yiim ([ea1bojoinsu) swoJpu/s uoieipel ainde eLeTeW 35S 1) Buiu D Yuey Sally soueng
Aq yreap ‘(ewwed A9 Tz pue uoareu A9 £2) A9 gy Jo asop Apog-ojoym anoy T woJj BFem Buirowel u1sainpeooid mo|jo) 01a8in|re- Ajoey eonud €86T eunuebly
POAJBSUO S109)48 D115 U ILLIBIEP OU ‘9SS 1) YOS JO WD T
ul 00 Jo asop ewwel enuue pue G8ET-//6T poled ul A9 19g asop erq Bn|d Aemuew ay) Jo abps Aq pesed 1no eyony
Ueal ‘(Jueujweiuod e Jo ferowll [ea1Bins) bg 008'S Uiim pateu iLLieiucd punopn T © JO UoI7euiweiuod ‘sano|f pes| Bulieam Jou JOXIoM J010e81 JespnN 1161 eunuebly
91942 |any JeajonN
paioeye uoneJado Jo aplooe
saoUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

payoads asimIayl0 ssajun sainsodx3 feuonednadQ Jo ABAINS YyYIDOSNN Woll ereq
sJaylom pasodxa Ajreuoirednaoo 01 s82UaND3SUOD [EI1UTD YIIM SIUBPIIJY

Oov a|0eL




639

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

Sswireeally ulssn

SUOITRIa}IUeW 21U OU ‘Vd1d 2o119e.d uonoeloid Uo IR Joj wy/y,, Buueuod anfeid
JO UoHRISIUIWPE PUE UOHEZ|[e)dSOY WYy, PESRASIP J0 bay 0g Jo uoieeyu| T Jood 's41y ApARdeU| paXsa) Jou poysw Bul|jos MON | S1104 Jo Buunioenue |y 8861 ©enosoyx®ezy
xogano[B uiuonnjos
Vd1d Jo Uolfesiuiwipe Soluelinsuel] yim Wy, JO ‘9jpseu preAllRd
pUe pUNoOM Jo UOKIOX [eaIBINs ‘Wi, JO bg 009 Jo punom yBno.yy axe| T >Jom Joy wewid inbe axenbepeu pue ssaussep.leD e Busn ‘uonn|ig G86T BIRAOSOYRZD
WBLLIEa 1 9AITRABSU0D ‘puey 1yBil JO quiny} JO SIITewBp Snojng 9ANJRUI JISe pa|pUeY pue peoide WoJl) ABAIpp 80.nos Aydeib anfeid
'S3s0p [e00| BuTew 1S3 Joy WU INSUl eTep ‘ASW g INoge JO asop APod-2joy M T uo Aydwe pa.ejosp Jeueucd Lodsue 30In0s -o1peJ [UISNPUL Uy, 2861 BIRAOSOYRZD
Jore| stk omy Aebins
onse|d ‘seae uadelpe pue puey 1|8y} Jo Bbuly piyl 8yl Jo Shifewep snojing MJom e pue Buunp Bulioyiuow a0.nes Ayde.b NO|OM0S
S0P 00| Buirew s Joj JUBINSUL BIRp (ASW G Inode JO asop Apog-8 [0y T afeniapeul pue juswidinbo 3y} Joa.n| ey [eIIUYIS L -Olpel [eLIsNpUl I [,s 6.6T BeA0SoYRZ)
Bre|steah omy Aebins onse(d ‘puey 1ybLiay) Jo qunyl ay} Jo Sifew.Bp snojng 10JJU0D Jopun »Jeq a0Jnas Bulig 01 suo e a0.nes Ayde.b a0Ignpred
S350p [£00| BuizeWISS 104 JUSPIHNSUl BFeP ‘ASW G INOge JO 850p Apog-80yMm T Bdo.duwi pue juswid inbe 3y Jo d.n|fe} [eIIUYIS L -Olpel [eLIsNpUl I [,s 1161 BeA0SoYRZ)
aW0Jpu/S Uoieipel aINJe YIIM JOXIoM T ¥ JOpJO JO N0 SH0|BIUI AR JES pue SSo| Jomod Alioe) uoieipeld| 266T 'uIyD
paIp A9 2T SO0 eI BANBIBP LM pUe 8in| e} reybueys
pue TT PoARIDI OUM OM]3U) (A ZT pUe g USSMIB] PIAIBIDI SB3JoMaY | / Jomod Bulinp Jequreyo uoirelpe.li syl ol Anug 066T 'uIyD
30.nos
A9 £€'8T Joainsodxe pozi[eao-] T AydesBoipel 11, 686T SBeuD
POIBACIRI SSBUXOS UolRIpe.l Buileg
o1 lodowskey pliw palens ylog ‘A9 T9'0 pue /8°0 JO Sasop Apog-a|0ym 2z S9INUIW {7 INOCe J0}30IN0S 0} 2INSOdXe [eIUBP DY 80.IN0S 0D, 686T B'uIyD
pooB uonIpuod ‘dn-Mmo|[0) SIeak S8y Bife (Bwolpu/s SpuoJss Aijioey uelx oeyz
MOJJewW auoq) SSaUXOE Uoifelpel 9inde ‘A9 Z'G Jo asop Apog-ajoym parew sy T 0O IN0Ce JO} L0 Lo TR IRl 0 AD [eIUBpIooY UOITRIP..LIT 0D, 886T B'uIyD
Mofs
ApAITRRI Sem Dg/ JO UOITRI0RaI YliM Wes/s dipiodowsey 0} affewrep aenss SpuoJss Aijioey A1D noyzbueyz
“BTe| SINoY INoj BsSITeU pure exaJoUR ‘A9 GE'T J0 8s0p Apog-ejoym perew s T ST -0T J0} WoO. UofFeipe.ll 0} Ale [eluspiooy uonRIPRII 0Dy | /86T =1]Ve}
SeUOB Ao Bueyey
uo e pes ainde jo adA1oipiodowsey ‘A9 '€ pue 9z Jo sasop Apog-a|0ym 2z S9INUIW € INoge J0}3INsodXd [eIUeP oY 80.IN0S 0D, 986T B'uIyD
SO0 eI BANBIBP LM pUe 8in| e} Aioey reybueys
a.nsodxe pazieao| pue A9 G Jo asop Apog-8 oy T fmod Buunp sequreyd uoieipe.ay) ol Anug uoleipe.l 00y, 086T 2BUIYD
Aoey Uzi"soN
sAep £TT Ul yresp ‘Apogajoym A9 1T T pasodxe 82.1nos Yiim Anue Jedouduwi | uoleIpe.ll 0Dy, T66T snepg
A9 €2 Joasop Apog-ajoum T 80IN0S [LIBNPUl I, | 686T » Usope|Bueg
po1oaye uonreJado Jo WepIooe
s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel




ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

640

suole.ege [eLIcSoWoIYD Ulassesoul YBIs {panouwn.l Ajfeolbins

“J9Bu 14 auo Jo dii Je SB0I0BU B|g BRI ‘pURY 1P| JO SBBUl) Uo SuIng Uoieipe) adoasoeep paingezsi|
‘puey 1| Josbuly Joy parewiss A9 0g-0z ‘ADw 9 Jo 8s0p Apod-Bj0UMm T 80408 Jo Bui|puey ssep.eo pue Jusidinbs jo ainjed [eLISNPUL Jjyq; 86T AsebunH
Ade oyl aA1mepss pue UoITeABSIO0 ‘SuoiTelioge [euiosowoyo jo Aouenbauy Jou e adoxs 10A9
pasessoul pue poolq ul ssbueyd ‘essreu WYBIE ‘A9 Z'T Jo asop Apog-2joumn T S11 0JU1 S30JN0S Me.py3Im 03 Juswidinbe Jo ainjre4 -01099p [eUISNpU| 1161 ArebunH
sabueyo eosAyd
pozifedo] ‘A9 ZT -9 Inoge Jo Apog ayl Jo suolfel 01 ainsodxe Apog [eled T wewdinbe aAn®ePQ Jewdinbe Aei-x €86T "doy [esoped ‘Auewp)
syjuow [eJsenss oo Buido prap abewep ewdinbe
anss1 aABWRP® ‘quuinyl 1yBLi 8y 01 asop A9 0 -0z Yrmainsodxe Apoq feiked T SeUsIRRD aouadsalon|y Ael-X 86T "doy [eJoped ‘Auewo)
/S Z°0 JOS0P BAIRYR Ue pue puey 3y} 0} A 2 J0 850p parew sy 4 wewdinbe sAngeRA Hun weiBoipey 0861 ‘doy [eseped ‘Auewes
S1o8}je-elje uoleipe.l
pue sInoy {7z Ja1e uis Jo Bulusppal (A9 T Jo asop Apog-2j0ym parewlsg T Juswidinbe Jo Buipuey 1edxau| Jewdinbe Aei-x 9/6T "doy [esoped ‘Auewio)
ewdinbe Ael-x
uoifial yoewois ay) 0} A9 Z J0Ss0p parew sy T S1399p [eD1ULOS] pUe SseUsss p.eD 40 1593 Wess BUIPPM S/6T ‘doy [eseped ‘Auewes
wewdinbe
sAep QT Joue sebuly omy Jo Bulueppas Sebuly ay) 01 A9 Qg JO asop patewisg T Iredl BuLINP S3jney [e2 1Yo} pue SSaUSsa ple) aouadsalon|y Ael-X G/6T "doy [esoped ‘Auewo)
(e0160p adwind azemyos
IST) SIHTewJapoIpel 21UoJYd pue ainde ‘A9 G node Jo puey 1ybl ayy 0) asoqg T Burpuey aredoiddeur pue 108 p [eoILYS | 80IN0S [RLISNPUI Iy, €86T "doy o1fe00WR Uew.Ro
(e0160p wyog
PIE pUe puZ) SHIFEWBPOIPEI DIUOIYD PUe SInJe ‘pUuey 19| 0} AS OE -ST J0 380 T Ssousssped Hun fei-x eonAeuy 086T "doy D1RI00UWRQ UeWw B
(88168p pIE pUE PUZ) S1HIFEW.BPO PR DIUOIYD Hun Begpi
pue ande ‘A9 G'0-2'0 J0asop Apog-ajoym pue puey b1 01 AD OE -0T J0 3s0Q T SSoUsspJeD 2ousosalon|) Ael-x 6/6T "doy o1fe00WRQ Uew.RD
yoeq.o4
S;BY10 0M] 01 AINfU1'SNO LSS S| £J9XI0M BUO 0} SUOS| U IS 910/9S e JUB.LIND YJep JoTeso pade 0} ansodxg Aioe) uoieipels| T66T aouel4
80Incs RIpdiuoN
wie 19| Jo uoireindure 8insodxe paziedo| pue Apog-8joun T AydeiBoipel J s, 6.6T , 90Ul
foueN
Jebuly Jo uoireinduwre {puey Jo aInNsodxe pazifedo ] T Jewdinbe Ael-x 8/6T ,90uelH
spJfezey uoikipel jo Bulpues.epun Ajoey
uypeap T A9 8-€ J0 asop Apog-sj0ym € 40 Xpe| pue wes/s Apjes jo uone.o1PRA uoleipe.l 00y, 686T e JOPRAES |3
paioeye uoneJado Jo aplooe
s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel



641

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

Jeakauo ,ije siebulj € Jo uoireindure pue syuow 9 eie diyay e | ybu
JO uoiEeINdwe :Jo)JIoMm pasodxe BOW AS Gz'Z Sem pasodxe S0 8y 0) asop

80.n0s payJerp BsIfeI 0}
Joyiuow ajqeniod Jo ainjre} pue (paydelre Ajledoid 1ou

a0.nes Ayde.b

feersues 1 *Uegim

B84 paINdwiod ‘A9 T°0 pue 60°0 ‘8L°0 SBYIOM 831y} JO Ssop Apog-a10uM € 80.ncs) JaydeBoipes Jo s0ushiBeu 'B0Incs peyera -Olpes UBNPUL J 6 686T BOLY UYIN0S
JoeJedo JO SsaUssap.Ied I} IUoW pue 80.nes Ayde.boipes eenuel | ‘6inqjoses

syelf ups pue eArowsl gu ‘siebuly Z Jo uoireindwe A9 9T T asop Apog-210UM T Jaureuoo paresedo Ajeairewneud Jo uoireledo Aljme4 [eUISNPUL J |5 1161 BV YInos
U0 JO puey 18] U0 1084 pue ajdoad omy Jo sebuly jo uorreindwe :Apog ajoym poziioyine Jou pasesifel Jeyleu Juewdinbe 0]oNpos|O P BU0Z

ayl 01 A9 z ‘oo ayy Jo st 01 AD 6°0 ‘Spuey 01 AD 9T JO SISOP WNWIXe |\ € ‘Uosinedns Jo yoe| pue puuosied paueiun 80INGS 55 116T nied
sainpaooid | Ayjioey uoneipe. BIRM

skep €1 Joye ypeep A9 gz Jo asop Apog-s oy T MO| [0} 0}3.N| e} PUB 801A8p ABJes Joaun|red [eLISNpUl 0Dy 2861 » RemioN
Aijioey balos

Jore|sAep 9g paip ‘asop Apog-ajoym A 0Z-0T T 8oueuBlU e pue sainpaoco.d Aue sedoidw | uoleIpe.ll 0Dy, 066T pes|

30Inos

puey Jo ainsodxs pazifedo|snid A9 g°0 Jo 8sop Apog-ai0um T AydesBoipel 1, G/6T e beu
pereIndwe sebuly ‘Spuey yioq Jo siebuly 8oueudlU W Jo1eloud rerho elizeH

uo suJng uoieipel ‘A9 G9°0 Jo asop Apog-ajoym pue siebuly 01 A9 QT Jo asoq T Jodo.dwi1 pue Juewefeuew Apfes Joain|ed AydeiBoipel J s, 686T elpu|
[enpIAIpUI yJes Wwioly pereindwe ade|dxJomay) ulain|rey emod Joyeloud Jefeueunwe A

s;ebuly omy ‘sebuly 01 afewrep siorsedo yiog Jo spuey 01 A9 0z -8 J0 sss0q b4 UM pare1oosse sao1eud BuipJomafes Jo UoIR[0IA AydeiBoipel J s, G86T eipu|
pareIndwe Jobuljauo ‘sebuly aoueuslU W Joyefoud wreuredeyxesiA

0] affewrep ‘Juessse Ue 0} A9 gT°Q pue Jorsedo 0] A9 0zZ-0T JO asop ubis z 10 Yoe| pue s2onde.d BuIYIOM Bes JO UOITR[OIA Aydeiboipe) 0Dy, G86T eipu|
pareIndwe a,8M UYd1Iym Jo Inoj ‘siebuly Aequiog ‘puniniy

olafewrep alonss (A9 90 Jo Apog ajoym ayl 01 pue A9 Oz JO Ui ayl 01 asog T puuocs.ed paurenun Aq uoireedo Joyoefoud I €861 elpu|
ured BureonIoxe Yiim uoibal oiApd uisuing uoieIpel 8eAss A9 90170 Joxiom Aem|rele Ag punoj pue 50| Aequiog ‘1|0JYMINA

J0 asop Apog-ajoym pure uioJB ay Jo uoiBel ay) Ul ups 01 A9 GE-G'T Jo as0Q T 80.n0s '90INncs J0 Hodsuesy BuLinp A11indss Jo ain|jre4 80.nos [ued I, Z86T elpu|
puey pe1oeje aulyoew Aei-x enel SO/ ‘UogeiID

ay} Jo uoireinddns pue ewepso ‘A9 QT JO SS80X Ul puey auo JO WnsJop 0} 8s0q T uoiresedo UlsemauIyIew 3| Iym JoNnus Jo Jredoy AydelBoipes eusnpu| /86T eRAUOPU|
spuey ay} Jo uoireinddns pue ewspao Spueyayl 0l A9 1 TT a0.nes Ayde.b osulog 1e3 “Yepeg

pue speuob ay 03 A9 90 ‘Apog ajoum ayy 0} A9 £/°0 JO SISOp porew s T Jogesedo ayy Aq 20.n0s BY} JO 1reUSY -Olpel [eLIsNpUl I [,s 2861 esauopu|
a0.nos Ayde.b epsalg

sAep €T Jole yresp ‘swolpu/s o iodorewsey ‘A9 QT Jo asop APog-8 0y T iod A1ue J0ASAUOD U0 SWRKAS ABJES Jo yoeT -0lpel [_LISNPUI 0Dy G/6T < Ael

paioeye uoneJado Jo aplooe

s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel




ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

642

SJBY10 INOJ JO SpUeY JO 3INsodxa pazi[edo| S|NUIW Giy 30.nos Sopbuy S0
‘uosJod auo 01 puey Jo saINsodxe pPazifedo| pue A9 T Jo ainsodxe Apog-8joumn o] Joy pxood siy ul Ind pue BxJoMm AQ punoyadinos AydeiBoipel J s, 6.6T , SIS paluN
30Inos 30JUON
Jebuty Jo uoireindure {puey jo ainsodxe paziedo] T AydeiBoipel J s, 8/6T ,S9eIS paluN
80Jn0s UoieIpe .l Remexpoy
A9 ¢ Jo3s0p Apog-oj0um T [eusnpuI 0Dy, | LL6T SIS PAIUN
20Inos ybangsnid
puey 0} A9 0T Jo030Q T AydeiBoipes 1y 9/6T -, SIPeIS peNuN
un
A9 0€ = 350p 9INJe PRI ISS ‘UOIRIsd|N J110408U 0} Buipes| spuey Jo eweylAig T sainpsoo.d sedoidw | AydesBoipes AX OST €66T wophu Iy parun
elWSRYNB| plopAw 8Inde jo paid A9 QT = Jo (DoY)
as0p Apog-ajoym patew sy pateindure sebuly omy Jo sied ‘sebuly 01 A9 og T SJeak T JBA0 SUBPIdUL 21U0IYD AydelBoipes eusnpu| T66T wophu iy parun
30.Inos
A9 9G°0 Jo asop Apog-ajouyMm T Jaydesboipe. jo ainsodxa usreATeU | Ayde.boipel ewwes €86T q wopBury pa1un
SUONIJeR. UIYS PozZ1ed0| 30Inos
ou ‘A9 zG'T Jo asop Apog-sjoym e eAinbe ue parewiss Alpwsop opusbolfD T Jeswiy pesodxeeno Apreseqiep Buydeiboipey AydesBoipel 1, 816T q wopBury penun
sJjebul} 8.y} uo suing uoireipel ppeme Buiydeiboipe. a[1ym SpucIss 06 80Incs
‘A9 T°0> asop Apog-ajoym WBRAINS Ue pelewnse AIRWSop 211Busbolf) T 10}80IN0s P Y Bs.e paujuod e ul fupjiom Joreedo AydeiBoipel J s, 1161 qwopBury ps1un
wnp jobgl GT-TT $20.N08s Y61 wn i
S $9°0 pue 90 S0P Apog-a10uMm 4 Joadedss Jo sseap. a1 01 P3| P(ojiew Blul uexo.g snosseb Bul||i4 L/6T wopbury payun
afe Josue| 0} A9 0 Jos0d T Aujoejuoneipeni 00y, | 086T 2 ¥SSN
awopu/s o1 lodorewsey ‘SSBUXDS UoIRIPER. ‘AD) 17 J0 850p APOd-8I0UM T Ajoe) uoneIpe.Il 00, 9/6T > H3SN
A9 0€ A0 SpuUey 01380p ‘A9 G pue € Jo Sasop APog-8joUM 4 Aijoey uoreIpe.LIl ] e G/6T = dSSN
30Inos
A9 0T 01 '€ sBBUl JorWBYIAIF T puey Aq peses p. 801ncs bgo 00/ pawiwer AydesBoipel 1, Z66T pue|ezIING
sased ,BYI0 oMy ulsebuly Jo Bulesiq Leyloue Jo siebuly
UO UIDS 9AIBUSS JO Sayoted ‘ased auo Ul S1IM aA0de WO QT pareindwe puey
WHI (AJeinoge Aue UM paTew 11Se aq 10U PINcO SISop [eJ0] INQ ‘SaInuil 0Z -G a|doad 9 Aq pajpuey
Jo spolied Joj pajpuey 904ncs ‘A9 GG'0 JO WiNWIXeWw & Yim A9 T°Q JO SS90X0 80.ncs ‘Bu o} uow afenbapeul 01anp palekEP 80.ncs Ayde.b eenuel | ‘6inqjoses
u1'sssop Apog-sjoym panpde. aidoad se1us feys pareoipul sisAeue onpusboIkD 9 Jou'sso| Hjom AydesBoipes e puieq 49| 80IN0S -0lpel [UBNPUI 0D 066T BOLY UYIN0S
paioeye uoneJado Jo aplooe
s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel



643

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

loueH
pereIndwe puey auo pue sebul) ‘spuey 0] A9 GT-0T T weaq ulajduwres snlpe 01 Anue sedoidw | oo pade YoJessay 2661 weN BIA
syb iy pue spuey ‘uswopde JO aInsodxe pezi[edo] T loeopY 8.61 > SOeIS peluUN
Spuey 01 A9 0Z 40 380p poZ1[e007] T lofeeEode UoNIR (3 8161 =SSN
spuey 0} A9 0g -OT J0SS0p Poz!ec0 ] T J0ofe.pide upiold L/6T e dSSN
sanLoyne
arss|} Jexs enpsal UM pasexsifal Jou Juawdinbe ‘s Jo afpajmou wewdinbe 'wl
Buines| Buleslig pue suing ups ‘sebuly 01 AD Q-G JO SISOpP PazZIed0] 9 10 >0e| WO aInsodxe areq1pp ‘Uosialedns Jo 1jne4 uonaeiyp Aes-x 86T nied
ASW 9'0 JO 850P BAIIIBYE PUe AD 0Z puey 8y Jo 1ied 01 8s0p parew s T Jewdinbe aAn®PQ juewdinbe Ael-x 6.6T "doy [eJsoped ‘Auewip)
uos.ed auo ul (8a.6ep (223008
1ST) Shifew.spoipes ainde ‘Ucsed auo Jo puey ayl 03 A9 1 JO asop winwixe |\ Z 10949p [e9IUY9e | Hun Aes-x [aNARUY 886T "doy o1feI00WRQ Uew.Ro
euel
(80.100p BT) SNITWBPOITRI 3INTe ‘puey 18] 01 AD € Joasoq T SRUsIp.RD 1un AeJ-x [eonAeuy 886T "doy o1es00we g Uew oo
AKioreloge| Brzde
£9 9/0°0 J0SS0P BAIBYL PERILILIOD T uonN|0s WY, © Bulleuoo [eIA Jo uoso(dx3 [eo1uRYO0 1Py €861 "doy olfes00We Uew oD
uijed
(82.100p puZ) SnITeW.BPOIPe) 8INJe {Bbulpio) ydLIayl 01 A9 8T -9 Joasoq T SeUsIp.RD 1un AeJ-x [eonAeuy 2861 "doy d1feso0we g Uew oo
uijed
(88.68p BT) S IFRW.RPOITRI BINTR PUBY 1P| 8U} 01 AD G Joas0Q T SSUsPpIeD Hun fei-x eonAeuy T86T "doy D1RI00WeQ UeWw e
Alorlioge| Hiopusssoy
swioldwi/s [ea1u1p ou ‘puey 118U} JO U Y} 03 A9 00T Jos0d T e UM UOHRUILLEILICO O} P 3A0 B aAej0ud Ut KepQ [ediWByo0 Ipey 086T "doy D1RI00UWeQ UeWw e
(e0160p Hun a|eH
BT) Shifewepoipel ande ‘puey 1p| Jo Jbuly ajppiw 01 A9 z-2'T o asog T SSOUsspJeD 20usosalon|) Ael-x G/6T "doy o1fe00WRQ Uew.Ro
SJ0JeJa[292® [B11ISNPUI UOU pue uoleonpa Alelus|
uoireIndure paiinbe yoiym Jo 1sow ‘sebulj 0y A9 G T 8oueuBlUfew BuLINp 1UB.IND .Jep 0] ainsodx3 Aljoe) uoeipell | T66T SIS paluN
30Inos ewoye o
S2Insodxe Poz|1ed0| pue Apog-8 [0y T AydesBoipel 11 186T SIS PeluN
paioeye uoneJado Jo aplooe
s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel



ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

644

siered Jo sexjomaemsucsied pasodxe Jeypeym fespun  p
‘[ed]woyereq o
*[2 7] uexeLIBPUN UsB( a/eY SBAeUR UO IS0 SLUIGSOWOIUD UOIYM J0}aInsodxa [eluepiode Jo sased jo Arewwnseassudwooereqg q
‘[ezi]woyereg ®
30.nos
Jare| sypam om] paseadde Bules (g pue eweIAB puey ay) 01 A9 GT Joasoq T Buibueyo a0.1nos Bulinp ainsodx3 AdepUioipe) 0Dy, 986T q wopBury pa1un
ban ovZ Inode Jo SXeiul Ue Ul pa}Nsa Yo Iym
*BBU1 1D PI3ONS ‘GZT-BUIPO! U3 PBJU ILEILID
A9 00v INoge Jo 80P PIoJAY L T ano[6 e Buteama|iym BBU L SIY IO URDILLYDS | ezt G867 q wopBury peyun
/S Z€'0 JO3s0p B papiods. BPW 0P [eucsed T sAel x 0}a1nsodxe eLeADRU | AydelsBoipes Ael-x 286T qwopBury pa1un
ucsJed Jaylo 01 asop
mo|e tbg N T Inoge Jo axeiul e woJj uosad auo 0} A9 /T Jo asop pIoJAY L 2z SoXJoM AIOIRIoge| JO UOITeU ILRILIOD [eIUep 100y lezt 1161 q wopbBu1y penun
Buoines 80Incs
AS 17°0 pUe 2G°0 JO S350p 090381 SIBIRLLISOp [eucs.ed Z Bunnp uonsod peppIusUN Ue Ul pawwe(201nos Adesayiopel 0 G/6T qwopBury poyuN
(sonnus (ewwebop) eUeyIpN
POAISSO S1094 Y} esy asenpe ou ‘A9 G0 pue 10 ‘Gz°0 J0Ss0d pE ybnoayy 1no pexes| Ainoew) wwewdnbe annepa Adepyoipey 0867 elpu|
sJjebuly jo Buiusppas Aretoduwe)
‘ASW TO'Q JO 8S0p 8A0BYPL pue AS G InoCe Jo puey 0} 8sOp parew sy T wewdmnbe annePAa Hun weboipe. A 1161 ‘doy [eseped ‘Auew e
0510} Joddn pue peay 01 A9 T JO SS90X0 UIas0Q T 80UeUBIU el U SSOUSS9 p1ed A|qeqoid wewdinbe Aei-x G/6T "doy [eJoped ‘Auewp)
uossaIdep 2.1y soueng
MoJJew auog IYBIs ‘xeloyiayl 01 ‘ApAnoedsal ‘A9 190 pue 99°0 JO S0 b4 Jepuel) Buunp pawwe(a0inos Adeeypp) 004, €861 eunuebly
safe pezibeue Sem wes/s Huziubooe) INOYIM S3gn) AeJ-x v'g eride
Yioq uisioelered 948 Josue| 0} A9 8'G Jo 880p pue A9 ZT°0 Jo 8s0p Apog-8j0um T BuiBueup a11ym mopuim yBno. pexoo| JorRedo Anjioey Adeseup fet-x Z86T eunuebiy
MOLJew uado semadogsolon|yays Jo eueked
auog Jo uossaJdep WPIE ‘A9 6°0 JO 850p APOg-810yM POARIBI 38INU ARI|IXNY T dojayr uaymsAel x Jo Uossiwe 01 pa| BuLim Ayjre4 ABojoipes o1s0UBRIQ 6.6T eunuebly
s»buly uo uewnon |
suJng uoireipes ‘sebulj 01sasop Ybiy panieaal yiog uepnsAyd pue ueniuyse | 4 SWSIUBYOSW [edIUeydswl S 80.nes Jo ain|e4 AdeUpR) 0Dy G/6T eunuebly
uolreipel Jo sasn [edlpaN
paioeye uoneJado Jo aplooe
s9oUaNbasuod Yijeay pue 2nsodxa Jo anyeN SUS B 9Insodxa Jo asned urey uone|eEUl 10 adkL 10 T uomreoo| / Anunod

(panunuo) oy sjgel




645

ANNEX E: OCCUPATIONAL RADIATION EXPOSURES

preAde.ss e ul dn Buipus syun Adesoyy oxbueg
PoIP 3841 YO IyM Jo pazifelidsoy aemsucssed L | 0T plo 881y} 01 Buipes| A311nJss 82.n0s Jood $90In0s Adeeyioipe. 0D, 0002 pue|rey |
Auijioe) Blwes
sfep € Bie ymrep ssop Apog-sjoym A9 8-G T weppoe AleonLo Uoseasd. suodesm JesjonN /66T uoneBpa- Uessny
puUey 8UO UO SUOK3| U1IM3Uo 866T |nquesu|
‘swoJpu/s (A9 ¢ 01 dn) uoieipel ainge Yymsuos.ied aniH 8T /A311n28s 82.INCs 100d s30.nos Adesoy [eoIpBIN -€66T foxng
olgnd ay; uisaniEer} 8 T 80INCs KO 80.ncs AydesBoipel J ., 8/6T 000110\
eINA oL
A9 € Jo as0p Apog-ajoum ynm Bylo auo pue (A9 8 ‘A9 LT) somere) ¢ € Aneono UoJeasa. Bussaooudey 666T ueder
B0 01 A9 0G ‘ss0p Apog-ajoum A9 € T sa.npeooud Jood Aydeiboipe. 1 9661 uel|
Ajoey Bulure e urssIncs o|17
BunIWOA paJoyns [eleASs SsaUsNO LIS BulAfeA JoSUOKD| eJonas TT 10 (A11inoss 80.nos) uswebeuew Jodoidw | $90INnes Bulurel | SO, 1/966T eifioe)
A9 0E< 8S0p [220| PeTRWISS SpURy JO BwaYlAIg T a0Incs bg T jo Buipuey 109110 Ayde.Boipe. ewied 1, G66T Qouelq
Spuey Jo eweyiAig T (bgo v°2) 80inos papueH 8D, 90ne6 Aystea S66T souel
ueep T A9 008'T njIUWe |
0] dnainsodxe pazifedo] Jo ABLeA ‘A9 1 01 dnainsodxe Apog-a 10y 9 /A311n23s 92NGs 100d puUe 82.NCs pauopueqy JoeIpelll Ue Jo Led woij80Inos V66T IE]Te) o=
feydsoy
0] WIY YIm Juam 11 :80anes dn paxpid Aljioey noyBuix
paIp pue A9 8< Sas0p PaARM®I € A9 GzZ'0< 0 pesodxe aemsucssed 7T vT Buys1jowep a1 8y} Uo Buiyiom Bwse Al1[19e} UoITR PRI 0D, WO 266T 'uIyD
UoITeuILIRIUCD euBIU| YUIM 612 elURI0D
‘Suoss| ynm Auew paIp ¢ :(A9 2 01dn) A 0'T Josseoxe uls(doed TZ 00~ 90.nas pauopueqy 80.ncs AdepUIoIpRISD, ¢ 9861 |izeg
(0119nd Jo Joquisw) Allere) T T 80IN0s 507 80.ncs AydesBoipel J ., 8/6T eLeb|y
po1oaye uonreJado Jo WepIooe
s9ouUaNbasuod Yifeay pue 2nsodxa Jo anyeN SUS B 2.Insodxa Jo asned urepy uone|eEUI 10 adkL 10 T uomreoo| / Anunod

sainsodx3 [euoirednad J0 ABAINS YYIISNN Wolj ereg
$92UaNbasu0d [e31U1]9 Y1IM 1S3IS1UI JO SIUBPIIJR IBYIO

Tv 9|0eL




646 ANNEX E: OCCUPATIONAL RADIATION EXPOSURES
Table 42
Summary from Radiation Emergency Assistance Centre / Training Site (REAC/TS) radiation accident registries
[C7]
Type of use Number of accidents
Criticalities
Critical assamblies 9
Reactors 7
Chemical operations 6
Total 22
Radiation devices
Sealed sources 202
X-ray devices 78
Accelerators 23
Radar generators 1
Total 305
Radioisotopes
Transuranics 26
Tritium 2
Fisson products 11
Radium spills 1
Diagnosisand therapy 38
Other 6
Total 84
Total of al 411
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Table 43

Worldwide occupational exposures (1990-1994)

Monitored Average Average a_nnual Average annual effective dose Distribution ratio
workers annual collective (mS)
Practice collective effective
effective dose per unit
dose energy generated ) Measurably
(man Sv Mv\(/)c?rliz:zd exposed NRys Ry
(thousands) (man Sv) per GWa) workers
Nuclear fuel cycle
Mining 69 310 1.72 45 5.0 0.10 0.32
Milling 6 20 0.11 33 0.00 0.01
Enrichment 13 1 0.02 0.12 0.00 0.00
Fuel fabrication 21 22 0.1 1.03 2.0 0.01 0.11
Reactor operation 530 900 39 14 2.7 0.00 0.08
Reprocessing 45 67 3.0 15 2.8 0.00 0.13
Research 120 90 1.0 0.78 25 0.01 0.22
Total 800 1400 9.8 1.75 31 0.00 0.11
Medical uses of radiation
Diagnostic radiology 950 470 0.50 134 0.00 0.19
Dental practice 265 16 0.06 0.89 0.00 0.24
Nuclear medicine 115 90 0.79 141 0.00 0.10
Radiotherapy 120 65 0.55 1.33 0.00 0.15
Total ® 2320 760 0.33 1.39 0.00 0.14
Industrial uses of radiation
Radiography 106 170 1.58 3.17 0.01 0.23
Radi oisotope production 24 47 193 2.95 0.02 0.25
Other 570 140 0.25
Total ® 700 360 051 2.24 0.00 0.25
Natural radiation
Coal mining 3910 2600 0.7
Other mining 760 2000 2.7
Mineral processing, etc. 300 300 1.0
Exposure above ground (radon) 1250 6 000 4.8
Aircrew 250 800 3.0
Total 6 500 11700 18
Defence activities
Weapons 380 75 0.19
Nuclear shipsand support 40 25 0.82
Total 420 100 0.24
Miscellaneous uses of radiation
Education 310 33 0.11 11 0.00 0.07
Veterinary medicine 45 8 0.18 0.62 0.00 0.02
Total 360 40 0.11 1.0 0.00 0.05
Total of all uses
Man-made 4600 2700 0.6 2.0 0.00 0.13
Natural 6 500 11700 18
Total 11100 14 000 0.1

a Thesetotalsincludesa component from all other medical useswhich isnot shown separately.
b Thesetotalsincludesacomponent from all other industrial uses which isnot shown separately.
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Table 44
Trends in worldwide occupational exposures from man-made sources of radiation
Average annual effective dose (mSv)
Average annual
collective effective dose
(man Sv) Measurably
Monitored workers exposed
Source
workers
1975- 1980- 1985- 1990- 1975- 1980- 1985- 1990- 1990-1994
1979 1984 1989 1994 1979 1984 1989 1994
Nuclear fud cycle 2300 3000 2500 1400 41 37 29 1.75 31
Defence activities 420 250 250 100 13 0.71 0.66 0.24
Industrial uses of radiation * 800 900 490 360 21 18 12 051 22
Medical usesof radiation 1000 1140 1030 760 0.78 0.60 0.47 0.33 14
Education/veterinary # 70 40 20 40 0.11 1.0
Total 5490 5330 4290 2700 19 14 11 0.6 20
Average annual number of monitored workers Normalized collective effective dose
(thousands) [man Sv (GWa)™]
1975- 1980- 1985- 1990- 1975- 1980- 1985- 1990-
1979 1984 1989 1994 1979 1984 1989 1994
Nuclear fud cycle 560 800 880 800 18* 17# 122 9.8
Defence activities 310 350 380 420
Industrial uses of radiation ® 390 510 400 700
Medical usesof radiation 1280 1890 2220 2320
Education/veterinary 2 140 180 160 360
Total 2680 3730 4040 4600
NR;s Ris
1975- 1980- 1985- 1990- 1975- 1980- 1985- 1990-
1979 1984 1989 1994 1979 1984 1989 1994
Nuclear fue cycle 0.20 0.16 0.10 0.01 0.63 0.55 0.42 0.11
Defence activities
Industrial uses of radiation * 0.010 0.007 0.009 0.00 0.35 0.28 031 0.25
Medical usesof radiation 0.003 0.002 0.009 0.00 0.14 0.10 0.24 0.14
Education/veterinary 2 0.00 0.07
Total 0.051 0.040 0.030 <0.01 0.45 0.40 0.36 0.13

a For 1975-1989 the data previoudy reported for education was subsumed into industrial uses of radiation. In thisreport the figures for 1975-1989
have been adjusted to remove this component from industrial usesto permit better comparisons.
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