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FOREWORD

This is the 22nd in a series of annual radiation exposure reports published by the Department of
Energy (DOE) or its predecessors. This report summarizes the radiation exposures received at DOE
and DOE contractor facilities in 1989. Radiation exposures to both employees and visitors are
included. Trends in radiation exposures are evaluated by comparing the doses received in 1989 to
those received in previous years. The significance of the doses is addressed by comparing them to
the DOE limits and by correlating the doses to health risks based on risk estimates from expert

groups.

This report is the second that is based on detailed exposure data for each individual monitored at a-
DOE facility. Prior to 1988, only summarized data from each facility were available. This report
contains information on different types of radiation doses, including penetrating, shallow, and neutron
doses. It also contains analysis of exposures by age, sex, and occupation of the exposed individuals.
This report also continues the precedent established in the Twenty-First (1988) Annual Report by
conducting a detailed, one-time, review and analysis of a particular topic of interest. The special

topic for this report assesses potential fetal exposure at DOE facilities.

We believe this report will provide useful data to organizations or individuals involved in radiation
protection activities. National and international organizations such as the National Council on
Radiation Protection and Measurements, the International Commission on Radiological Protection,
and the United Nations Scientific Committee on the Effects of Atomic Radiation have used DOE
radiation exposure data in the past in formulating their recommendations and analyses. The
information in these reports is also used by the DOE to identify areas of needed improvement to
ensure continued commitment to the As Low As Reasonably Achievable (ALARA) philosophy of

radiation protection.

//—,wa-e—ez

Paul L. Ziemer

Assistant Secretary Deputy Assistant Secre'tary
Environment, Safety and Health for Health







PREFACE

This report is one of a series of annual reports provided by the U.S. Department of Energy (DOE)
summarizing occupational radiation exposures received by DOE and DOE contractor employees.
These reports provide an overview of radiation exposures received each year and identify trends in

exposures being experienced over the years.

In 1968, the U.S. Atomic Energy Commission (AEC) established a program for reporting certain
occupational radiation exposure information to a central radiation records repository. Annual sum-
mary reports were published from 1969 through 1973 (WASH-1350-R1 through WASH-1350-R6);
these included information on AEC contractor employees and visitors, as well as employees and

visitors of companies in the private sector licensed by the AEC.

In January 1975, with the separation of the AEC into the Energy Research and Development
Administration (ERDA) and the U.S. Nuclear Regulatory Commission (NRC), each agency assumed
responsibility for collecting and maintaining occupational radiation exposure information reported by
the facilities under its jurisdiction. Former AEC licensees reported to the NRC while contractors
reported to ERDA. At the same time, a contract was established with Union Carbide Corporation at
Oak Ridge, Tennessee, to computerize the reporting and processing of both the ERDA and NRC
radiation exposure reporting systems. On October 1, 1977, DOE was formed and assumed the
responsibilities of ERDA. Processing and programming of exposure information continued at Qak
Ridge until October 1978, when management and further development of the DOE radiation exposure
reporting system was assigned to the System Safety Development Center, EG&G Idaho, Inc.; the
NRC system remained at Oak Ridge.

Radiation exposure data for ERDA and ERDA contractor employees and visitors for 1974 through
1976 were reported in ERDA 76/119, ERDA 77-29, and DOE/EV-0011/9. The DOE and DOE
contractor radiation exposure data for 1977-1979 were presented in DOE/EV-0066/10, 11, and 12,
respectively. A revised version of the 1979 report was issued as DOE/EP-0039. The data for
1980-1982 were presented in DOE/EP-0040, DOE/EP-0040/1, and DOE/EP-0040/2. The data for
1983-1988 were presented in DOE/PE-0072, DOE/EH-0011, DOE/EH-0036, DOE/EH-0069,



DOE/EH-0128, and DOE/EH-0171P, respectively. This report contains 1989 radiation exposure data

for DOE and DOE contractor employees and visitors.

Previous reports for AEC/ERDA/DOE government and contractor employees and visitors may be

obtained from the DOE Technical Information Center, P.O. Box 62, Oak Ridge, TN 37830.
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SUMMARY

All U.S. Department of Energy (DOE) and DOE contractors are required by DOE Order 5484.1,
Chapter IV, to submit occupational radiation exposure records to a central depository. In 1989, data
were required to be submitted for all employees who were required to be monitored in accordance
with DOE Order 5480.11 and for all visitors who had a positive exposure. The data required
included the external penetrating whole-body dose equivalent, the shallow dose equivalent, and a
summary of internal depositions of radioactive material above specified limits. Data regarding the
exposed individuals included the individual’s age, sex, and occupational category. This report is a
summary of the external penetrating whole-body dose equivalents and shallow dose equivalents
reported by DOE and DOE contractors for the calendar year 1989. Internal depositions of radioactive
material are not discussed in this report since a significant portion of this data was unavailable. (See

Section 2.3 for further explanation.)

A total of 90,882 DOE and DOE contractor employees were reported to have been monitored for
whole-body ionizing radiation exposure during 1989. This represents 53.6% of all DOE and DOE
contractor employees and is an increase (4.3 %) from the number of monitored employees for 1988.
In addition to the employees, 12,643 visitors were monitored. (For more information, see

Table 4.1.)

Of all monitored employees reported, 63.3% received a dose equivalent that was less than measur-
able, 36.2% received a dose equivalent between measurable and 1 rem (10 mSv), and 0.5% received
a dose equivalent greater than 1 rem (10 mSv). No employee received a dose equivalent greater than
3 rem (30 mSv). The dose equivalent received by 44.2% of the visitors to DOE facilities was less
than measurable, 55.7% received a dose equivalent between measurable and 1 rem (10 mSv), and
0.1% received a dose equivalent greater than 1 rem (10 mSv). No visitor received a dose equivalent
greater than 2 rem (20 mSv). (These data are detailed in Table 4.1.)

The collective dose equivalent for DOE and DOE contractor employees in 1989 was 3,073 person-
rem (30.73 person-Sv), which represents a decrease of 16% from 1988. The collective dose equiva-
lent for visitors was 303 person-rem (3.03 person-Sv), which represents an increase of 24%. The

average dose equivalent for all monitored employees reported was 34 mrem (0.34 mSyv), and the

vii



average dose equivalent for all employees reported who received a measurable exposure was 92 mrem
(0.92 mSv). The average dose equivalent for all monitored individuals (employees and visitors)
reported was 33 mrem (0.33 mSv), and the average dose equivalent for all individuals reported who
received a measurable exposure was 84 mrem (0.84 mSv). Activities at fuel reprocessing facilities
resulted in the highest average dose equivalent of 138 mrem (1.38 mSv) for all monitored individuals
reported. The lowest average dose equivalent (3 mrem) (0.03 mSv) was received at DOE offices.
These averages are significantly less than the DOE 5 rem/year (50 mSv/year) radiation protection

standard for whole-body exposures.

Of the ten occupational categories reported, production workers received both the highest collective
dose equivalent (820 person-rem) (8.2 person-Sv) and the highest average dose equivalent per
individual who received a measurable exposure (167 mrem) (1.67 mSv). Agricultural workers
received both the lowest collective dose (1 person-rem) (0.01 person-Sv) and the lowest average dose
equivalent (20 mrem) (0.20 mSv) per individual who received a measurable exposure. Service
workers also received a low average dose equivalent (32 mrem) (0.32 mSv) per individual who

received a measurable exposure.

For both males and females, the 5-year age group receiving the highest collective dose equivalent
(694 person-rem) (6.94 person-Sv) was the 30-t0-34 age group. This age group also had the highest
average dose equivalent of 103 mrem (1.03 mSv) per individual who received a measurable exposure.
The group receiving the lowest collective dose equivalent and average dose equivalent per individual

who received a measurable exposure was the <19 age group.

The average dose for all males who received a measurable exposure was 88 mrem (0.88 mSv); for
females, the average was 76 mrem (0.76 mSv). Males received a total of 2932 person-rem

(29.32 person-Sv), while females received 388 person-rem (3.88 person-Sv). A total of 56 person-
rem (0.56 person-Sv) was received by individuals for whom sex was not specified on the report

forms.

Of the 3375 person-rem (33.75 person-Sv) received by DOE and DOE contractor employees and
visitors at DOE facilities, 2739 person-rem (27.39 person-Sv) (81%) was attributable to beta-gamma

exposures and 636 person-rem (6.36 person-Sv) (19%) was attributable to neutron exposures. In
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addition to the penetrating dose equivalent (beta-gamma and neutron), DOE and DOE contractor

employees and visitors received a collective shallow dose of 4639 person-rem (46.39 person-Sv).
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1.0 INTRODUCTION

The purpose of this report is to disseminate information regarding radiation exposures received at
U.S. Department of Energy (DOE) and DOE contractor facilities. At these facilities, dose equiva-
lents received by both workers and visitors are carefully monitored and recorded. The primary
purpose of this practice is to ensure that the DOE occupational dose limits are not exceeded and that
as low as reasonably achievable (ALARA) goals are met. A secondary purpose, however, is to pro-
vide information that can be used by other organizations and individuals who wish to collect and
analyze such information. This information may be useful for estimating the effect of changing dose
limits on operations at DOE facilities, determining the progress of DOE with respect to the ALARA
principle, or, in combination with epidemiological information, assisting researchers in determining

whether or not low doses of ionizing radiation are harmful.

This report contains eight main sections and four appendices. Section 2.0 presents relevant DOE
operating requirements, including dose limits, ALARA, and reporting requirements. Section 3.0
presents brief descriptions of the various categories of DOE facilities and the sources of radiation

exposure at each category of facility.

Section 4.0 presents a summary of the radiation doses received at DOE and DOE contractor facilities
in 1989. The data are presented according to dose-equivalent interval, facility type, field organiza-
tion, occupational category, age, sex, and type of exposure (external penetrating, shallow, internal,
etc.). The section concludes with an evaluation of recent exposure trends at DOE and DOE

contractor facilities.

Section 5.0 presents information regarding a study of fetal exposures at DOE and DOE contractor
facilities. Section 6.0 presents reporting requirements for radiation exposure incidents at DOE and
DOE contractor facilities. Section 7.0 presents a comparison of the doses received at DOE and DOE
contractor facilities and the consequent risks relative to other risks that occur both in the workplace

and as a part of everyday life. Section 8.0 lists the references cited in this report.

Four appendices are included in the report, all of which contain raw exposure data for DOE and DOE

contractor employees and visitors. Appendix A presents the 1989 distribution of whole-body dose



equivalents by facility type for each DOE field organization. Appendix B presents the 1989
distribution of whole-body dose equivalents by contractor for each DOE field organization.
Appendix C presents the 1989 distribution of whole-body dose equivalents for DOE government
employees and visitors according to DOE field organization. Appendix D presents 1989 data on
penetrating (whole-body) dose equivalents, including neutron and beta-gamma components, and

shallow dose equivalents by various combinations of facility type, age, sex, and occupation.

Comments or suggestions that would improve the report or make it more useful should be sent to the
U.S. Department of Energy, Assistant Secretary for Environment, Safety, and Health, Washington,
D.C. 20585.



2.0 OPERATING REQUIREMENTS

One of the primary objectives of the DOE is to ensure that all its operations and those of DOE
contractors are conducted safely. To help achieve this objective, the DOE has established radiation
protection standards and program requirements to protect workers from ionizing radiation. The basic
DOE standards are radiation dose limits, which establish maximum permissible doses to workers. In
addition to the requirement that radiation doses to workers be maintained below the limits, it is

DOE’s policy that doses be maintained as far below the limits as is reasonably achievable.

2.1 DOSE LIMITS

In order to ensure that workers at DOE facilities are adequately protected from ionizing radiation, the
DOE promulgates radiation protection standards for occupational workers. These standards include
radiation dose limits to protect workers from both external radiation and internally deposited
radionuclides. The current radiation dose limits were promulgated in DOE Order 5480.11, which
became effective January 1, 1989. This order includes limits on dose equivalents to the whole body
and to individual organs (Table 2.1). Personnel monitoring is required by DOE Order 5480.11 when
the potential exists for an individual to receive an annual effective dose equivalent above 100 mrem
(1 mSv), or an annual dose equivalent to an individual organ greater than 10% of the occupational
radiation exposure limits shown in Table 2.1. Depending on the administrative policy of the field
organization or contractor, monitoring may also be provided to some or all individuals, such as

clerical workers, for whom the exposure potential is extremely low.

The current DOE radiation protection standards are based on the Environmental Protection Agency’s
(EPA’s) revised guidance to federal agencies for protection against occupational radiation exposure
(FR 1987). This guidance was a result of a review by EPA of the most recent recommendations of
the International Commission on Radiological Protection (ICRP) and the National Council on
Radiation Protection and Measurements (NCRP). The primary new feature of the guidance is that
weighted internal doses are added to external doses to determine total effective dose equivalent. In
the past, these were limited separately. The DOE became the first federal agency to implement the
revised guidance when it promulgated its revised radiation protection standards (DOE Order 5480.11)

for occupational workers on January 1, 1989.



TABLE 2.1. DOE Limiting Values for Assessed Dose from Exposure of Occupational
Workers to Radiation (effective January 1, 1989)

Exposure Category Limit
Total effective dose equivalent 5 rem/yr (effective dose equivalent)
Lens of eye 15 rem/yr (dose equivalent)
Extremity 50 rem/yr (dose equivalent)
Skin of the whole body 50 rem/yr (dose equivalent)
Other organ or tissue 50 rem/yr (dose equivalent)
Unborn child 0.5 rem/gestation period (dose equivalent)

2.2 ALARA PRINCIPLE

It has long been DOE’s policy that radiation exposures should be maintained as far below the dose
limits as is reasonably achievable. This policy is known as the ALARA principle of radiation
protection, which maintains that radiation exposures should be maintained as low as reasonably

achievable, economic and social factors being taken into account (ICRP 1977).

The ALARA principle is based on the hypothesis that even very low radiation doses carry some risk.
As a result, it is not enough to maintain doses at or slightly below the limits; the lower the doses, the
lower the risks. Because it is not possible to reduce all doses at DOE facilities to zero, economic and
social factors must be considered to determine the optimal level of radiation doses. If doses are too
high according to the ALARA principle, resources would be well spent to reduce them. At some
point, the resources being spent to maintain low doses are exactly balanced by the risks avoided.
Reducing doses below this point results in a misallocation of resources; the resources could be spent

elsewhere and have a greater impact on health and safety.

To ensure that doses are maintained ALARA at DOE facilities, the DOE has mandated that ALARA
plans and procedures be implemented and documented. To help ensure that facilities meet this
requirement, the DOE has developed a manual of good practices for reducing exposures to ALARA
levels (Munson et al. 1988). These include guidelines for administration of ALARA programs,
techniques for performing ALARA calculations based on cost-benefit principles, guidelines for setting
and evaluating ALARA goals, and methods for incorporating ALARA criteria into both radiological



design and operations. The establishment of ALARA as a required practice at DOE facilities
demonstrates DOE’s commitment to ensure minimum risk to workers from the operation of its

facilities.

2.3 REPORTING REQUIREMENTS

In 1987, the DOE promulgated revised reporting requirements in DOE Order 5484.1 (DOE 1987).
Formerly, contractors were required to report only the number of individuals who received an
occupational whole-body exposure in one of 16 dose-equivalent ranges. However, contractors are
required by the revised Order to report exposure data for individual employees and visitors. Data
required include total effective dose equivalent, external penetrating dose equivalent (including
neutron), internal effective dose equivalent, shallow dose equivalent, and extremity dose equivalent.
Other data required include the individual’s age, sex, employment status, and occupation, as well as

the relevant organization and facility type.

Because the revised reporting requirements are still being implemented by individual facilities and
contractors, the 1989 exposure data were not reported in a format consistent with the new require-
ments in all cases. Furthermore, not all sites were able to comply with the internal dose reporting
requirements for calendar year 1989. Analysis and discussion of internal dose for 1989 will be
presented in a subsequent annual report. In this report, data are presented based on the new reporting

requirements, and explanations are provided for those cases when the data were incomplete.






3.0 FACILITY DESCRIPTIONS

DOE Order 5484.1 requires contractors to indicate for each reported individual the facility
contributing the predominant portion of individual’s effective dose equivalent. In cases when this
cannot be distinguished, the facility indicated should represent the facility wherein the greatest portion

of work service was performed.

The facility indicated must be one of eleven general facility categories: accelerator, fuel/uranium
enrichment, fuel fabrication, fuel processing, maintenance and support (site-wide), reactor, general
research, fusion research, waste processing/management, weapons fabrication and testing, and other.
Because it is not always a straightforward procedure to determine the appropriate facility type for
each individual, the assignment of an individual to a particular facility type is a policy decision of

each contractor.

The facility descriptions that follow indicate the types of facilities included in each category. Also
included are the types of work performed at the facilities and the sources of the majority of the

radiation exposures.

3.1 ACCELERATOR

The DOE administers approximately a dozen laboratories that perform significant accelerator-based
research. The accelerators range in size from small single-room electrostatic devices to a four-mile-

circumference synchrotron, and their energies range from keV to TeV.

The differences in accelerator types, sizes, and energies result in differences in the radiation types and
dose rates associated with the accelerator facilities. In general, radiation doses to employees at the
facilities are attributable to neutrons and x-rays, as well as muons at some of the larger facilities.
Exposure rates inside the primary shielding can range up to 200 mR/hour (52 pC/kg-hour) as a result
of x-ray production near some machine components. Outside of the shielding, however, x-ray expo-
sure rates are very low, and neutron dose rates are generally less than 5 mrem/hour (0.05 mSv/hour).
Average annual doses at these facilities are slightly higher than the overall average for DOE;

however, the collective dose is lower than the collective dose for most other DOE facility categories
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because of the relatively small number of employees at accelerator facilities. Regarding internal
exposures, tritium and short-lived airborne activation products exist at some accelerator facilities,

although annual internal doses are generally quite low.

3.2 FUEL/URANIUM ENRICHMENT

Involvement by DOE in the nuclear fuel cycle generally begins with uranium enrichment operations
and facilities (Rich et al. 1988). The current method of enrichment is isotopic separation using the
gaseous diffusion process, which involves diffusing uranium through a porous membrane and using

the different molecular weights of the different uranium isotopes to achieve separation.

Although current facility designs and physical controls result in low doses from internally deposited
uranium, the primary radiological hazard is the potential for inhalation of airborne uranium (Rich
et al. 1988). Because of the low specific activity of uranium, external dose rates are usually a few
millirem per hour or less. Most of the external doses that are received are attributable to gamma
exposures, although neutron exposures can occur, especially when work is performed near highly
enriched uranium. Both the average and collective external doses at these facilities are among the

lowest of any DOE facility category.

3.3 FUEL FABRICATION

Activities at fuel-fabrication facilities involve the physical conversion of uranium compounds to usable
forms, usually rod-shaped metal. Radiation exposures to personnel at these facilities are attributable
almost entirely to gamma and beta radiation. However, beta radiation is considered the primary
external radiation hazard because of high beta dose rates (up to several hundred mrad per hour) at the
surface of uranium rods (Rich et al. 1988). For example, physical modification of uranium metal by
various metal-working operations, such as machining and lathing, requires protection against beta
radiation exposures to the skin, eyes, and extremities. Average external doses at fuel-fabrication
facilities are generally higher than at other types of DOE facilities; however, collective doses are
relatively low because the number of employees is low. Internal doses from inhalation of uranium are

kept very low.



3.4 FUEL PROCESSING

The DOE administers several facilities that reprocess spent reactor fuel. This process separates out
the plutonium produced in the reactors for use in nuclear weapons. The process also separates the
fission products, which are normally designated as radioactive waste products, and unspent uranium,

which can be refabricated for further use as fuel.

The very high radioactivity of spent nuclear fuel (fission products) results in employees at fuel-
processing facilities consistently having among the highest average doses of any DOE facility type.
However, the collective dose at these facilities is less significant because of the small total number of
employees. Penetrating doses are attributable primarily to gamma photons, although some neutron
exposures do occur. Skin and extremity doses from handling of samples are also significant, although
only a few employees typically receive skin doses greater than 5 rem (50 mSv) per year. Strict
controls are in place at fuel-reprocessing facilities to prevent internal depositions; however, several
measurable intakes typically occur per year. Plutonium isotopes represent the majority of the internal
depositions, and annual effective dose equivalents from the depositions are typically less than

500 mrem (5 mSv).

3.5 MAINTENANCE AND SUPPORT

Most DOE sites have facilities dedicated to maintaining and supporting the site. In addition, some
employees may be classified under this facility type if their main function is to provide site
maintenance and support, even though they may not be located at a single facility dedicated to that
purpose.

Because many maintenance and support activities at DOE sites do not involve work near sources of
ionizing radiation, the average dose equivalent per monitored employee is typically among the lowest
of any facility type. However, those employees who do perform work near radiation sources receive
relatively high average annual doses, as is indicated by the relatively high average annual dose per
employee who receives a measurable exposure. Also, collective doses are relatively high because
there is a large number of these employees relative to the number classified under other facility types.

The sources of ionizing radiation exposure are primarily gamma photons. However, variations in the



types of work performed and work locations result in exposures of all types, including exposures to

beta particles, x-rays, neutrons, and airborne radioactivity.

3.6 REACTOR

The DOE and its predecessors have built and operated dozens of nuclear reactors since the
mid-1940s. These facilities have included plutonium and tritium production reactors, prototype
reactors for energy production, research reactors, reactors designed for special purposes such as

production of medical radioisotopes, and reactors designed for the propulsion of naval vessels.

In 1989, many of the DOE reactors were not operating. As a result, personnel exposures at DOE
reactor facilities were attributable primarily to gamma photons and beta particles from contaminated
equipment and plant areas, spent reactor fuel, activated reactor components, and other areas
containing fission or activation products encountered during plant maintenance and decommissioning
operations. Neutron exposures do occur at operating reactors, although the resultant doses are a very
small fraction of the collective penetrating doses. Gamma dose rates in some plant areas can be very
high (up to several R per hour), requiring extensive protection measures. The average and collective
external doses relative to other facility types are highly dependent on the status of reactor operations.
Inhalation of airborne radioactive material is a concern in some plant areas. However, protective
measures such as area ventilation or use of respiratory-protection equipment result in low internal

doses.

3.7 RESEARCH, GENERAL

The DOE contractors perform research at many DOE facilities, including all of the national labora-
tories. Research is performed in general areas including biology, biochemistry, health physics,
materials science, environmental science, epidemiology, and many others. Research is also per-
formed in more specific areas such as global warming, hazardous waste disposal, energy

conservation, and energy production, among others.

The wide variety of research being performed at DOE facilities results in a wide variety of

radiological conditions at those facilities where ionizing radiation or radioactive materials are an
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important part of the research. Depending on the research performed, personnel may be exposed to
virtually any type of external radiation including beta particles, gamma photons, x-rays, and neutrons,
as well as the potential for inhalation of radioactive material. Area dose rates and individual annual
doses are also highly variable. Relative to other facility types, average annual individual doses are
slightly above average at general research facilities. The collective dose equivalent is higher than at

most other facility types because of the many individuals employed at general research facilities.

3.8 RESEARCH, FUSION

The DOE currently operates one major and several smaller facilities that participate in research on
fusion energy. In general, both penetrating and shallow radiation doses are minimal at these facilities
because the dose rates near the equipment are both low and intermittent. The external doses that do
occur are attributable primarily to x-rays from energized equipment. Relative to other DOE facility
types, average individual doses and collective doses are typically the lowest at fusion research
facilities. Regarding internal exposures, airborne tritium is a concern at some fusion research

facilities, although the current level of operation results in minimal doses.

3.9 WASTE PROCESSING/MANAGEMENT

Most DOE sites have facilities dedicated to the processing and disposal of radioactive waste. In
general, the dose rates to employees when handling waste are very low because of the low specific
activities or the effectiveness of shielding materials. As a result, very few employees at these
facilities receive annual doses greater than 100 mrem (1 mSv). At two DOE sites, however, large-
scale waste-processing facilities exist in order to properly dispose of radioactive waste products
generated during the nuclear fuel cycle. At these facilities, radiation doses to some employees can be
relatively high, sometimes exceeding 1 rem per year (10 mSv per year). Penetrating doses at waste
processing facilities are mostly attributable to gamma photons; however, neutron exposures are
significant at the large-scale facilities. Skin doses are generally not a significant problem. Overall
average annual doses at waste-processing/management facilities are among the highest of any DOE
facility type, which is attributable primarily to the two large-scale facilities. The annual collective
doses are closer to the average of all facility types, however, because of the relatively small number

of employees at this type of facility.
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3.10 WEAPONS FABRICATION AND TESTING

The primary function of a facility in this category is to fabricate weapons-grade material for the
production of nuclear weapons, or to conduct the testing of nuclear weapons. At the testing facilities,
radiation doses received by personnel are generally minimal because of the strict controls over
personnel access to testing areas, although extremity doses can be relatively high from handling
neutron-activated materials. Radiation doses are more of a concern at facilities where weapons and
weapons-grade nuclear material are handled. At these facilities, neutron radiation dose rates can be
significant when processing relatively small quantities of 2*Pu or larger quantities of mixed plutonium
isotopes (Faust et al. 1988). Penetrating doses from gamma photons and plutonium x-rays can also
be significant in some situations, as can skin and extremity doses from plutonium x-rays. Overall,
average individual annual doses at these facilities are slightly higher than the DOE average. The
collective doses received by employees at these facilities are generally higher than the collective doses

at other facility types because of the large number of individuals employed.

Also of significant concern at these facilities is inhalation of plutonium, where inhalation of very
small amounts could result in doses exceeding limits. To prevent plutonium intakes, strict controls
are in place including process containment, contamination control procedures, and air monitoring and
bioassay programs (Faust et al. 1988). As a result, significant internal exposures are very rare at

these facilities.

3.1 OTHER

Individuals placed in this facility type can be generally classified under three categories: 1) those
who worked in a facility that did not match one of the ten facility types described above, 2) those
who did not work for any appreciable time at any specific facility, such as transient workers, or

3) those for whom facility type was not indicated on the report forms. Examples of a facility type
not included in the ten described above include construction and irradiation facilities. In general,
employees classified under this facility type receive annual doses significantly less than the annual
doses averaged over all DOE facilities. However, the wide variation in the type of work performed

by these individuals results in a wide variation in the types and levels of exposures. Although
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gamma photons are predominant, some individuals may be exposed to beta particles, x-rays, neutrons,

or airborne radioactive material.
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4.0 SUMMARY OF IONIZING RADIATION DOSES

Monitoring is required by DOE Order 5480.11 when the potential exists for an individual to receive
an annual effective dose equivalent above 100 mrem (1 mSv), or an annual dose equivalent to

individual organs above 10% of the exposure limits. Depending on the administrative policy of the
contractor, monitoring may also be provided to individuals, such as clerical workers, for whom the

exposure potential is extremely low.

On November 6, 1987, DOE promulgated revised reporting requirements in DOE Order 5484.1,
which affected the reporting of occupational doses received during 1987 and beyond. Before 1987,
DOE contractors were required to report only the number of individuals who received an occupational
whole-body exposure in one of 16 dose-equivalent intervals ranging from "less than measurable" to

“greater than 10 rem." Contractors are now required, however, to submit detailed exposure data for
individual employees who were monitored and for visitors who received a measurable exposure.
(Contractors are also required to provide a count of the total number of visitors monitored.) Data
now required to be submitted for each individual include total effective dose equivalent, external
penetrating dose equivalent (including neutron), shallow dose equivalent, and extremity dose equiva-
leni. This report is a summary of the dose equivalents received by DOE and DOE contractor

employees and visitors in 1989 as reported pursuant to DOE Order 5484.1.

One benefit of the new reporting requirements is that calculation of collective dose equivalents
received by DOE and DOE contractor employees and visitors is more accurate than in the past. Prior
to the 1987 reporting year, collective dose equivalents were calculated by multiplying the number of
individuals who received dose equivalents in various dose-equivalent intervals by the midpoint of
those intervals and then summing the products. For this report, however, this calculational method
was not necessary because the actual doses received by individuals were reported by the contractors.
This allowed the actual collective dose equivalents received by individuals to be determined. Analysis
of the 1987, 1988, and 1989 data indicated that using the midpoints of the dose-equivalent ranges,
rather than the actual dose equivalents reported, would have resulted in an overestimate of the collec-
tive dose equivalent received by all DOE and DOE contractor employees and visitors by 15.5% for
1987, 25.3% for 1988, and 31.7% for 1989. Therefore, it is likely that the collective dose equiva-

lents reported for previous years were overestimated by approximately 24 %.
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Another important change resulting from the revised reporting requirements is that the specific
employees for whom the results of monitoring are required to be reported have changed. Although
both the former and current reporting requirements state that annual reports shall be submitted for all
monitored DOE and DOE contractor workers, the current requirements define the term "monitored
worker" whereas the former requirements did not. Monitored workers are defined by the current
requirements as those employees who work with or near ionizing radiation or radioactive material and
who are monitored in accordance with DOE Order 5480.11. Therefore, the term "monitored worker"
is generally considered to be synonymous with the term "radiation worker." As a result, some
contractors chose not to report data for individuals who were issued dosimeters but were not required
to be monitored, especially those who received no measurable dose. This probably accounts for the
significant decrease in the number of monitored employees reported for 1987, 1988, and 1989 com-

pared to previous years (see Figure 4.1).
4.1 DISTRIBUTION BY DOSE INTERVAL

The number of employees and visitors who received a dose equivalent in each of 16 dose-equivalent
ranges is presented in Table 4.1. No DOE or DOE contractor employee received a dose equivalent
greater than 3 rem (30 mSv), which is significantly less than the DOE radiation protection standard of
5 rem (50 mSv). A total of 90,882 DOE and DOE contractor employees were reported to have been
monitored for whole-body ionizing radiation exposure in 1989. This represents 53.6% of all DOE
and DOE contractor employees. In addition to the employees, 12,643 visitors were monitored at
DOE facilities. Visitors may include radiation workers from another DOE facility present on a

temporary basis.

A comparison of the number of DOE and DOE contractor employees, the number of monitored
employees reported, and the number of monitored employees reported who did not receive a
measurable dose equivalent is presented for the years 1980-1989 in Figure 4.1. The figure also
illustrates the average dose equivalent per employee who received a measurable exposure. The
number of monitored employees reported for 1987, 1988, and 1989 decreased significantly from the

number reported for previous years.
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TABLE 4.1. Distribution of Whole-Body Ionizing Radiation Doses for DOE/DOE
Contractor Employees and Visitors by Dose-Equivalent Interval, 1989

Number of Persons Collective Person-rem
Dose-Equivalent
Interval (rem) Employees Visitors Total Employees Visitors Total
< Measurable 57,533 5,590 63,123 0 0 0
Measurable to 0.10 26,759 6,426 33,185 703 127 830
0.10 to 0.25 3,608 398 4,006 558 60 619
0.25 to 0.50 1,632 153 1,785 568 53 621
0.50 to 0.75 562 38 600 342 24 366
0.75 to 1.00 330 22 352 284 19 303
1to2 437 16 453 569 20 589
2 to3 21 0 21 48 0 48
3 to 4 0 0 0 0 0 0
4to5 0 0 0 0 0 0
5to6 0 0 0 0 0 0
6 to 7 0 0 0 0 0 0
7 to 8 0 0 0 0 0 0
8 to 9 0 0 0 0 0 0
9 to 10 0 0 0 0 0 0
> 10 0 0 0 _ 0 _0 _ 0
Total 90,882 12,643 103,525 3,073 303 3,375

Of the monitored employees reported for 1989, 63.3% received a dose equivalent that was less than
measurable; 36.2% received a dose equivalent between measurable and 1 rem (10 mSv); and 0.5%
received a dose equivalent greater than 1 rem (10 mSv) (Figure 4.2). For visitors to DOE facilities
in 1989, the dose equivalent received by 44.2% was less than measurable; 55.6% received a dose
equivalent between measurable and 1 rem (10 mSv); and 0.2% received a dose equivalent greater than

1 rem (10 mSv) (Figure 4.2). No visitor received a dose equivalent greater than 2 rem (20 mSv).
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The collective whole-body dose equivalent was 3,073 person-rem (30.73 person-Sv) for all DOE and

DOE contractor employees, and 303 person-rem (3.03 person-Sv) for visitors to DOE facilities, for a
total DOE collective dose equivalent of 3,375 person-rem (33.75 person-Sv). The contribution of the
individuals (employees and visitors) in each dose-equivalent interval to the collective dose equivalent

is shown in Figure 4.3. Individuals whose exposure was between measurable and 1 rem (10 mSv)

contributed the greatest portion (81.2%) of the total person-rem.

2to <3 rem
1.4%

1to <2rem
17.4%

0to <1 rem
81.2%

3,375 person-rem

FIGURE 4.3. Contribution of Each Dose-Equivalent Interval to the Total Collective
Dose Equivalent, 1989
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The distribution of whole-body doses for DOE and DOE contractor employees for the years 1965-
1989 is presented in Table 4.2. As indicated, the fraction of all monitored employees who received a
dose equivalent greater than 1 rem (10 mSv) has declined dramatically since 1965, starting at about
5%, leveling off at about 2% from 1977 to 1987, and dropping to less than 1% in 1988 and 1989.
This general downward trend in occupational radiation exposures can be observed in Figure 4.4,
which shows the collective dose equivalent for employees from 1965 to 1989 who received a dose
equivalent greater than 1 rem (10 mSv). The collective dose equivalent for employees who received
an exposure less than 1 rem (10 mSv) was not included because, before 1974, less-than-measurable
exposures were not distinguished from measurable exposures in the reporting system. This decrease
in collective dose equivalent has been achieved even though some work was performed in older
facilities that were not constructed using current design criteria. The trend reflects both changes in
the nature of the work performed at DOE facilities and the required application of ALARA practices
throughout all DOE operations. The most recent decrease may be attributable in part to reduced

operations at some DOE facilities.

Analysis of occupational doses is commonly performed by fitting the data to a lognormal distribution
(Brodsky et al. 1976; Brooks 1988). Figure 4.5 presents the 1989 data for DOE and DOE contractor
employees on a lognormal probability plot. If the data in Figure 4.5 were truly distributed
lognormally, the data points would form a straight line. The fact that the distributions curve upward

indicates that the DOE occupational dose distributions are affected significantly by dose limits.

Figure 4.5 is useful for indicating the fraction of employees whose dose equivalents exceed various
values as well as the fraction of the collective dose equivalent that is attributable to various ranges of
individual dose equivalents. For example, the figure indicates that although less than 1% of
monitored DOE and DOE contractor employees received a dose equivalent greater than 1 rem

(10 mSv), approximately 20% of the employee collective dose equivalent was attributable to

individual dose equivalents greater than 1 rem (10 mSv).
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4.2 DISTRIBUTION BY FACILITY TYPE

The number of individuals (employees and visitors) and the distribution of the annual whole-body
dose equivalents in each of 11 facility categories were reported to the central repository. The
assignment of exposures to one of the 11 facility types (listed in DOE Order 5484.1) is a policy
decision of each field organization. For this section of the report, visitors and DOE offices were also
considered a facility type. The contribution of each facility type to the collective dose equivalent is
shown in Figure 4.6. The largest percentage of the total collective dose equivalent (17.6%) was in
the category "Maintenance and Support." The smallest contribution (0.1%) was from DOE offices.
A summary of the data is presented in Table 4.3.

The average dose equivalent by facility type per individual monitored and per individual who received

a measurable dose equivalent is shown in Table 4.4. The average dose equivalent per individual

Uranium Others Fusion
Enrichment 107 Research
Fuel 41 10

Fabrication
77

DOE Offices
3

Accelerator Weapons

184 Fabrication
Visitor & Testing
303 S 512

Waste .
Processing/ Maintenance
Management & Support
218 593
Reactor
329
General
Fuel 5Fl(()eg.ealrch
Processing
491

FIGURE 4.6. Contribution of Each Facility Type to the Total Collective Dose Equivalent,
1989 (Numbers indicate person-rem.)
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monitored for all facilities was 33 mrem (0.33 mSv). The highest average dose equivalent per
individual monitored (138 mrem) (1.38 mSv) was observed at fuel-processing facilities, and the
lowest was observed at DOE offices (3 mrem) (0.03 mSv). The average dose equivalent per
individual who received a measurable dose equivalent was 84 mrem (0.84 mSv). The highest average
dose equivalent per individual who received a measurable dose equivalent (259 mrem) (2.59 mSv)
was observed at fuel-processing facilities, and the lowest (20 mrem) (0.20 mSv) was observed at DOE

offices.

4.3 DISTRIBUTION BY FIELD ORGANIZATION

For each field organization, the number of monitored individuals reported, the number of individuals
who received a measurable dose equivalent, and the collective dose equivalent are shown in
Table 4.5.

Differences in the collective dose equivalent at each field organization reflect differences in the
number of employees at the facilities, the nature of the work performed, and the administrative policy
concerning whether the dose distribution is reported for all monitored employees or only for those for
whom monitoring is required. Table 4.6 provides an indication of the work performed at each field
organization by showing the fraction of the collective dose equivalent at each field organization
attributed to each facility type. Table 4.7 presents collective dose equivalents for each field
organization from 1980 to 1989.

4.4 DISTRIBUTION BY OCCUPATION CATEGORY

DOE Order 5484.1 requires that for each monitored individual (employee and visitor) a three-digit
occupation code be included indicating the generic occupation that best fits the individual’s occupation
title. The 44 three-digit codes pertain to DOE occupation codes summarizing all Standard Occupa-
tional Classification (SOC) codes from the Department of Commerce’s SOC Manual of 1980. The
DOE is considering a revised requirement to report occupations by the full four-digit SOC code. This
would eliminate the need for an intermediate code, standardize occupational classifications, and

provide research data at a greater level of detail.
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For this report, the 44 DOE occupational classifications were summarized into 11 general occupations

to facilitate analysis:

i Management
. Scientists

] Technicians
] Service

o Agriculture
] Construction
] Production

i Transport

[ Laborers

. Miscellaneous
o Unknown

managers and administrators, sales, support and clerical

scientists, engineers, health physicists, miscellaneous professionals,
doctors and nurses

health technicians, engineering technicians, science technicians,
radiation monitors/technicians, miscellaneous technicians
firefighters, security guards, food service employees, janitors,
miscellaneous service

groundskeepers, forest workers, miscellaneous agriculture
mechanics/repairers, masons, carpenters, electricians, painters, pipe
fitters, miners/drillers, miscellaneous repair/construction
machinists, sheet metal workers, operators - plant/system/utility,
machine setup/operators, welders and solderers, miscellaneous
precision/production

truck drivers, bus drivers, pilots, equipment operators, miscellaneous
transport

handlers/laborers/helpers

military, miscellaneous

indicates that an occupation code was not specified on the form.

Table 4.8 lists the number of individuals monitored, the number of individuals monitored who

received a measurable dose equivalent, and the average dose equivalents for each occupation category.

The "Scientists" category accounted for both the most individuals monitored and the most individuals

monitored who received a measurable exposure. Individuals in the "Production” category received

the highest average dose equivalent per individual monitored (101 mrem) (1.01 mSv) and the highest

average dose equivalent per individual monitored who received a measurable exposure (167 mrem)

(1.67 mSv). Figure 4.7 illustrates the data in Table 4.8 including an indication of the sex distribution

of the individuals. Figure 4.8 illustrates the collective dose equivalent values in Table 4.8 as a pie

chart. Table 4.9 lists the number of individuals monitored according to occupation and facility type.
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The number of individuals monitored and collective dose equivalent by occupation and dose-
equivalent range are illustrated in a three-dimensional format in Figure 4.9. The left half of the
figure indicates the number of individuals monitored for any specified occupation and dose-equivalent
range. For example, the heights of the bars indicate that most individuals monitored received either

a less-than-measurable dose or a measurable dose less than 0.1 rem (1 mSv), and that more scientists
and individuals of unknown occupation were monitored than were individuals of any other

occupation. The exact number monitored is indicated by the numbers adjacent to the bars; for
example, 398 technicians were monitored who received a dose equivalent between 0.25 and 0.50 rem
(2.5 and 5.0 mSv). The right half of Figure 4.9 indicates the collective dose equivalent by
occupation and dose-equivalent range. The figure demonstrates that technicians, construction
workers, production workers, and individuals of unknown occupation received the majority of the
collective dose equivalent received by DOE and DOE contractor employees. The numbers adjacent to
the bars indicate the heights of the bars in person-rem. For example, the collective dose equivalent of
the 398 technicians who received individual dose equivalents between 0.25 and 0.50 rem (2.5 and

5.0 mSv) was 137 person-rem (1.37 person-Sv).

4.5 DISTRIBUTION BY AGE AND SEX

The 1989 exposure data submitted per DOE Order 5484.1 included information on the age and sex of
the exposed individuals (employees and visitors). Unfortunately, some records were submitted
without the required information. For the analysis in this report, 10 age categories were defined:

19 and less, eight 5-year age groups beginning with the 20-24 age group, and ending with 65 and
greater. In addition, individuals for whom age was not specified were arbitrarily placed into the
65-and-greater age group. Regarding sex of the exposed individuals, a separate category for
unspecified sex was defined. It was clear from the data that if sex was not specified on the form,
other information such as age, occupation, or facility type were likely to be unspecified or unknown
as well. For example, of the 3,094 individuals for whom sex was not specified on the report form,
2,919 (94%) also were not identified by age. Similarly, the occupation was listed as unknown or was
unspecified for 2,067 (67%) of the individuals for whom sex was unspecified.
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Table 4.10 lists the number of individuals who received various penetrating dose equivalents by age
and sex. The age group having the most monitored individuals was the 30-34 group; the age group
having the fewest was the 19-or-younger group. Table 4.11 presents similar data by collective dose
equivalent rather than by number of monitored individuals. Again, the age group receiving the
highest collective dose equivalent was the 30-24 age group; the lowest was the 19-or-younger group.
Figure 4.10 illustrates the number of individuals by sex who received penetrating dose equivalents in
various dose-equivalent ranges. Figure 4.11 illustrates the number of individuals by sex and age

range who were monitored for ionizing radiation in 1989.

Table 4.12 lists the number of individuals monitored, the numbers of individuals monitored who
received a measurable exposure, and the collective and average dose equivalents received by age
range. The age groups receiving the highest average dose equivalent per individual monitored were
the 25-29 and 30-34 age groups (43 mrem) (0.43 mSv); the age group receiving the lowest was the
19-or-younger group (8 mrem) (0.08 mSv). The age group receiving the highest average dose
equivalent per individual who received a measurable exposure was the 30-34 age group (103 mrem)

(1.03 mSv); the lowest was the 19-or-younger group (35 mrem) (0.35 mSv).

Table 4.13 presents similar data by sex rather than age. Males received approximately 88% of the
collective dose equivalent received by individuals for whom sex was specified. Males also received
higher average dose equivalents per individual monitored than did females (35 mrem versus 23 mrem)
(0.35 mSv versus 0.23 mSv) as well as higher average dose equivalents per individual monitored who

received a measurable exposure (88 mrem (0.88 mSv) versus 76 mrem (0.76 mSv)).

Because of the sensitivity of fetuses to ionizing radiation, which is greater than that of children or
adults, it is important to evaluate the doses received by women of child-bearing age. Table 4.14
presents the number of women of child-bearing age (arbitrarily assumed to include women up to the
age of 44) who received a measurable dose equivalent in 1989, by facility type. A total of 4,040
women of child-bearing age received a collective dose equivalent of 313 person-rem (3.13 person-Sv).

The average individual dose equivalent for these women over all facilities was 77 mrem (0.77 mSv).

Figure 4.12 presents the number of individuals monitored and collective dose by age range and

occupation in three-dimensional format. The figure indicates that many monitored individuals were
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either scientists or individuals for whom occupation was unspecified. Also, many monitored
individuals were in the age range from 24 to 44. Production workers, construction workers,
technicians, and workers of unspecified occupations in the age range 25-39 generally received the

highest collective dose equivalents.

Figure 4.13 presents the age distributions of both the number of workers and collective dose
equivalents for males and females. As indicated by the ages pertaining to the 50% mark on the
figure, the median ages for monitored workers at DOE facilities were approximately 37 and 42 for
females and males, respectively. The median ages for collective dose equivalent were approximately
36 and 38, respectively, indicating that, in general, younger workers receive slightly higher doses

than do older workers.

4.6 DISTRIBUTION BY TYPE OF EXPOSURE

For calendar year 1989, DOE Order 5484.1 required that specific information on the types of
radiation doses received by each worker be reported. Specifically, these included the total effective
dose equivalent, the external penetrating dose equivalent (at a depth in tissue of 1.0 cm) including
neutron exposure, the dose equivalent from neutron exposure only, the internal effective dose
equivalent, the shallow dose equivalent, and the extremity dose equivalent. From these data, the
external penetrating beta-gamma dose equivalent can be derived by subtracting the neutron dose
equivalent from the external penetrating dose equivalent including neutron exposure. That is, the two

contributors to external penetrating dose equivalent are beta-gamma radiation and neutron radiation.

Table 4.15 lists the various types of dose equivalents received by facility type. Of the total external
penetrating dose equivalent of 3,375 person-rem (33.75 person-Sv) received, 2,739 person-rem
(27.39 person-Sv) (81.1%) were attributable to beta-gamma radiation and 638 person-rem

(6.38 person-Sv) (18.9%) were attributable to neutron radiation. Neutron radiation contributed the
highest percentage (33.4%) of the total penetrating dose equivalent at general research facilities. The
total shallow dose reported to have been received was 4637 person-rem (46.37 person-Sv). Relative
to the total penetrating dose equivalent, the total shallow dose equivalent was greatest at fuel

fabrication facilities, where the shallow dose equivalent exceeded the penetrating dose equivalent by a
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TABLE 4.15. Dose Equivalent by Dose-Equivalent Type (person-rem)

Penetrating Penetrating Penetrating

Facility Type Total Beta-Gamma Neutron Shallow
Accelerator 200 164 36 173
Fuel/Uran Enrich 44 43 2 88
Fuel Fab 102 101 1 190
Fuel Process. 491 415 76 730
Maintenance & 618 507 109 764
Support
Reactor 438 432 6 510
Research, Gen. 515 345 173 471
Research, 10 10 0 9
Fusion
Waste 219 154 64 345
Process/Mgmt
Weapons Fab 543 399 142 1,122
& Testing
Other 196 166 _29 335
Total 3,375 2,739 638 4,637

factor of almost 4. However, because the critical organ regarding shallow dose equivalents is the
skiz and because the radiation risk coefficient for induction of fatal skin cancers is low (NCRP
1987a), the penetrating dose equivalents are of the most concern regarding health effects. The
magnitude of the postulated health effects from radiation doses received at DOE facilities is discussed

in Section 7 of this report.

Table 4.16 lists the reported cases of internal body depositions occurring since 1980 and identifies
each by the first year known in which the dose equivalent exceeded 50% of the annual standard.
Also listed are the radionuclide(s) involved, the organ showing the highest percent of the annual
standard, and the number of individuals in each dose-equivalent range. Revisions to previously

reported cases are included.



TABLE 4.16. Dose Distributions for Cases of Internal Body Depositions, 1980-1989

Dose-Equivalent Interval {rem)

Critical
Year Radionuclide Organ 7.5-10  10-15 15-20  25-50 50-100  100-200
238
1980 Pu Bone 2 2
234" 235, 238 Loma .
1981 238, 239, 240, oo 1 1
238;Y" 239" 240
234Pu,235 Pu238 Pu Lung 1
u, u, U Lung 3
238
1982 Pu . Bone 3 1
238y, 239, 240p,  goo 1
1983 gggPu.zggoPu, 24100 Bone 1
u, u Lung 4
1984 239Pu, 241Am Lung 1
1985 gggu, zgi?, 238, Lung 2
Pu, Am Lung 1
1986  None
1987 234py Liver 1 1
1988 238py, 239, Ay pine 1
1989 None

4.7 EVALUATION OF TRENDS

Doses received by DOE and DOE contractor employees have decreased dramatically over the last
several years (see Table 4.7). For example, in 1985 the collective dose equivalent received by
employees was 8,223 person-rem (82.23 person-Sv); in 1989, this value was 3,073 person-rem
(3.073 person-Sv). Some of this decrease (~24% as indicated in section 4.3) is attributable to the
fact that the 1985 value was estimated from the numbers of individuals reported to have received
doses in various dose-equivalent ranges. However, the majority of the decrease is attributable to

other factors.
The most evident example of the recent dramatic decrease in collective doses is at the Richland Field

Organization. In 1987, the collective dose equivalent to employees at Richland was 2,477 person-rem

(24.77 person-Sv); in 1989, this value dropped by over 75% to 619 person-rem (6.19 person-Sv).
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This decrease was primarily the result of both changes in the type of work performed and facility
closures. Decreases also occurred from 1987 to 1989 at the Oak Ridge (-58%) and Rocky Flats
(-53%) field organizations. In addition, the Savannah River field organization experienced a 46%

decrease in collective dose since 1986.

The 1989 data demonstrate that the significant decrease in collective dose equivalent is not attributable
to fewer individuals being monitored, but to lower doses to those individuals who are monitored.
Figure 4.14 illustrates the recent dramatic decrease in average annual dose equivalent per individual
monitored who received a measurable exposure. Table 4.17 lists similar data for each facility type.

Table 4.18 lists collective dose equivalent by facility type for the years 1980 through 1989.

One correlative effect of lower average individual dose equivalents is fewer employees who exceed
various dose-equivalent levels. Figure 4.15 illustrates the number of employees who received dose
equivalents greater than 0.5 rem (5 mSv), 1.0 rem (10 mSv), or 2.0 rem (20 mSv) from 1980 to
1989. As indicated in the figure, the numbers decreased significantly during the 1988-1989 time
period. As a result, fewer employees are being exposed to doses that are significant fractions of the
annual dose limit. This may be important if the annual dose limits are eventually lowered; this

reduction is currently under consideration.
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FIGURE 4.14. Average Dose Equivalent per Individual Who Received a Measurable Exposure,
1980-1989
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FIGURE 4.15. Number of Employees Who Received Dose Equivalents Greater than 0.5 rem,
1 rem, or 2 rem, 1980-1989
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5.0 ASSESSMENT OF FETAL EXPOSURE AT DOE FACILITIES

The presence of female employees of childbearing age in the workplace is a source of concern to
DOE because the embryo/fetus is biologically more radiosensitive than the worker. The extent of the
problem is illustrated by comparing the range of doses currently received at DOE facilities with the

current dose limits for radiation protection of the embryo/fetus.

5.1 CURRENT DOSE LIMITS FOR RADIATION PROTECTION OF THE EMBRYO/FETUS

DOE Order 5480.11 states in Section 9.b.(3) that

“[t]he limiting value of annual dose equivalent received by the unborn child from the
period of conception to birth (entire gestation period) as a result of occupational
exposure of a female occupational worker, who has notified her employer in writing
that she is pregnant, is 0.5 rem (5 mSv). Efforts should be made to avoid substantial
variation above the uniform monthly exposure rate that would satisfy this limiting
value. If the dose to the unborn child is determined to have already exceeded 0.5 rem
(5 mSv) by the time a worker notifies her employer in writing of her pregnancy, the
worker shall not be assigned to tasks where additional occupational exposure is
likely."

The basis for the special limits on fetal dose is a combination of evidence that the embryo/fetus is
more radiosensitive than adults at doses greater than occupational levels, and concerns that the
embryo/fetus is more sensitive than the adult at occupational dose levels. The 1990 report of the
National Research Council’s Committee on the Biological Effects of Ionizing Radiation (BEIR V)
indicates that the consequences of irradiation of a fetus during the period of major organogenesis may
include teratogenic effects on various organs (including mental retardation) and cancer. It is apparent
from the data that at certain periods of time following conception, the embryo/fetus is especially
sensitive to certain radiation effects. For mental retardation, the effects are most evident within the

first 3 months after conception (specifically during weeks 8-15). The first trimester of pregnancy
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corresponds to the period during which the cells are dividing very rapidly and are beginning to

differentiate.

Because of the heightened sensitivity of the embryo/fetus, other agencies have also recommended
limits on the occupational dose to the embryo/fetus. The International Commission on Radiological
Protection (ICRP) in Report 60 (ICRP 1990) recommends that once a pregnancy has been declared,
the fetus should be protected by applying a supplementary equivalent dose limit to the surface of the
women’s abdomen of 200 mrem (2 mSv) during the remainder of the pregnancy, and by limiting
intakes of radionuclides to about 1/20 of their annual limits of intake (ALI). The commission’s policy
is based on providing a standard of protection for the embryo/fetus that is comparable to that
provided to members of the general public. No special occupational dose limits are specified for
women in general, although ICRP Report 60 states that the basis for control of the occupational
exposure of women who are not pregnant is essentially the same as that for men (2 rem (20 mSv) per
year), averaged over defined periods of 5 years, with the further provision that the effective dose

should not exceed 5 rem (50 mSv) in any single year.

The National Council on Radiation Protection and Measurements in Report No. 53 (NCRP 1977) and
Report No. 91 (NCRP 1987) recommended a total dose equivalent limit of 0.5 rem (5 mSv) for the
embryo/fetus. In Report 91, the NCRP specifies that once the pregnancy becomes known, exposure
of the embryo/fetus shall be no greater than 0.05 rem (0.5 mSv) in any month. This excludes

medical exposure.

5.2 DOSE RECEIVED BY FEMALE RADIATION WORKERS AT DOE FACILITIES

In order to determine the number of workers that could potentially be affected by the DOE’s
regulations for limiting dose to radiation workers who have declared their pregnancy, a review was
conducted of the data reported in the Annual Exposure Report. The year 1987 was the first year that
data in the Annual Exposure Report were listed separately for female and male radiation workers.
Thus, the information that was reported by the DOE and DOE contractors and incorporated into the
Annual Exposure Reports for 1987 and 1988 (Merwin et al. 1990) was used for this study. Data for
the year 1989 were also available for this analysis. The data were examined to determine the total

number of female radiation workers at DOE facilities, the age distribution of these women, the doses
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received by these women, and the facility types in which the doses were obtained. The data were
first examined for all female radiation workers and then re-examined for those workers of

childbearing age who are considered to have the potential to become pregnant.

5.2.1 Populations of Radiation Workers

The total population of radiation workers in DOE facilities in 1989 is 103,525. This includes

3094 workers whose sex was not identified. Of the remaining 100,431 workers, 83,327 are male
(83%) and 17,104 are female (17%). Figure 5.1 shows the total number of male, female and al!
radiation workers as a function of age. The same data are shown in Figure 5.2 as a frequency
distribution for all workers, as well as for the male and female populations. The average age of male
and female workers lies in the categories of 40-44 and 35-39 years old, respectively. Thus female
workers tend to be younger than their male counterparts. The average age of all workers falls within
the category 40-44 years old. An absolute average is not available due to the method of reporting

workers’ ages by ranges rather than actual numbers.

Considering the years 1987, 1988, and 1989, the population of female radiation workers can be
corsidered to be fairly stable. The female population in 1987 was 15,165, in 1988 it was 14,529, and
in 1989 it increased to 17,104. Figure 5.3 shows the distribution of the population of female radia-
tion workers by age. The frequency distribution of this population, with respect to age, is given in

Figure 5.4, which shows that it remains fairly constant with respect to age distribution.

Figure 5.5 shows the frequency distribution of the total person-rem received by each category of
workers (males, females, and all workers) for the year 1989 as a function of workers’ ages. For ages
below 40 years the female population received a larger fraction of the person-rem dose than they did
for ages above 40 years. This result is not unexpected since the female population was shown to be

younger than the male population.
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It is important to compare the distribution of radiation dose to male and female workers. Figure 5.6
shows the frequency distribution of male, female, and all workers by dose category for the year 1989.
The female population received lower doses than their male counterparts considering the female
population as a whole. For the female population, more than 70% of the population received doses
less than the measurable limit®; 30% received doses higher than the measurable limit; and less than
1% received doses higher than 0.5 rem (5 mSv). For the male population, the fraction receiving
doses less than the measurable limit is 60%; 40% received doses higher than the measurable limit;
and 1.5% received doses greater than 0.5 rem (5 mSv). Table 5.1 shows the corresponding number

and percentage of workers receiving a dose in a given range.

The data from the Annual Exposure Reports were further examined based on facility type. Table 5.2
lists the different types of facilities considered in the Annual Exposure Reports.

Figures 5.7 and 5.8 show the distribution of the number of workers versus the dose category for
different facility types for male and females, respectively. Qualitatively, all facility types show the
same dose distribution, except for reactor facilities (No. 6) in which a smaller fraction of the work
force received doses less than the measurable limit. In reactor facilities only 25% of the male
population and 41% of the female population received doses lower than the measurable limit.
However, the female population was still exposed to less radiation when compared with the male

population.

(@ The measurable limit is based on the dosimeter used at the specific facility and thus will vary
from facility to facility.
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FIGURE 5.6. Frequency Distribution of Male, Female, and All Workers by Dose (rem) for the Year 1989



TABLE 5.1. Dose Distribution of Male, Female, and All Workers

Dose (rem)

< Meas.

Meas.-0.

0.1 -0.

0
0

NN

.25-0.
.5 -0.
.75-1.
.0 -1.
.5 -2.
.0 -2.
.5 -3.

10
25

o o o o o

Male Workers

60.
32.

o o o o o o

_Female Workers

—% Number %
12 12,030 70.33
31 4,269 24.96
.18 446 2.61
.89 192 1.12
.63 70 0.41
.37 43 0.25
.39 42 0.25
09 11 0.06
.02 1 0.01
.004 0 0

TABLE 5.2. Types of DOE Facilities

Number

50,095

26,921

3,479

1,579

525

309

327

72

17

3

Identification

1
2
3
4
5
6
7
8
9
10
11

Facility Type

A1l Workers

Number

63,123
33,185
4,006
1,785
600
352
370

83

18

3

Accelerator

Fuel/Uranium Enrichment

Fuel Fabrication

Fuel Processing

Maintenance and Support

Reactor

Research, General

Research, Fusion

Waste Processing/Management
Weapons Fabrication and Testing

Other

67

60.

32.

o o o o o o

%

97
06

.87

.72

.58

.34

.36

.08

.02

.003
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5.2.2 Female Radiation Workers of Childbearing Age

Female radiation workers of childbearing age can be considered to be a subset of all female radiation
workers. For this report, female workers in an age range of 18-44 years old were considered to be of
childbearing age. For the year 1989, the total number of female radiation workers of childbearing
age was 12,704, which is 12.5% of the total population of radiation workers and 75% of the total
number of female radiation workers. Of this population of workers, 99% received doses below

0.5 rem (5 mSv) (the limiting value for annual dose equivalent to an unborn child as a result of
occupational exposure of a female radiation worker who has declared her pregnancy). A total of
136 female radiation wokrers of childbearing age received doses greater than 0.5 rem (5 mSv). The
highest annual dose received by a female radiation worker during 1989 was less than 2.5 rem

(25 mSv). The number of female radiation workers has remained fairly stable over the years 1987,
1988 and 1989.

The distribution of this subset of the female radiation worker population as a function of age is shown
in Figure 5.9. The average age of these females of childbearing age lies in the 30-34 years old age
category, which is younger than the average age of the total population of female radiation workers

(as given in Figure 5.2).

Figure 5.10 shows the frequency distribution of female radiation workers versus dose category for all
facility types. As expected, 68% of female workers received doses below the measurable limit, and
slightly greater than 1% received doses above 0.5 rem (5 mSv). These data are also given in

Table 3.

Figure 5.11 shows the distribution of female radiation workers of childbearing age versus age and
dose range. As can be seen in Figure 5.11 the dose distribution for different age categories follows
the same qualitative pattern. Figure 5.11 shows that the population of female radiation workers of
childbearing age is exposed to radiation homogeneously, independent of age. Thus, it can be
concluded that Figure 5.10’s distribution of female radiation workers of childbearing age versus dose
is representative for all ages. The frequency distribution given in Figure 5.11 is based on all facility
types. As discussed before, reactor facilities are an exception because the dose distribution does not

follow the same pattern as for other facilities.
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TABLE 5.3. Dose Frequency Distribution for Female Radiation
Workers of Childbearing Age (1989)

Dose Range Frequency Workers
< Meas. 68.2% 8664
Meas.-0.10 26.53% 3370
0.1 -0.25 2.98% 378
0.25-0.5 1.23% 156
0.5 -0.75 0.46% 59
0.75-1.0 0.28% 36
1.0 -1.5 0.28% 35
1.5 -2.0 0.04% 5
2.0 -2.5 0.01% 1
2.5 -3.0 0.00% 0
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5.3 CONCLUSION

During 1989, the number of female radiation workers of childbearing age (under the age of 45)
employed at DOE facilities was 12,704. This represents 12.5% of the total population of radiation
workers. Slightly less than 99% of the females of childbearing age received doses below 0.5 rem
(5 mSv), and slightly more than 1% (a total of 136 female radiation workers) received doses greater
than 0.5 rem (5 mSv). The highest annual dose received by a female radiation worker during 1989

was less than 2.5 rem (25 mSv).
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6.0 REPORTABLE RADIATION EXPOSURE INCIDENTS

The DOE has established criteria for classifying, reporting, and investigating radiation exposure
incidents in DOE Order 5484.1. Depending on the individual doses received, incidents involving
exposure to radiation are classified as either Type A, Type B, or Type C occurrences. A Type A
occurrence shall be reported to DOE Headquarters immediately, and an investigation of the incident
shall be conducted by a DOE Headquarters or field organization board. A Type B occurrence shall
be reported to DOE He;adquarters within 72 hours, and an investigation of the incident shall be
conducted by a DOE board appointed by the head of the field organization. A Type C incident shall
be reported by memo, and an investigation shall be conducted by DOE contractor personnel when

their operations are involved, or by DOE personnel when Federal operations are involved.

Table 6.1 lists the criteria for classifying incidents involving radiation exposures at DOE facilities.
Descriptions of such incidents are normally reported to the System Safety Development Center
(SSDC) following submittal of the investigation report. No such incidents were reported to have

occurred in calendar year 1989.

TABLE 6.1. Dose Criteria for Classification of Incidents Involving
Occupational Radiation Exposures

Dose Criteria for Incident Type

Type of Exposure A(a) B(b) C(b)
Whole-body 25 rem 5 rem 3 rem
Skin of the whole-body 75 rem 15 rem 5 rem
Thyroid N/A 15 rem 5 rem
Forearms 150 rem 30 rem 10 rem
Hands and feet 375 rem 75 rem 25 rem
Internal dose 5 times annual standard In excess of annual standard N/A

(a) Rem values pertain to a single exposure except for the value which pertains to a single
or annual cumulated exposure.

(b) Rem values pertain to doses accumulated in one quarter.
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7.0 COMPARISON OF DOSES TO RISKS

Crucial to assessing the safety of DOE operations with respect to occupational radiation exposure is
an assessment of the risks from doses received by DOE and DOE contractor employees. In Section
4.0 of this report, summaries of the radiation doses received by DOE and DOE contractor employees
were presented. Although the average doses were much lower than the DOE limits (indicating the
impact of ALARA programs), comparison of employee doses to risks is necessary for determining the
magnitude of health effects, if any, that may be expected to occur. This section compares the doses
received by DOE and DOE contractor employees in 1989 to risks based on published radiation risk
coefficients and compares the calculated risks to other risks incurred both inside and outside the

workplace.

An important consideration in assessing the relative significance of the risk of radiation doses received
at DOE facilities is the doses received from sources other than working at the facilities. Everyone
receives radiation doses regularly from various sources, including terrestrial radiation from naturally
radioactive elements in the soil, cosmic radiation from space, radon in the air, and naturally
radioactive potassium in our bodies. Other sources of radiation to which many of us are exposed
include radiation from medical and dental procedures, cigarette smoke, fallout from past nuclear
testing, and various food and other consumer products. Typical radiation doses received from each of
these sources are listed in Table 7.1. By comparison with the values in Tables 7.1, the average dose
equivalent received by a DOE and DOE contractor employee who received a measurable occupational
exposure during 1989 (92 mrem) (0.92 mSv) was less than the average dose equivalent received by an
individual from non-work-related sources. No employee rec;eived a dose equivalent greater than the

DOE occupational limit of 5 rem per year (50 mSv per year).

Although low doses of radiation have not been demonstrated to increase the incidence of cancer or
other diseases, risk estimates have been estimated by extrapolating from known effects at high doses
to hypothetical effects at low doses. Based primarily on data from survivors of the atomic bombings
at Hiroshima and Nagasaki, risk estimates have been developed that express the risk of death from
cancer per unit whole-body dose equivalent of ionizing radiation. According to several sources, data
published in 1980 suggest that a population distributed over all ages and both sexes would experience

approximately 1 x 10* cancer deaths per person per rem (NCRP 1987a, ICRP 1977,
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TABLE 7.1. Radiation Doses Received by Individuals in the U.S. from Sources
Other than Occupational Exposures (adapted from NCRP
Publication 93 [NCRP 1987b})

Average Annual Effective
Dose Equivalent
per Member of the U.S.

Source Population (mrem)

Natural sources

Radon 200

Cosmic 27

Terrestrial 28

In vivo 29
Nuclear Fuel Cycle 0.005
Consumer Products

Domestic water supply 1-6

Building materials 3.6

Other 1-10
Medical 53
Tota1 (2) ~360

(a) Value pertains to a nonsmoker. An additional
1300 mrem per year is estimated to be received
by a typical smoker from inhalation of tobacco smoke.

NAS 1980, UNSCEAR 1977). However, as detailed in the BEIR III report (NAS 1980), risk
coefficients vary considerably depending on the age and sex of the exposed individual. Furthermore,
the calculated risk to an individual exposed to low levels of ionizing radiation depends highly on the
models chosen to extrapolate from the Hiroshima and Nagasaki data, where excess deaths were

observed only at relatively high doses delivered over a very short period of time.

More recently, both the United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) and the Committee on the Biological Effects of Ionizing Radiations provided risk
estimates based on a reassessment of the atomic bomb dosimetry as well as extended followups of the
survivor data (UNSCEAR 1988, NAS 1990). In general, the associated risk estimates range from
approximately 5 x 10* per rem to 1 x 10? per rem depending on the age, sex, and risk projection
model used and based on acute exposures of at least 10 rem (100 mSv). For low doses and dose
rates, both UNSCEAR and BEIR recognized the need to reduce these risk estimates by applying a

dose rate effectiveness factor (DREF) of at least 2 these values.
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Figure 7.1 shows the estimated incidence of fatal cancers and the total numbers of person-years of life
lost based on the whole-body ionizing radiation doses received at DOE facilities in 1989. These
hypothetical data are based on age- and sex-specific risk equations provided in the BEIR V report
(NAS 1990) and life table calculations as described by Bunger, Cook, and Barrick (1981) and
Merwin, Traub, and Faust (1990).

B Number of Deaths - Years of Life Lost

0.6 N = 8.0
7 al g — 7.0
0.5 ] M uny -
~ L
] [ ] — 6.0
— A 3 b—
7] | L' — b
= 0.4 — : y _J: — 5.0 8
3 : A 1 e =50
Q - L 1 R - =
“5 0.3 _ : [ 4 ~r: - 4.0 [
5 . & HR Ais = S
_E . \ :: I = 3.0 g
= 0.2 — A 1 & r v
2 . ol RSt B — 2.0 >
- b s: ”1 :
0.1 [ EB21 BRI EER -
— ~ g —
— :\ .: :w - 1‘0
: ': ;/ ': o
0.0 — 0.0

s193

60-64EzZ

20-24
25-29

35-39
40 - 44
45 - 49

30-34
50 - 54
55-59

Age
FIGURE 7.1. Estimated Maximum Number of Total Deaths and Years of Life Lost from Radiation

Doses Received at DOE Facilities in 1989. (The values indicated are maximum
estimates; the actual values may be zero. See text for explanation.)
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The values were calculated directly from the BEIR V risk equations and the doses received by
employees and visitors at DOE facilities in 1989. Applying a DREEF to these values would be
appropriate (NAS 1990; UNSCEAR 1988) and would reduce the values by factor of two or more.
Furthermore, the BEIR V risk estimates were based on studies of individuals who received high
doses. Consequently, the actual number of deaths and years of life lost from doses received at DOE

facilities may be zero.

To put into perspective the calculated risks from ionizing radiation doses received at DOE facilities, it
is important to review the risks associated with other activities. The primary purpose of this review
is to indicate the effect of radiation doses received at DOE facilities on the health of workers relative
to the effects of other hazards. Table 7.2 lists the estimated annual deaths per 100,000 persons in the

U.S. population for various hazards.

As indicated in Table 7.2, reducing radiation doses at DOE facilities is only one way to improve the
health of workers. Other effective methods may include anti-smoking campaigns, increased safety
awareness, and the promotion of safe driving practices. Radiation doses received at DOE facilities do
not significantly reduce the overall health or life expectancy of workers relative to the other risks

encountered both in the workplace and as a part of everyday life.
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TABLE 7.2. Estimated Annual Fatality Rates in the U.S. Attributable to Various Causes®

Annual Number of Deaths

Cause per 100,000 People or Workers
General Population
A1l causes 874
Heart disease 323
Cancer, all types 193
Lung cancer 51
Leukemia 7
Other cancer types 135
Accidents, all types 39
Motor vehicle accidents 19
Other accidents 20
Other causes 319
Occupational . (b)
Industrial injuries and illnesses 4.8
Highway vehicles 1.6
Industrial vehicles or equipment 0.4
Falls 0.4
Heart attacks 0.3
Electrocutions 0.3
Caught between objects other than vehicles 0.3

or equipment

Assaults 0.3
Aircraft crashes 0.2
Struck by objects other than vehicles 0.2

or equipment

Explosions

Gas inhalation

Fires

Plant machinery operations

A11 other (including contact with carcinogenic
or toxic substances, drowning, train
accidents, and various occupational illnesses)

Estimated cancer fatalities from radiation doses
received at DOE facilities

oo ooOoOo
— b s s N

1.5(¢)

(a) Sources: General population data for the year 1985 from NCHS (1988); occupational data

Eexcegt cancer fatalities from DOE radiation doses) for the years 1986 and 1987 from DOL
1989).

(b) Ranges from a low of 1.9 per 100,000 in the services industry to a high of 24 per 100,000
in the mining industry.

(c) Based on age- and sex-specific risk equations provided in the BEIR V report (NAS 1990).
These equations were based primarily on the Japanese A-bomb survivor data, which
represented acute exposures. The BEIR V committee recognized the need to apply a
dose rate effectiveness factor for chronic exposures, which would reduce the risk
estimate provided in the table by a factor of at least two. Value indicates deaths
per 100,000 DOE workers.
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APPENDIX B

DISTRIBUTION OF ANNUAL WHOLE-BODY DOSES TO DOE
CONTRACTOR EMPLOYEES AND VISITORS FOR EACH
FIELD ORGANIZATION, 1989
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APPENDIX C

DISTRIBUTION OF ANNUAL WHOLE-BODY DOSES FOR
DOE GOVERNMENT EMPLOYEES AND VISITORS
BY DOE FIELD ORGANIZATION, 1989
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APPENDIX D

1989 EXPOSURE DATA BY DOSE RANGE, EXPOSURE TYPE,
FACILITY TYPE, AGE, SEX, AND OCCUPATION
FOR DOE AND DOE CONTRACTOR EMPLOYEES
AND VISITORS
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