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FOREWORD

Historically from the health perspective, uranium has been considered more of
a heavy metals than a radiological hazard. The phrase "its only uranium" was
heard frequently throughout the nuclear industry. This early perspective
resulted primarily from the relatively low specific activity of uranium and
the fact that while kidney damage of a chemical origin was observed in
laboratory animals administered uranium compounds, radiological toxicity at
similar levels had not been demonstrated. However, the revisions to
biokenetic models for the evaluation of radiation exposure as contained in
ICRP Publication 26 and 30 have resulted in a decrease in the annual limit of
intake for uranium. This, coupled with recent changes in our understanding of
the biological behavior and health significance of uranium along with
technology advances for controlling, monitoring, and evaluating potential
exposures of workers make it apparent that greater attention can and must be
placed on controlling uranium contamination in the workplace.

The "Health Physics Manual of Good Practices for Uranium Facilities" should
prove to be extremely useful in providing information on design and implementa-
tion of radiation protection programs consistent with current standards and
state-of-the-art technology. It is expected that this manual will serve as a
guide in the evaluation of needed upgrade programs for older facilities as

well as in the development of radiation protection programs for newer
facilities.

The working group responsible for the development of this document was
comprised of technical experts with extensive applied health physics
experience. It was peer reviewed by DOE and DOE contractor personnel as well
as experts in other sectors of the nuclear industry. We want to express our
appreciation to both the working groups and the individuals who reviewed the
document. This dedicated effort and the application of this Guide will indeed
result in a significant contribution to the radiation protection of workers in
the uranium industry.

Edward J. Vad Tari
Acting Director
Radiological Controls Division
Office of Nuclear Safety
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ACRONYMS

ACGIH American Conference of Governmental Industrial Hygienists
ALARA as low as reasonably achievable

ALI annual 1imit on intake

AMAD activity median aerodynamic diameter
ANSI American National Standards Institute
AVLIS atomic vapor laser isotope separation
AWWA American Water Works Association

BZ breathing zone sampler

CAM continuous air moni tor

CEDE committed effective dose equivalent
CFR Code of Federal Regulations

CPVC chlorine polyvinyl chloride

DAC derived air concentration

DBA design-basis accident

DBE design-basis earthquake

DBF design-basis fire

DE dose equivalent

DOE U.S. Department of Energy

DOD Department of Defense

DOT Department of Transportation

DTPA diethylenetriaminepenta-acetic acid
EA environmental assessment

EDTA ethylene diamine tetracetic acid

EIS environmental impact statement

ECS Emergency Control Station

EPA U.S. Environmental Protection Agency
EPZ emergency planning zone

ERDA Energy, Research, and Development Administration
FMPC feed material production center

GAS general area sampler

GDP Gaseous Diffusion Plant

GI gastro intestinal
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GM
GSD
HEPA
HPGE
HQ
TAEA
ICRP
IEC
LLNL
MPC
MSHA
NAD
NAWAS
NCRP
NCS
NEPA
NFPA
NIOSH
NOAA
NRC
NRRPT
NUREG
0BE
OSHA
PAS
PC
PMF
PSAR
PRR
0A
RCG
RCRA
RU
SDD
STEL

Geiger-Mueller

geometric standard deviation

high-efficiency particulate air

hyperpure germanium

headquarters

International Atomic Energy Agency

International Commission on Radiological Protection
International Electrotechnical Commission

Lawrence Livermore National Laboratory

maximum permissible concentration

Mining Safety Health Administration

nuclear accident dosimeter/dosimetry

National Warning System

National Council on Radiation Protection and Measurements
nuclear criticality safety

National Environmental Policy Act

National Fire Protection Association

National Institute of Occupational Safety and Health

National Oceanic and Atmospheric Administration
U.S. Nuclear Regulatory Commission

National Registry of Radiation Protection Technologists
Nuclear Regulatory Report

operating basis earthquake

Occupational Safety and Health Administration
personal air sampler

protective clothing

probable maximum flood

preliminary sdfety analysis report

protective response recommendation

quality assurance

radioactivity concentration guide

Resource Conservation and Recovery Act

recycled uranium

system design description

short term exposure 1imit



TE
TL

TLD
TLU
UNH

USGS

VHE
WBC

tissue equivalent
thermoluminescent

thermoluminescent dosimeter
threshold 1imit values

uranyl nitrate

United States Geologic Service
very highly enriched

whole body count
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SECTION 1

INTRODUCTION

Uranium is a radioactive, heavy metal which is important to the
Nuclear Industry because one of the isotopes (U-235) has a high fission
cross section and is the fuel for nuclear reactors. Hence, uranium is the
material at the "head end" of the nuclear fuel cycle.

As will be discussed in this manual, the half 1ife of most of the
naturally occurring isotopes of uranium are very long--so long in fact that
chemical toxicity can predominate over the radiological hazard. It is well
known that it requires significant mass quantities of uranium 238 and 235
to create a recognizable hazard. Personnel and radiation workers have
historically become somewhat complacent in dealing with uranium: *"It's
only uranium" is a common problem attitude.

Periodically problems and/or exposures above the current acceptable
levels direct attention to the practices and operations which deal with
uranium. The current science and technology within the discipline of
radiological safety have been reviewed and combined in a Health Physics
Manual of Good Practice for Uranium Facilities in Department of Energy
(DOE) Uranium facilities with the purpose of providing a balanced
perspective of risk and control needs.

1.1 Purpose and Objectives

Several basic purposes and/or objectives guide the presentation of the
material in this manual:

1. The overriding objective of this manual is to assist in assuring

that all DOE facilities have the elements of a comprehensive and
sound personnel radiological protection program.
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2. The primary focus of this manual is the applied health
physicist. The objective is to provide useful information and
definitive guidance to the professional health physicist in the
field.

3.  Consistency within the DOE program from facility to facility is a
major objective, even though the types of operations and
applications may be significantly different.

4, It is expected that the formulation of design criteria for a new
facility will be aided through the application of the information
in this manual.

5. Several DOE facilities have operated for 30 years or more and
were designed to less restrictive standards. It is expected that
this manual will serve as a guide in the evaluation of needed
upgrade programs in these older facilities, or as a guide in
establishing control programs, which will provide protection
equivalent to that provided in newer facilities.

6. Since it is the DOE policy and a "good practice" to require
periodic independent evaluation of the radiological safety
program being administered within each facility, this manual
should serve as a valuable guide or check 1ist for professionals
appraising programs.

1. The data, information, and references contained herein should be
of value as a reference source for programs of DOE facilities
processing and/or hand1ing uranium metal or any of its many
compounds.

1.2 Scope

The scope of this manual is 1imited to applied problems in the work
place. The following statements outline additional scope 1imitations.
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This manual will not address environmental issues--including
monitoring programs, 1imits, etc.

Only programs and principles associated with operations,
applications, or facilities under the control of DOE will be
addressed. For example, uranium mining and milling facilities
and the associated problems will not be considered.

Personnel protection and the necessary information and data to
make technically sound evaluations for this purpose will be the
primary focus.

Waste disposal criteria and policy will not be discussed beyond
those aspects of adequate monitoring, documentation, and control
of effluents.
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SECTION 2

PROPERTIES AND RELATIVE HAZARDS

Uranium is important to the nuclear industry primarily because of the
naturally-occurring isotope U-235, which has a high thermal fission cross
section. To increase the amount of U-235 fuel in a reactor core and to
decrease the size of a reactor, natural uranium is "enriched" in U-235 by
special processes such as gaseous diffusion, centrifuging, or laser
separation. Uranium depleted in U-235 is also useful as shielding,
counterweights, projectiles, target elements in DOE plutonium production
reactors, etc.

This section presents basic radiological and chemical data and
discusses the basis for current control 1imits. A variety of hazards are
characteristic of the processes and materials inherent to these processes.
The data and discussion are intended to provide a basis for understanding
the changes in hazards as a function of such parameters as percentage U-235
enrichment, physical form, and chemical form.

2.1 Properties and Relative Hazards of Uranium

Natural uranium consists of three primary isotopes--U-238, U-235, and
U-234. The natural abundances of these isotopes, as well as abundances in
enriched (typical power reactor enrichment) and depleted uranium, are
listed in Table 2-1. The decay products of uranium isotopes are also
radioactive and form "decay chains." The decay chains of U-238 and U-235
(U-234 1s a member of the U-238 decay chain), along with the half-1ives and
characteristic radiations of each nuclide, are listed in Tables 2-2 and 2-3.

Since DOE facilities do not routinely process uranium ore
concentrates, the only non-uranium members of these decay chains that will
be present in virgin feed materials are those that have grown in since the
chemical extraction of the uranium. The nuclides that occur in sufficient
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TABLE 2-1.

TYPICAL ISOTOPIC ABUNDANCES

(gm OF ISOTOPE PER 100gm OF NATURAL

URANIUM)
Typical Commercial
Isotope Natural Feed Enrichment Depleted
U-238 99.2739 + 0.0007 97.01 99.75
U-235 0.7204 + 0.0007 2.96 0.25
u-234 0.0057 + 0.0002 0.03 0.0005
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TABLE 2-2. URANIUM SERIES (4n + 2)@

3 This expression describes the mass number of any member in this series,

where n is an integer.

206
82

Example:

Pb (4n + 2).....4(51) + 2 =206

+ Intensities refer to percentage of disintegrations of the nuclide
itself, not to original parent of series.

+ Complex energy peak which would be incompletely resolved by instruments
of moderately low resolving power such as scintillators.

Majon redlation energies (V)

Necltde “':::“l Ralg-11fe ond tntensitiest
. ’ Y
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wn ($2:4]
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LA Rediva A 3.0%e 6.00 (~1000 0.33 (-0.0190 .-
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6.70 (942)
i Radiua C 19.7a 3.43 (0.0121) 1.0 (212) 0.609 (D)
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1.9 (360) 0.798  (1002)
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TABLE 2-3. ACTINIUM SERIES (4n + 3)2

3 This expression describes the mass number of any member in this series,
where n is an integer. Example:

2%pb (4n + 3).....4(51) + 3 =207
t+ Intensities refer to percentage of disintegrations of the nuclide
itself, not to original parent of series.

* Complex energy peak which would be incompletely resolved by instruments
of moderately low resolving power such as scintillators.
Data taken from Table of Isotopes and USNRDL-TR-802.

Msjor redlation energies (MeV)
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abundance to have an impact on radiological controls are Th-234, Pa-234m,
and Th-231. The long half-1lived Th-230 in the U-238 chain and Pa-231 in
the U-235 chain effectively prevent the accumulation of significant
quantities of other decay products. Still, some Th-230 and Ra-226 may be
found in the process waste water of some facilities, so it is prudent to
include those nuclides in effluent/environmental monitoring programs. For
workplace radiological controls, Th-234, Pa-234m, Th-231 and the urén1um
isotopes are those requ1rfng primary consideration. In poorly ventilated
areas where uranium is stored, elevated radon concentrations can occur (and
have been demonstrated) from the small amounts of Ra-226 which both grow in
and carry over as contaminant in the chemical separation processes.

Much of the uranium feed material that is currently handled at DOE
facilities has been reclaimed, or recycled, from reprocessed, spent reactor
fuel. The chemical processes by which recycled uranium is purified leave
trace amounts of transuranic elements (neptunium and plutonium) and fission
products (mainly technetium-99). Recycled uranium also contains trace
amounts of uranium isotopes not found in nature, such as U-236. At the
concentrations in uranium from fuel reprocessing facilities, the
radiological impact of these impurities is negligible in many cases.
However, there are many routine chemical processes which tend to
concentrate these impurities either in the uranium product or in reaction

by-products such that radiological controls and effluent/environmental
monitoring programs must consider these impurities in some cases.

2.1.1 Radiological Properties

The primary isotopes of uranium are all long-lived alpha emitters.
However, several other radionuclides can be radiologically significant at
uranium facilities, depending upon the history of the uranium materials and
the processing. Table 2-4 is a summary of radionuclides which can have
radiological impacts at uranium handling facilities.
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Enrichment Effect

The specific act‘ivitya of uranium depends upon its degree of
enrichment, and normally describes only alpha activity. The beta activity
from associated decay products is not included in the uranium specific
activity values, but is expressed separately. Consequently, two specific
activities (one for alpha and one for beta) are frequently calculated for
uranium-bearing materials. Some typical alpha values are given in
Table 2-5 and Figures 2-1, 2-2, 2-3, and 2-4.

For conventionally enriched uranium, approximate alpha specific
activity of a given uranium enrichment can be calculated from the following
formula.

Specific Activity = (0.4 + 0.38t + 0.0034E2) X 10"6 Ci/g
where

E = % U-235 by weight.
Specific activity increases with enrichment, not because of the

12 = 4.5 x 109 years) with U-235
= 7.1 x 108 years), but primarily because of the increase in the

replacement of some U-238 (T
T/ :
amount of U-234 present (T1/2 = 2.47 x 10° years). Gaseous diffusion,

the existing enrichment technology, causes a greater increase in U-234 than
in U-235. For example, when U-235 content is increased from 0.72%
(natural) to 2.96%, (a factor of approximately four increase), U-234
content increases from 0.006% to 0.03%, (a five-fold increase).

a. The use of the “special curie" of natural uranium has caused (and still
causes) considerable confusion. Readers are cautioned to be aware of the
use of this special curie in the literature. Use of this unit in any
application is strongly discouraged.

The "“special ?8r1e“ of natural uranium was_defined as 3.7 x 1010 d/s
of U-234, 3.7 x 10'0 d/s of U-238, and 1.7 x 109 d/s of U-235. Thus

1 “curie" of natural uranium was actually slightly more than 2 curies of
uranium alpha activity.
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TABLE 2-5. URANIUM SPECIFIC ACTIVITIES

Type % U-235 Specific Activity (Ci/q)
Natural 0.72 7 x 10-7
Depleted 0.20 4 x 10-7
Enriched 2.0 1 x 10-8
Enriched 20 9 x 10-

2-8
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Laser isotopic separation (the technology selected for future
enrichment facilities) is expected to separate only U-235, leaving the
U-234 with the “tails," or depleted uranium. Therefore, when
laser-enriched uranium becomes available, the radiological characteristics
of both enriched and depleted uranium will change when compared to
conventional separation techniques. Figures 2-3 and 2-4 demonstrate this
effect.

The half-1ives of the three natural uranium isotopes are sufficiently
long so that the specific activity of uranium will not change because of
radioactive decay, regardless of enrichment. Specific activity does change
with enrichment, but does not vary linearly. Blending different
enrichments of uranium (a fairly common practice at some DOE facilities)
results in specific activities that differ from those calculated from the
specific activity equation shown on Figure 2-1. Example 1 illustrates this
effect, which 1imits the effectiveness of the specific equation. The
specific activity calculated for 11% enrichment is approximately 6% lower
than the value predicted by combining the values calculated for the

different enrichments (5.0 x 10_6.versus 5.3 x 10-6).

The recycling of irradiated uranium also provides a means for
obtaining material whose specific activity varies from the value calculated
from the equation on Figure 2-1, because that equation is not applicable to
recycle material. For these reasons, specific activities that are
calculated from the above formula should be considered approximations
only. If exact values of specific activity are required, those values
should be determined analytically.

The Annual Limit on Intake (ALI) for several radionuclides are shown
in Table 2-6 and in Figure 2-5. Since the ALI for the three primary
uranium isotopes are expressed in activity units, enrichment has little
impact on inhalation and ingestion ALIs. However, as was seen in
Table 2-5, as enrichment increases from 2% to 20%, the specific activity
increases eight-fold. Consequently, the mass of material that corresponds
to one ALI decreases by a factor of 8. The degree of enrichment also



Example 1
[1 kg of 20% enriched U is blended with 1 kq of 2% enriched U.]
SA = [0.4 + 0.38E + 0.0034£2] x 10-6 Ci/g

SA20 = [0.4 + 0.38(20) + 0.0034(20)%] x 106 ci/q

n

9.36 x 10-6 Ci/q

]

SA2 = [0.4 +0.38(2) + 0.0034(2)2] x 10-6 ci/q
1.17 x 1075 ci/q

The specific activity of the resulting mixture is

3.36 L1 5 1078 /g - 5.27 x 1075 Ci/q

The enrichment of the final mixture is

(200 g + 20 q) U-235
2000g total y = !1% U-235

Using the equation for specific activity,
SA

(0.4 +0.38(11) + 0.0034(11)2] x 10-6 Ci/g
4.99 x 10-6 c1/q
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TABLE 2-6. ANNUAL LIMITS ON INTAKE AND DERIVED AIR CONCENTRATIONS FOR SELECTED RADIONUCLIDES
(FROM ICRP-30)

Inhalation

Nuclide Class D Class W Class Y

ANNUAL LIMITS ON INTAKE (First values are in units of uCY; values in parentheses are in Bq.)

(8 uC  (Bq) w1 (Bq)
u-238 1 (s x 104 8 x 107" (3 x 104 s x 1072 (2 x 10%)
U-235 1 (5 x 10Y) 8 x 107" (3 x10Y) 5 x 1072 (1 x 10%)
U-234 1 (5 x 104 8 x 107! (3 x10Y 3x 102 (1 x 103)
Th-234 N 2x 1072 (7 x 10%) 2 x 1072 (6 x 10%)
Pa-234m NL N N

Th-231 N s x 100 (2 x 108 5 x 10° (2 x 109
Te-99 s x 10° (2 x 10%) 5 x 10 (2 x10) NL

NP-237 N 5 x 1073 (x 10%) NL

Pu-238 N s x 1073 (2 x 10%) 2 x 1072 (6 x 10%)
Pu-239 N s x 1073 (2 x 109 1% 1072 (5 x 10%)
Pu-240 N 5 x 1073 (2 x 10%) 1 x 1072 (5 x 10%)
Pu-241 N 3x 107 (1 x0Y s x 107 (2 x 104
u-236 1 (5 x 104 8x 107 (3x10Y) 3x 1072 (1 x 10%)

INHALATION DAC (First values are in units of uCi/ml; values in parentheses are in units of Bq/na)

uC1/ml__ (Bg/m’) Ci/ml__ (Bq/m’ Ci/m__ (Ba/m®

u-238 s x10°'0 (2 x 10" 3x107'% (1 x 10") 2x10" (7 x 07
u-235 s x 1070 (2 x 10") 3x107'0 (1 x 10 2x 10" (6 x 107"
u-234 s x10°'% (2 x 10" 3x107'% (1 x 10") 2x 10" (6 x 07"
Th-234 N 8 x 1078 (3x10°% 6x10% (2x10)
Pa-234m N 3x10°% (1 x10%) -

Th-231 N 3x 10 (1 x10%) 3x10% (1x107%)
Tc-99 2 x10°% (8 x 104 3x 107 (1 x10Y NL

NP-237 N 2x 1072 (9 x 107 N

Pu-238 N 3% 1072 (9 x 1079 8x10'2 (3x107")
Pu-239 N 2x 10712 (8 x 1072 5x10°'2 (2x 107
Pu-240 N 2x 10712 (8 x 107?) sx107'2 (2x 107
Pu-241 N 1 x 1070 (4) 3x107'% (1 x 10
u-236 s x 1070 (2 x 10" 3x107'% (1 x 10") 2x10" (6 x 107"

NL = Not 1isted.

NOTE: ALI and DAC values are only defined to one significant digit.
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Figure 2-5. DACs vs. weight % U-235 enriched by
gaseous diffusion process.



affects the controls that are required for external penetrating radiation
exposure, because of the increase in the amount of gamma-emitting U-235
that is present.

Hazards fFrom Decay Products

The uranium decay products, listed in Table 2-4, all decay by beta
particle emission. Consequently, the inhalation hazards associated with
these nuclides is usually overshadowed by that from the alpha-emitting
uranium isotopes. The decay products do give rise to shallow or eye dose
equivalent external radiation exposures, due mainly to the 2.29 MeV E max
beta from Pa-234m. The dose rates shown on Table 2-7 result primarily from
beta radiation from decay products.

The fact that some uranium decay products have short-lives (on the
order of days) indicates that those decay products will usually be present
with uranium during processing. An assumption of secular equilibrium
should not be made, however, because many routine chemical processing steps
separate uranium from its decay products. When this occurs both the
inhalation and external exposure hazards associated with the decay products
are increased in areas where the decay products are concentrated. The
overall inhalation hazard will probably decrease in those areas due to the
removal of the uranium.

Hazards From Recycled Uranium Contaminants

Much of the current enrichment feed is recycled materials. It is
anticipated that the amount of recycled uranium (RU) will increase over the
next several years. This is due to the plans of a number of nations to
reprocess uranium from their power reactors. The environmental, safety and
health challenges presented by the introduction of the increased quantities
of RU into the DOE system for enrichment are briefly discussed below.



TABLE 2-7. BETA SURFACE DOSE RATES FROM EQUILIBRIUM THICKNESS OF URANIUM
METAL AND COMPOUNDS.

Source Surface Dose Rate* (mrad/hr)
Nt1. U metal slab 233
UO2 : 207
UF4 179
U02(N03)26H20 M
UO3 204
U308 203
UO2F2 ‘ 176
Na2U207 167

* Beta surface dose rate in air through a polystyrene filter
1 mg/cm2 thick.




Activity in becquerels (dps) for 1 Kg mass of 238 U
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Figure 2-6. U-238 decay product ingrowth.



The isotopes of primary concern from RU are Tc-99, U-232, Np-237 and
Pu-238 and 239. Technetium-99 tends to deposit within enrichment equipment
and will “"pocket" in the higher enrichment sections of the gaseous
diffusion process. This requires special precautions in evacuating and
purging equipment as well as special precautions prior to maintenance
work. In equipment with accumulations of Tc-99, "soft" beta radiation
fields of a few rad per hour may be encountered. This radiation is
effectively attenuated by the protective clothing required for
contamination control (one pair of industrial cloth coveralls, one pair of
impermeable (Tyvek) coveralls and heavy neoprene gloves). While the Tc-99
should be effectively removed from the Gaseous Diffusion Plant (GDP)
‘product, it will be present in uranium used in other DOE facilities. Since
the ALI for Tc-99 is higher than that of uranium, inhalation is a concern
only in situations where the technetium activity greatly exceeds that of
the uranium that is present. As indicated, this condition can exist in
certain locations near the top of a gaseous diffusion cascade because of
the Tow atomic weight of technetium and its relative volatility.

Technetium as pertechnetate is also difficult to remove from skin, which
can result in skin contamination and significant skin doses.

The uranium isotopes (viewed as contaminants) that will increase due
to the RU feed are U-232, U-234, and U-236. The U-236 will not pose much
of a concern from a health and safety standpoint because its specific
activity and radiation type are similar to those for the natural uranium
isotopes. However, its presence will require higher enrichments for the
same reactor applications. The effect of the U-234 is to increase the
specific activity of any given enrichment of U-235. It is expected that
the specific activity for a given enrichment would be about double that
obtained from enrichment of normal uranium.

The isotope that would cause the major problems will be the U-232.
The health hazards of U-232 are primarily due to the gamma activity of its
decay products. The gamma emission of primary concern is due to the
1.9 year half-life decay product Th-228. The buildup of the gamma activity
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is both time and process dependant. The U-232 decay products form
non-volatile fluorides and will concentrate in cyclinders when UF6 is
vapor fed. The gamma activity in equipment processing gaseous UF_ will

be a function of the mass fraction of U-232 present in the gas phgse.
Estimates have been made which indicate that the level of gamma activity of
enrichment cascade equipment will increase by a factor of 3. The activity
on internal surfaces would increase from 10-20 mrad/hr to 30-60 mrad/hr;
external surfaces would increase to about 3-4 mrad/hr. The major exposure
increase from the U-232 will be in the handling of UF6 cylinder.
Currently, the radiation field at the external surface of empty UF ¢
cylinders is about 50-100 mrad/hr. Assuming a U-232 concentration of

0.5 ppm based on U-235 and a feed enrichment of 1%, a full 10-ton feed
cylinder would have a surface radiation field of 80 mrad/hr and a reading
of 500 mrad/hr at 30 cm from the cylinder surface when the cylinder is
empty. These values are based on the U-232 being in equilibrium with its
decay products; in reality, 1t would be unlikely that the decay products
would reach much more that 50% of equilibrium values. Product cylinders
would have higher gamma fields that feed cylinders. At 4% U-235
enrichment, a full 10-ton cylinder is expected to have a gamma field at the
cylinder surface of 300 mrad/hr; at 30 cm from an empty cylinder, a gamma
field of approximately 2 rad/hr will exist. While it would take 20 years
without mitigating actions for this field to exist, approximately 50% of
this level will be present in about 2 years. However, this problem can be
significantly ameliorated by frequent cylinder cleaning. The U-232 will
require some change in handling of cleaning solutions due to the higher
gamma radiation present.

Transuranics

Transuranics (neptunium and plutonium isotopes) will exist in small
quantities in feed materials. In most cases the radiological controls
based on uranium hazards potential and concerns will be adequate to control
the additional activity concerns presented. However, because of their

higher specific activities and lower ALIs (compared to uranium isotopes),
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transuranics can represent a significant internal dose concern even at very
Tow mass concentrations. For example, for a Class W transportability
mixture if plutonium-239 contamination contributes 0.1% of the total alpha
activity in uranium, then it will contribute roughly 14% (see Example 2) of
the total inhalation dose equivalent because of its lower ALI. Example 2
11lustrates that it takes only 11 parts of Pu-239 per billion parts of
natural uranium to attain an activity fraction of 0.1%.

Several DOE facilities have adopted specifications on recycled uranium
that 1imit the amount of contained transuranic alpha activity to 0.1% of
the total uranium alpha activity. In this way, the potential inhalation
dose from transuranics is l1imited to a fraction of the total potential
inhalation dose. Facilities that handle recycled uranium with higher
levels of transuranics should establish a regular program of analyzing
feeds, products, and by-products for transuranics, and then modify control
Timits and action levels as appropriate to reflect the transuranic content
of those materials. As the transuranic-to-uranium ratio increases,
radiological controls, based on uranium, become inappropriate because of
the substantially lower Annual Limits for Intake for transuranics; more
stringent controls are necessary. This is especially true when the
analytical technique used for radiological control is gross alpha counting
(such as for air sampling) or chemical analysis for uranium (such as
photof luorometric urinalysis). Both techniques will underestimate the
consequence of an analytical result, if consideration is not given to the
accompanying transuranics. Raffinate from refinery operations, HgF2 from
metal production operations, and chemical traps from UF6 operations have
all been observed to have higher TRU-to-U ratios than either
reactants/feeds or uranium products. Frequently, reaction by-products are
not discarded as wastes, but are processed further to recover the contained
uranium. When this is done, a portion of the impurities is recovered as
well, and the radiological impurities in reaction by-products can become a
perpetual problem. A1l facilities that process recycled uranium should
periodically analyze feeds, products, and by-products for transuranics to
ensure that radiological controls are adequate for the mixtures of uranium

and transuranic elements which are present.
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Example 2

One gram of U-Nat contains Pu-239 contamination to the extent that the
Pu-239 activity s 0.1% of the uranium alpha activity. The relative
inhalation hazards of the two materials are determined by dividing each
material's relative activity by its derived air concentration.

U-Nat relative activity = 1
Pu-239 relative activity = .001
U-Nat derived concentration (W) = 3 x 10']0 uCi/mil

Pu-239 derived air concentration (W) = 2 x 10-]2 uCi/mi

1 1 9
= = 3 X ]0
CGa(U-Nat) 3 x ]0-10
0.001 0.001 8
= = S X ]0 :
CGa(Pu-239) 2 x ]0-12

These values represent the relative hazards of the two materials in the
mixture.

8

Fraction of total hazard = 5 x 10 - 0.14

(5 x 108) + (3 x 109)

Therefore, Pu-239 at 0.1% of the U-Nat activity represents 14% of the
potential inhalation dose.

The Activity of 1 gram of U-Nat = 2.5 x 104 dps

0.001 x 2.5 x 104 =2.5x 10] dps = the Pu-239 activity in the 1 gram
of U-Nat

The specific activity of Pu-239 is 2.27 dps/nanogram

. 1 nanogram Pu = 11 nanogram Pu
25 dps/g U 2.217 dps gram U

Therefore, 0.1% Pu-239 activity fraction corresponds to 11 parts per
bi1lion on a mass basis.
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Technetium

In facilities with significant quantities of Tc-99, radiation
measurement techniques must consider the low-energy beta radiation from
Tc-99. Dosimeters that were developed to measure principally the 2.29 meV
Emax beta from Pa-234m, may not be effective at measuring doses from
Tc-99's 0.292 meV Emax beta. Similarly, contamination survey techniques
and action levels that are based on Pa-234m beta particles may not be
appropriate for the low energy Tc-99 betas. If a mixture of uranium and
Tc-99 is present, survey technique must take into account the low-energy
beta radiation from Tc-99 and should be based on Tc-99 or on the actual
mixture, rather than on Pa-234m. Tc-99 levels have not been the
controlling factor in many situations to date. The primary concern is to

assure that instruments and survey techniques are adequate to detect Tc-99.

In uranium metal processing facilities it has been observed that
residues in ventilation systems from high-temperature operations, such as
uranium remelting/casting, or uranium chip burning, will tend to have
higher Tc-to-U ratios than either feed or product material. The tendency
of technetium to become airborne more readily than uranium can lead to
Tc-99 contamination in areas where it is not expected, and environmental
emissions even when the uranium is effectively confined in the work place.
Technetium also tends to concentrate at the top of the gaseous diffusion
cascade, where it becomes an inhalation and effluent problem when the
cascade is opened for maintenance. Facilities that handle recycled uranium
should analyze feeds, products, and by-products in order to determine the
fate of Tc-99 within their processes, then modify monitoring equipment,
control 1imits, and action levels as needed to ensure that doses from Tc-99
are properly evaluated and controlled. '

Alpha-Neutron Hazard

Neutrons of approximately 2 MeV energy are generated by the
interaction of alpha particles from uranium with the nuclei of fluoride and
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other low-Z atoms. The magnitude of the neutron flux will vary based on
the total activity of uranium (which is a function of enrichment) and the

chemical compound in question (mixing of U and F). In the case of UF6.
the typically measured neutron dose rates for cooled storage cylinders are
as follows:

Natural-5% enrichment: 0.01-0.2 mrem/hr.

Very High Enrichment (97+%): 2-4 mrem/hr contact
1-2 mrem/hr 3 ft

The preceding values were measured with a 9 in. spherical BF3 rem meter.
In general, the exposure potential of personnel to neutrons generated by
the alpha-n reaction is not high. However, if personnel are required to
spend more than a few hours per week in close proximity to containers of
uranium fluoride compounds or if their assignments require them to spend
time near storage or procéssing areas for large quantities of uranium
fluoride compounds, the exposure to neutrons should be evaluated. This is
particularly necessary since the personnel monitoring badges may not be
neutron sensitive or may need to be calibrated to the specific spectra.
Penetrating radiation exposures from photon radiation will not be
indicative of neutron exposures. This is because the higher photon
penetrating radiation exposures tend to be connected with empty containers
while the maximum neutron exposures are connected with full containers.

2.1.2 Chemical Toxicity

Historically, the chemical toxicity of uranium has been a primary
concern in establishing control 1imits and procedures. As a heavy metal, U
is chemically toxic to kidneys and high exposure to soluble (transportable)

compounds can result in renal injury. Although radiologically based
controls are now receiving more attention than in the past, chemical
toxicity is still an important consideration.
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A concentration of 3 ug of uranium per gram of kidney tissue has been
used as the guideline for controlling the chemical toxicity of uranium.

Standard man has a kidney mass of 310 g, so this concentration translates
to a total kidney burden of 1 mg. |

Table 2-8 Tists airborne concentration limits for transportable
uranium that have been published by various organizations. Based on the
3 ug/gm of tissue values, an airborne concentration limit of 0.2 mg/m3
was adopted by the Nuclear Regulatory Commission (NRC) and the American
Conference of Governmental Industrial Hygienists (ACGIH). The Occupational

Cafety and Health Administration (OSHA) has adopted a 1imit of 0.050 mg/m3.

Past 1imits for single acute inhalation intakes have been set by the
International Commission on Radiological Protection (ICRP) (ICRP6) to
2.5 mg of soluble uranium inhaled in any one day. This value is based on
1 day's intake at the maximum permissible concentration (at the time) of
210 ug/m3. Lawrence (Lawrence 1984) has derived acute inhalation intake
1imits of 15 and 80 mg for Class D and Class W materials respectively.
This derivation is based on not exceeding a kidney burden of 3 ug U per g
kidney after a single acute inhalation. Human ingestion studies have
indicated that an acute uptake of 0.1 mg uranium per kg body weight would
not be considered harmful (Hursch and Spoor). For 70-kg standard man, this
represents a 7 mg uptake, or a 15 mg intake of Class D material.

Chronic exposure to a concentration of 0.2 mg/m3 results in a weekly
intake of 9.6 mg (40 hrs/week x 1.2 m3/hr x 0.2 mg/mg) and a steady-
state kidney burden of roughly 900 ug, when the ICRP-30 metabolic model for
Class D uranium is used. This same model indicates that an acute intake of
18 mg will result in a prompt kidney burden of approximately 900 ug.
However, 10 CFR 20 1imits acute exposures to 40 MPC-hrs, or 9.6 mg.
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TABLE 2-8. TOXICOLOGICAL LIMITS ON AIRBORNE CONCENTRATIONS OF

TRANSPORTABLE (SOLUBLE) URANIUM

Chronic Exposure
Occupational Limit

Agency (mg/m3) Reference

NRC 0.2 Footnote to Appendix B, 10 CFR 20

ACGIH 0.2 Threshold Limit Values and Biological
Exposure Indices for 1986-1987, American
Conference of Governmental Industrial
Hygienists

0SHA3 0.05 29 CFR 1910.1000

a. Preferred/recommended 1imit--see Analyses that follow.
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In the past few years, concerns have arisen about the adequacy of
existing Timits intended to prevent chemical damage to kidneys. In 1979
DOE contracted with researchers from the University of Rochester and the
University of Utah to establish exposure conditions expected to cause
varying degrees of injury to humans. The researchers expressed
considerable reservations about:

a. Lack of data on the effects of combined exposures to U02F2
and HF

b. Lack of detailed information on effects of short-term exposures

to transportable uranium in the range from 100-1000 mg/m3

C. Lack of data on thresholds for repairable injury.

Consequently, additional research was undertaken following which concensus
was reached on exposure levels that would be expected to: (1) have no
effect; (2) cause non-lethal injury; and (3) be lethal to 50% of the

exposed population (LDSO)' Those uptake levels (in mg U/kg) are listed

in Table 2-9 along with the corresponding total U in 70 kg standard man.

The values for "standard man" are based on the ICRP-30 model for
uranium metabolism (47.6% of inhaled Class D uranium is taken up into the
bloodstream, and 12% of that goes to the kidneys). Therefore, the "no
effect" value in Table 2-9 corfesponds to a kidney burden of
(5.9) (.476) (.12) = 0.337 mg. The mass of kidney tissue in standard man
is 310 g, so this kidney burden represents 1.1 ug U per gram of kidney
tissue. '

An airborne contamination 1imit from this “no effect" kidney burden
can be derived by calculating the airborne uranium concentration at which
chronic exposure would result in a kidney burden that just equals the "no
effect" burden. In the illustrative analyses below the 1500-day component
of ICRP-30's kidney retention function is neglected, since this
contribution is negligible.
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TABLE 2-9. URANIUM LEVELS FOR VARIOUS EFFECTS.

Uranium Absorbed

Into Bloodstream Corresponding Class D Uranium
Effect (mg U/kg of body weight) Intake in Standard Man (mgq)
No effect 0.04 5.9
Maximal Non-lethal 0.08 11.6
LDgg 2.0 294
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For chronic exposure to a constant concentration, the maximum kidney
burden will occur at the equilibrium condition--when the amount of uranium
entering the kidney each day equals the amount being removed from the

kidney. The daily kidney uptake rate and removal rate are calculated from
the following formulas:

K=B xC xf xf
r a

b k

where

K = Kidney Uptake Rate (mg/day)

3
Br = Breathing Rate (m /day)
3

Ca = Air concentration (mg/m )

fb = Inhaled fraction entering bloodstream (0.476)

fk = Bloodstream fraction entering kidneys (0.12)
R = XKb
where

R = Kidney removal rate (mg/day)

k _ 0i693 (day_])

1/2
Kb = Amount in the kidney (mg)
T]/2 = Biological half-1ife of U in kidney = 6 days

In order to calculate the concentration at which chronic exposure
would result in a kidney burden of 0.337 mg, the uptake rate in kidney is
set equal to the removal rate for a 0.337 mg kidney burden.
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0.693

R = (0.337) x —¢*= = 0.039 mg/day

3 3
K =B (m°/day) x C,(mg/m") x (0.476) x (0.12)
K = R = 0.039 mg/day

Brca x (0.476) x (0.12) = 0.039 mg/day
Br X Ca = 0.68 mg/day

Standard man breathes 9.6 m3 of air in an 8-hour day, so the
resulting concentration 1imit is 0.68/9.6 = 0.07 mg/m3.

Therefore, an airborne contamination 1imit of 0.07 mg/m3 for
transportable uranium appears to be appropriate. This is approximately the
same as the OSHA standard of 0.050 mg/m3. Consequently, the OSHA 1imit
is recommended for exposures to soluble/transportable (i.e., Class D)
uranium unless enrichment dictates more stringent controls based an
radiological concerns.

2.2 Human Response Indicators

Most data on human response to uranium exposure has come from
accidental exposures (generally UF6 releases). Accidental exposures to
UF6 have resulted in fatalities on at least three occasions. The
fatalities were caused primarily by the HF that was formed by hydrolysis of
UF6 rather than the UF6 itself. Several individuals have received
high, non-fatal exposures. Those individuals who recovered experienced
pulmonary edema, nausea, vomiting, abdominal cramps, and chemical burns on
the skin due to HF formed by hydrolysis of UFB' In addition urinary
abnormalities, such as transient albuminuria and the presence of red cells
and casts, were observed, as was retention of nitrogenous products such as

urea and nonprotein nitrogen in the blood.
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The urinary and blood abnormalities are indicators of kidney damage,
and are the result of inhibited resorption in the tubules. Animal studies
indicate that urinary abnormalities can be observed after exposures that
are well below lethal levels. In addition, urinary abnormalities such as

proteinuria, glucosuria, and polyuria (increased volume) have all been
observed following uranium exposure, as has the presence of certain enzymes

in urine. Of all these abnormalities, glucosuria appears to be the most
sensitive and most nearly proportional to uranium exposure.

Once absorbed into the blood, uranium is distributed to bone and
kidneys, with a portion of the uptake being generally distributed
throughout the body. For inhaled uranium, residence time in the lungs
depends upon the solubility of the material. Material that is deposited in
the Tungs is cleared via the bloodstream, the pulmonary lymph, and the

gastro intestinal (GI) tract. Very 1ittle uranium is absorbed into the
bloodstream from the GI tract.

In the event of an acute exposure to highly transportable (Class D)
uranium compounds, urine samples should be collected 3-4 hours
post-exposure and analyzed for uranium as soon as possible. If the uranium
concentration is less than 2.0 mg/1, it is unlikely that any significant
kidney damage has or will occur. However, it is important to check the
urine for biological indicators of damage at any exposure above 2.0 mg/1.
While the most sensitive indicators are increased volume and glucose
levels, these are useful only if data on what is "normal" for the
individual involved is available. Lacking that information, it is best to
check for albuminuria as an indicator of kidney damage. If kidney damage
is indicated, a specialist in urinary disorders should be consulted. In
general, a urine uranium level greater than 6.0 mg/1 will produce some
level of albuminuria. A level of 20 mg is indicative of a very serious
exposure with potentially 1ife threatening consequences and would indicate
immediate hospitalization.
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2.3 Comparative Hazards

Both the chemical and radiological hazards of uranium are moderate
when compared to those of other industrial materials and radionuclides.
Table 2-10 compares Threshold Limit Values (TLV) published by ACGIH for
uranium and selected other metals, while the bottom half of Table 2-6 gives
Derived Air Concentrations from ICRP-30 for selected radionuclides. The
comparison of TLVs is presented to provide perspective on the need for
uranium workplace controls, as compared to other hazardous materials.

Since these materials affect the body in different ways, this should not be
considered a comparison of relative hazards.

The primary hazard associated with uranium depends upon its degree of
enrichment, its chemical form, and its physical form. The degree of
enrichment determines the gamma radiation intensity and the overall
specific activity.

The effect that enrichment has on specific activity is illustrated in
Figure 2-2. That figure (adapted from NRC Regulatory Guide 8.11) also
gives 3.6 x 10_7 Ci/g as the specific activity of depleted uranium and
1ists the formula used in Section 2.1.1 for calculating specific activity
of enriched uranium.

The relative activities of the primary uranium isotopes are also
significantly affected by the degree of enrichment (see Figure 2-2). The
figure shows that total activity is due chiefly to U-238 for depleted and
U-234 for enriched uranium while U-235 accounts for 1ittle of the total
activity, even at very high enrichments.

Chemical form determines solubility and consequent transportability in
body fluids. A1l materials are classified by ICRP into three inhalation
classes--D, W, and Y. Class D is most transportable (pulmonary removal
half-time of days), Class Y is least transportable (removal half-time of
years), and Class W is an intermediate category (removal half-time of
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TABLE 2-10. ACGIH3 THRESHOLD LIMIT VALUES (TLVs) FOR SELECTED METALS

Metal

Uranium
Bery1lium
Lead

Mercury Vapor
(all forms except alkyl)

Arsenic

Soluble and
Insoluble TLV

TLV-TWA TLV-STEL
(mg/m3) (mg/ms)
0.2 0.6
0.002 --
0.15 0.45
0.05 --

0.2 -

a. American Conference of Governmental Industrial Hygienists

TLV - TWA

n

TLV STEL

Threshold Limit Value - Time-Weighted Average

Threshold Limit Value - Short Term Exposure Limit
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weeks). The transportability of an inhaled or ingested material determines
its fate within the body, and therefore, the resulting dose or chemical
effect. Table 2-11 1ists several common uranium compounds and their
assigned transportability classes.

This 1isting is intended to provide general guidance only, as a given
material's transportability will depend upon a number of parameters
including its processing history. It is recommended that each facility
determine the transportability of materials it handles using one of the
accepted techniques. Physical form influences potential hazards since
nondispersible forms generally do not constitute an ingestion or inhalation
hazard.

2.4 Radiological vs Toxic Limits

Since inhalation of uranium potentially poses both radiological and
toxic hazards, determinations must be made about which is most 1imiting,
and in what situations one hazard or the other can be neglected. When
radiological hazards are limiting, chemical hazards can generally be
neglected except in overexposure situations. When chemical hazards are
1imiting, radiological hazards (i.e., organ doses and effective dose
equivalents) can be neglected only if radiation doses are below regulatory
concern as defined by DOE Order 5480.11, Operations Offices implementing
ordef, or other guidance from DOE or internal dosimetry. Radiological
monitoring is required for individuals who might exceed 10% of an
established quarterly or annual 1imit. For this reason it is prudent to
calculate organ doses and effective dose equivalent for all significant
intakes (see Section 6.8), since additional exposures in the same year may
result in a total dose in excess of 10% of a dose limit. Even in low
potential exposure level situations it is advisable to provide sufficient
monitoring to demonstrate a comprehensive dosimetry/control program, which
can prove invaluable in public reactions concerning possible future legal
litigation in addition to providing basic worker protection.
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TABLE 2-11. INHALATION CLASSIFICATION FOR SOME URANIUM COMPOUNDS

Uranium hexafluoride UFg Class "p"d
Uranyl fluoride U0yf o Class “p*d
Uranyl nitrate U0, (NO3) 2 Class "D"
Uranyl acetate U02(CpH307) Class "D"
Uranyl chloride ‘ uo,C1,y Class "D"
Uranyl sulfate U0»S04 Class "D"
Uranium trioxide U04 Class “D"
Uranium tetrafluoride UF 4 : Class "w*d
Uranium oxide U30g Class "“W"*
Uranium dioxide uo, Class “"W"*
Uranium tetroxide U4 Class "W"
Ammonium diuranate (NHg) o + Up0q Class "W"*
Uranium aluminide UAT, Class "y+a
Uranium carbide uce Class "Y*
Uranium-zirconium alloy uZr Class "Y"
High-fired uranium dioxide uo, Class "y"*

a. "D", "W", and "Y" are inhalation solubility classes established by
the International Commission on Radiological Protection. "D" class
material is very soluble; lung retention time in days; "W" class
material i1s moderately soluble; lung retention time in weeks; “Y* class
material is relatively insoluble; lung retention time in years.

*  Ammonium diuranate is known to contain uranium as U03, and should
not be assigned to a single inhalation class (E1-85), also, the
solubility of uranium oxides is very dependent on heat treatment.
Although references assign inhalation classes to various uranium
compounds, it is recommended that solubility studies be performed in
order to characterize the actual materials present.
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The determination of the 1imiting hazard (chemical or radiological)
depends upon transportability (solubility in body fluids), enrichment, and
duration of exposure (chronic or acute). As was shown in subsection 2.1.2,
the "no effect" value of intake corresponds to a kidney burden of 0.337 mg
and a chronic exposure airborne contamination level of 0.07 mg/m3 for
standard man. The 0.337 mg kidney burden, and ICRP-30 metabolic models are
used in the following examples to determine the relative hazards for
various exposure situations. Relative hazards are determined using both
the OSHA standard of 0.05 mg/m3 and the derived airborne contamination
1imit of 0.07 mg/m3. The derivation is first provided in a general form,
then variable values corresponding to specific exposure situations are
provided, and a resulting table of relative hazards is generated.

To determine which hazard is 1imiting for a given exposure condition,
the intake which corresponds to the "no effect" kidney burden is first
calculated; the appropriate Annual Limit on Intake (ALI) for acute exposure
or Derived Air Concentration (DAC) for chronic exposure is obtained; then
the formula for specific activity is solved in order to determine the
enrichment at which the ALI or DAC is equal to the "no effect" intake.

This enrichment forms the "dividing line" between chemical and radiological
effects as the 1imiting hazard. Exposures to higher enrichment are limited
by radiological effects; exposures to lower enrichments by chemical effects.

The following variables are used in the general derivations in
Examples 3a and 3b:

0
"

Fraction of inhaled uranium that promptly enters bloodstream

b
fk = Fraction of uranium in bloodstream that enters kidneys
ALI DAC
S = Specific activity in Ci/g obtained from Intake °" Conc. in
Step 2 of each example
By = Breathing rate for an 8-hour work day = 9.6 m3
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Example 3a

General Solution--Acute Exposure

STEP 1. Determine intake that results in kidney burden of 0.337 mg.

I =8 xC xt

r a
where
I = intake (mq)
' 3
Br = Breathing Rate (m”/day)
3
Ca = Air concentration (mg/m”)
t = Exposure time (day)
I x fb X fk = 0.337
I - 0.337 (mg)
fb . fk

STEP 2.  Assume that the specific activity of the material is such that
this intake is equivalent to one ALI. Then divide appropriate
Annual Limit on Intake by intake determined in Step 1.

A )
LI (Bq) _ 1000 mg uCi — - 1, ALl (uC1/g)
Intake (mg) g 3.7 x 10 Bqg 37 Intake

STEP 3.  Use quadratic formula and equation for determining specific
activity to calculate the enrichment which corresponds to the
specific activity obtained in Step 2.
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S = (0.4 + 0.38E + 0.0034E2) uCi/g

[0.0034E2 + 0.38E + (0.4 - SA*)] = 0

0.0034E2 + 0.38E + (0.4 - SA) = 0

2
_ (0.38)° - 4 (0.0034) (0.4 - SA)
E=-0.38 ¢ \/ 2 70,38

STEP 4.  One solution will be less than zero. The other will be the
enrichment which is the "dividing 1ine" between chemical and
radiological effects.

*+ Specific activity = SA x 10°° Ci/g
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Example 3b

General Solution--Chronic Exposure

STEP 1. Determine concentration at which chronic exposure results in an
equilibrium kidney burden of 0.337 mg.

For equilibrium conditions,

K=R

where

K = Kidney uptake rate (mg/day)
R = Kidney removal rate (mg/day)

fk =R = Kb = .693 Kb/TB

(9.6 MB) (Ca) (fy) (fk) = (0.337) (0.693)
6

¢ . —10.337) (0.693)
a = (9.6) (f) (f,) (6)

STEP 2. Assume that the enrichment of the material is such that the
concentration determined in Step 1 is equivalent to the Derived
Air Concentration. Then divide appropriate Derived Air
Concentration by the concentration determined in Step 1.

3
DAC (Bqlg ) x 1000 mq x luC‘l4 i X DAC (uC1/g)
Ca (mg/m™) 1g 3.7 x 10" Bq 37 Ca
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Example 3b (continued)
STEP 3. Use quadratic formula and equation for determining specific
activity to calculate the enrichment which corresponds to the

specific activity obtained in Step 2.

(See Step 3 in Example 4a.)

2
(0.38)" - 4 (0.0034) (0.4 - SA)
E = ‘0.38 i \/ 2 (0-38)

STEP 4. One solution will be less than zero. The other will be the

enrichment which is the "dividing 1ine" between chemical and
radiological effects.
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Table 2-12 show values used for fb and fk' intermediate results
for intakes and concentrations, and resulting "dividing 1ine" enrichments

for acute and chronic exposures, respectively.

Several aspects of this derivation must be kept in mind when using
this information. First, the derivation is based on standard metabolic
models and, therefore, does not necessarily reflect the effects of a
uranium uptake on a real person. Since individual metabolisms will not
necessarily agree with the model, the enrichment at which chemical and
radiological effects are equally 1imiting cannot really be precisely
specified. Uncertainty in the relationship between enrichment and specific
activity introduces additional imprecision. Consequently, exposures should
be evaluated for both chemical and radiological impact for uptakes of
uranium at enrichments close to the "dividing 1ine" enrichment between
chemical and radiological effects.

Next a derived chemical toxicity 1imit is compared to the ICRP
recommended radiological 1imits. The derived chemical toxicity 1imit of
0.07 mg/m3 is relatively close to the OSHA standard of 0.050 mg/m3 for
soluble uranium. It would be more appropriate to use the 0.050 mg/m3
value in establishing monitoring programs to ensure regulatory compliance.

Finally, this derivation utilized radiological 1imits to determine
1imiting hazard, but proposed regulations require radiological monitoring
at 10% of regulatory 1imits. Therefore, monitoring for radiological in
addition to chemical control, must occur at lower enrichments than those
previously identified.

The impact of using the OSHA standard of 0.050 mg/m3 can be assessed
by substituting that value for 0.07 mg/m3 in the Class D line of
Table 2-12, and by substituting 4.1 mg for 5.8 mg in the Class D line of
Table 2-11. [The value 4.1 mg was calculated by reducing 5.8 mg by the
same proportion that 0.071 mg/m3 was reduced to get to 0.050 mg/ma;
5.8 x (0.050/0.071) = 4.1.] When this is done, the enrichment at which
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radiological effects from chronic exposures become 1imiting increases from
15% to 21%. There is no change for acute exposures; chemical toxicity is
1imiting for all Class D exposures. Table 2-13, Figures 2-7 and 2-8
illustrates the differences between the derived level of 0.07 mg/m3 and

the OSHA standard of 0.05 mg/ms.

The impact of the requirement to perform radiological monitoring at
10% of regulatory 1imits can be assessed by reducing ALIs and DACs by a
factor of 10, then repeating the calculations described in Examples 4a
and 4b. The results of these calculations are also shown in Table 2-13.

The effects that enrichment, chemical form, and physical form have on
the hazards associated with uranium are summarized in Table 2-14. The
comparison of relative chemical and radiolog1cal hazards is based on a
derived kidney burden resulting from an acute exposure at the "no effect"
threshold. However, for transportability Class D, the effect of using the
OSHA standard of 0.05 mg/m3 is noted. The derivations used here can be
applied to any 1imit on chemical toxicity, be it a regulatory 1imit or an
internal exposure control 1imit. It should also be emphasized that
radiological impact should be considered for all intakes, even for exposure
situations where chemical toxicity is 1imiting.

2.5 Industrial Hazards

The principal industrial hazards associated with uranium are fires,
hydrogen generation, generation of oxides of nitrogen, and associated
mechanical hazards characteristic of heavy objects, i.e. back injuries from
14fting, dropping heavy parts on feet, etc. Hydrogen fluoride (HF) and
oxides of nitrogen (NOx) are by-products or reactants of common chemical
processes. Hydrogen (Hz) can be generated by reaction of water with
uranium metal, and finely divided uranium or uranium chips with a large
surface area to volume ratio can catch fire spontaneously.
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. TABLE 2-13. IMPACT OF REQUIREMENT TO MONITOR AT 10% OF RADIOLOGICAL LIMIT ON
THE ENRICHMENT AT WHICH RADIOLOGICAL CONCERN BECOMES LIMITING
(I.E., "DIVIDING LINE" ENRICHMENT)

Acute Chronic

Using 100% of Using 10X of Using 100% of Using 10% of
Transportability Radiological Radiological Radiological Radiological

Class Limit Limit Limit Limit
D, OSHA Std for . (1) 51% 21% 1.6%
Chemical Toxicity
D, Derived Level (1) 38% 15% 0.8%
Chemical Toxicity
W 39% 3.6% 1.3% (2)
Y (2) (2) (2) (2)

(1) Chemical toxicity concerns are limiting at all enrichments.

(2) Radiological effects are 1imiting at all enrichments.

Figures 2-7 and 2-8 represent the information presented in Table 2-13 for
acute and chronic exposures, respectively.
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Figure 2-7. Effect of enrichment on 1imiting hazard--chronic exposure.
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Figure 2-8. Effect of enrichment on limiting hazard--acute exposure.



2.5.1 Hydrogen Fluoride

Hydrogen fluoride is an extremely corrosive acid that is relatively
volatile in its anhydrous form. Anhydrous HF is a reactant for the
production of UF4 from U03, a by-product of the production of UF4
from UF6 and is generated whenever UF6 is released to the atmosphere
(H20 in air + UF6 - U02F2 and HF). External contact with HF
results in chemical burns of the skin, while exposure to airborne HF causes
chemical burns/irritation of the eyes, nose, and throat. Significant
inhalation can result in pulmonary edema. In general, individuals can
smell HF at levels of .02-.2 mg/m3 versus the TLV of 2.5 mg/m3. The TLV
was set based primarily on the irritation of eyes and mucous passages
rather than on permanent damage. No person can tolerate an airborne
concentration of 10 mg/m3; personnel will evacuate the area if they are
able to do so. Exposure for as 1ittle as 15 min. to an airborne
concentration of 20-30 mg/m3 may pfove fatal (pulmonary edema).

2.5.2 Nitric Compounds

Nitric acid is widely used for digesting uranium metal and
uranidm-bearing compounds, and for “pickling" metal products to inhibit
oxidation. Concentrated nitric acid gives off fumes which cause irritation
to eyes, mucous membranes, and skin. Significant inhalation can result in

pulmonary edema. The ACGIH TLV-TWA and TLV-STEL for nitric acid is 2 ppm
and 4 ppm respectively.

When uranium materials, especially metal, are dissolved in nitric
acid, oxides of nitrogen (NOX) are generated. The term NOx is applied
to mixtures of nitric oxide (NO) and nitrogen dioxide (N02). The ACGIH
TLV-TWA and STEL are 25 ppm and 35 ppm resp. Exposure to NO2 can cause
eye irritation, coughing, mucoid frothy sputum, shortness of breath, chest
pain, pulmonary edema, cyanosis, tachypnea, and tachycardia.
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2.5.3 Hydrogen Gas

Hydrogen gas (Hz) is used as a reactant in the production of UF
from UF6 and in the reduction of UO3 to U02, an intermediate step in
the production of UF4 from UO,. The Hz is usually generated by

dissociating ammonia, so assog1ated ammonia rather than hydrogen 1s
frequently identified as the reactant in those processes. Any facility
where H2 is used as a reactant should include design features (e.g., H2
monitors, roof vents, etc.) to ensure that hydrogen accumulations do not
occur. Generally, H2 hazards and control features are identified in

racility Safety Analysis Reports. Hydrogen can also be generated when

4

moisture contacts uranium metal, especially finely-divided uranium metal
such as machining chips. Care must be taken to ensure that H2 generated
in this manner does not accumulate (in closed drums or storage containers
for example).

2.5.4 Fire

Finely divided uranium metal is pyrophoric, capable of igniting
spontaneously. This type of material should be handled and stored to
minimize fire potential. Typically, machining chips are stored under water

or machining o011 in open storage containers so that any H, generated does

not accumulate. Neither water spray, C02. nor halon ext\ﬁgu1shes are
effective in fighting uranium fires. In fact, halon may be explosive if
directed at burning uranium and can produce very toxic fumes and gases.
Small uranium fires can be smothered in MET-L-X powder (a mixture of sodium
chloride and potassium carbonate). Larger fires, involving drums of
machining turnings for example, can be controlled by immersing the burning
container in water. Even this will not immediately extinguish the fire
because the hot uranium metal dissociates the water into H2 and 02
providing fuel and oxygen for the fire. If the quantity qf water 1is
sufficient, eventually the water will provide enough cooling to extinguish
the fire, but a significant amount of water can boil away in the process.
If the water level is allowed to fall low enough to uncover the uranium

while the fire is sti11 burning it will resume burning visibly.
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SECTION 3

DOE FACILITIES, PROCESSES AND EXPERIENCES

DOE facilities encompass a large variety of processes utilizing
uranium in many chemical and physical forms. The attendant health hazards,
as discussed in Section 2, vary with the uranium enrichment, presence of
uranium decay products, recycled uranium (RU) contaminants (such as fission
products), chemical composition, and physical characteristics (e.g.,
narticle size).

This section provides a generic discussion of the major processes and
uranium materials found in DOE facilities, as well as observations based on
operating experience regarding potential hazards. Since many of the
operations and processes are classified, the discussion will not refer to
any specific facility. Figure 3-1 is a flow diagram outlining the role of
various DOE facilities in programs administered by the Energy Assistant
Secretary for Defense Programs. Figure 3-2 is a flow diagram of the
nuclear fuel cycle within which DOE operates the uranium enrichment
plants. Uranium enrichment is one step in the uranium fuel cycle involving
the partial enrichment of the uranium-235 (U-235) isotope in naturally
occurring uranium to obtain a product with increased fissionable
uranium-235 content. Many steps in this cycle require chemical processes
to change the characteristics of the uranium fuel. The enrichment step,
however, involves only physical separation of isotopes, 1.e., the uranium
is in the chemical form uranium hexaf luoride (UF6) when it enters the
separation equipment and remains UF6 throughout processing.
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3.1 Facilities and Processes

3.1.1 Gaseous Diffusion

Process Description

DOE involvement in the nuclear fuel cycle generally begins with
uranium enrichment operations and facilities. There are two possible feed
streams to the uranium enrichment step (see Figure 3-2). One feed stream
is "virgin" coming from uranium ore. The second feed stream has been
through the enrichment-conversion-fuel-fabrication-nuclear reactor fuel
reprocessing chain prior to being returned to the enrichment step. This
second feed or "recycle* will contain trace amounts of fission products and
transuranics that were formed in the nuclear reactor and not completely
removed in the fuel reprocessing step. The uranium element appears in
nature in three isotopes having atomic weights of 238, 235 and 234. The
235 and 234 isotopes are fissionable and capable of sustaining a critical
reaction. Natural uranium contains 0.7 percent U-235 isotope. The
percentage of U-235 in the uranium is increased by isotopic separation
currently utilizing the gaseous diffusion process.

Three basic requirements must be met to apply the gaseous diffusion
process. These are a stable process gas (UFG)’ a porous membrane, and a
driving force to cause selective diffusion of the molecules through the

porous membrane.

The isotopic separation is accomplished by diffusing uranium, which
has been combined with fluorine to form uranium hexafluoride gas (UFS)'
through a porous membrane (barrier) and utilizing the different molecular
velocities of the two isotopes to achieve separation. The uranium-235
enrichment through each stage is so minute that 1iterally thousands of
stages are required to increase the assay from 0.7 percent to the desired
assay.
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Uranium hexaf luoride (UF6) has many advantages for use in the
. separation of uranium isotopes. It is one of a few stable uranium

compounds with an appreciable vapor pressure at moderate temperature.
Furthermore, the fluorine atoms in the molecule have only one natural
isotopic weight and the difference in masses of the U-235 F6 and U-238
F6 molecules is due entirely to the uranium isotopes. Thus, the
fractionation by molecular weight separates only uranium isotopes.
Table 3-1 1ists the characteristics of UF_. Figure 3-3 shows the UF

6
phase diagram. Health hazards associated with UF6 and other uranium
compounds are described in later sections. The disadvantages of uranium
hexafluoride are that UF6 is very toxic, corrosive and reactive

chemically, and its use necessitates special materials of construction and

6

special operating techniques, and places 1imitations on the operating
temperatures and pressures which are used. Although equipment is treated
prior to installation, UF6 reacts with the interior equipment surfaces
and barrier. This reaction produces uranium compounds less soluble than

UF6 (e.qg., UF4 and uranium-metal complexes) and provides a mechanism
for the ingrowth of uranium decay products.

The gaseous diffusion process uses porous tubes (barriers) to achieve
separation. To ensure diffusive flow, a uniform pore size of less than
two-millionths of an inch diameter must be maintained. The pore size for
diffusive flow is so small that 1iterally acres of barrier surface are
required in a large production plant. The amount of barrier surface in
each stage, or the number of porous tubes, depends on the required plant
capacity. By cascading or connecting the basic separation stages in
series, the desired level of enrichment can be achieved. Because the
separative capability per stage is so small, the exact number (always
large) of stages required is determined by the enrichment needed.
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TABLE 3-1. CHARACTERISTICS OF URANIUM HEXAFLUORIDE (UFg)

Characteristics

Molecular Weight-- 235UF5
38uF g

Sublimation Point at 14.7 psia

Vapor Pressure at Melting Point
(147.3°F, 64.1°C)

Density of Solid at 68°F (20°C)

NDensity of Liquid at 235°F
(112.8°C)

Density of Liquid at 250°F
(121.1°C)

Critical Temperature
Triple Point Data:
Temperature

Pressure
Density of Liquid

Heat of Sublimation at 147.3°F
(64°C)

Heat of Fusion at 147.3°F (64°C)

Heat of Vaporization at 147.3°F
(64°C)

Thermal Conductivity:
41°F, Solid (5°C)
162°F, Liquid (72.2°C)

Heat of Reaction for Ufg and Hp0
at 77°F (25°C)

Heat Capacity of Reaction
Products at Room Temperature
U0,F »

HF

Value

349.03
352.04

133.8°F (56.6°C)

22.0 psia (152 x 103pPa)

317.8 1b/ft3 (5091 kg/m3)
207.3 1b/ft3 (3320 kg/m3)

202.9 1b/ft3 (3250 kg/m3)

446.6°F (230.2°C)

"~ 147.3°F (64.1°C)

22 psia (152 x 103 Pa)
227.7 1b/Ft3 (3647 kg/m3)

8.2 Btu/1b (135 x 103 J/kg)

23.5 Btu/1b (54.7 x 103 J/kg)
35.1 Btu/1b (81.6 x 103 J/kg)

3.70 x 10-3 Btu/hreft.°F
(6.40 x 10-3 W/m+°K)

9.27 x 102 Bty/hreft.°F
(16.04 x 10-2 W/m+°K)

137 Btu/1b of UFg
(26.8 kcal/g mole)

0.0821 Btu/1b+°Ff
(343.8 J/kg+°K)

0.348 Btu/1b-°F)
(1460 J/kg-°K)
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A stage consists of a motor, compressor, and a converter (contains the
barrier and the cooler). The UF6 in a single stage (Figure 3-4), is
introduced as a gas and made to flow along the inside of the barrier tube.
About one-half of the gas diffuses through the barrier and is fed to the
next higher stage; the remaining, undiffused portion is recycled to the
next lower stage. The diffused stream s slightly enriched with respect to
U-235, and the stream that has not been diffused is s1m11ar1y depleted.
Figure 3-5 shows how the single stages are series connected or cascaded to
accomplish significant separations. It also shows the essential equipment
components required for the process. In this case, axial-flow compressors,
driven by electric motors, are used to move the process gas through the
diffuser (or converter) that contains the barrier. Stage coolers are
required to remove the heat of compression.

In a theoretical cascade, each stage would be slightly different from
the stages immediately above or below. The converters that contain the
largest barrier area would be located at the normal assay (0.72% U-235)
feed point. Stages above the feed point would be progressively smaller and
are referred to as the enriching section. The stages below the feed
location, also having progressively smaller stages, are called the
stripping section. The number of stages required in each section is
determined by operating parameters and by the total enrichment and
depletion planned. Fuel for 1ight water reactors can be produced by
diffusion cascades having only two, or possibly three equipment sizes,
while a longer cascade, such as the Portsmouth GDP, is designed to produce
a more highly enriched product for special reactors and, therefore, is made
up of five equipment sizes (11lustrated in Figure 3-6). As seen in this
figure, two feed streams supply the cascade. Two high-assay streams, two
commercial reactor assay streams (2.7 and 4.0% U-235), and the tails stream

are withdrawn. Average high-side pressures and assays are given on either
side of the schematic.
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Hazards Discussion

The primary hazard in a GDP is acute exposure of operating personnel
from.a major release of UF6 from the process equipment.
Low-level/chronic exposure is possible in certain phases of the process,
such as in feed and withdrawal areas and during process maintenance
activities. For low enrichments, the chemical toxicity remains the
controlling chronic hazard; at higher enrichments, radiotoxicity becomes
the controlling hazard, primarily due to the bone dose. Most of the
chemical compounds encountered in gaseous diffusion plants are Class "D*"
fprimarily uranium hexafluoride and uranyl fluoride). However, due to the
reaction of UF6 with the internal equipment surface, some class "W"
compounds are present on the internal surfaces of the process equipment
with their associated uranium decay products. In addition, contaminants
(prev1ous]y enumerated and discussed) introduced with the UF6 feed will
be present in various concentrations. In general, any contaminant of
higher molecular weight than uranium (e.g., transuranics) will concentrate
at or slightly below the UF6 feed point. Those contaminants with lower
molecular weight than uranium (e.g., technetium) will travel up the
diffusion cascade and concentrate at the UF6 "front" (the break point
between the UF6 and low density gases such as 02 and NZ)' While the
lighter contaminants will concentrate at the higher enrichment section of
the gaseous diffusion process, some of the material will deposit on
internal surfaces at much lower concentrations throughout the process
system. In general, the presence of uranium decay products or fission
products pose no significant hazard while confined within the process
equipment. The primary hazard occurs when the equipment is opened and
removed for maintenance or replacement.

Due to the feeding of recycled uranium in previous years, trace
quantities of fission products and transuranics are present in the
diffusion plants. In the high enrichment section of the diffusion process,
the fission product Tc-99 concentrates to significant levels requiring

special controls during equipment removal and maintenance. The feed and
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withdrawal operations concentrate non-volatile uranium decay products in
cylinder residues (heels) or in 1iquid UF6 transfer lines. In the
diffusion process, current levels of transuranics do not represent a
controlling hazard in the uranium systems. However, they occasionally
present some control problems in uranium recovery operations; these

processes will be considered later.

Operations utilizing uranium hexafluoride will not generally present a
hazard from penetrating radiation except in the handling of empty cylinders
and in the maintenance and decontamination of process equipment. However,
internal exposures may be of significant concern both from the standpoint

of acute and chronic exposures. However, UF_ has excellent visual and

olfactory warning properties, hence, chronicﬁexposures will be detected and
controlled at levels far below chemical or radiological toxicity limits, by
workers being aware of any significant releases of UF6. This general
principle is true except for "very highly enriched" (VHE) uranium
hexafluoride (>90% enrichment). It is important to be cognizant that
accidental releases of large quantities of UF6 represent a major acute
exposure concern due to its extreme toxicity. Several fatalities
associated with uranium processing have occurred when individuals were
exposed to high concentrations of UF6 and its reaction products during
accidental releases. (These fatalities occurred during the Manhattan
Project and one recently at Gore, Oklahoma.) As a result, any operation
with a potential for a large release of UF6 (primarily 1iquid handling or
transfer operations) should have secondary containment, if possible, as
well as personnel escape equipment. Evacuation routes should be
established consistent with Life Safety Code requirements. The probability
of releasing UF6 in the solid phase is extremely low. Any losses would

be due to sublimation to the gaseous state with gas escaping through the
opening or rupture. The 1iquid releases can occur at the feed, withdrawal,
cylinder sampling, and cylinder-to-cylinder transfer facilities. These
releases can occur at pigtail connectors, manifolds, cylinder valves, and
as the result of dropping cylinders filled with 1i1quid UF6 from 1ifting

cranes. Releases of UF6 from cylinders transported between facilities



are negligible since the contents are solidified before the cylinders are
transported. Finally, it is important to routinely analyze UF6 process
steams from each major source to identify the presence of contaminants,

both radiological and otherwise (e.g., organics and “1ight" gases), which
could pose health and/or safety hazards. These contaminants must be
evaluated with respect to their behavior in the processes involved to
determine if they will concentrate in any areas to the extent that their
hazard relative to uranium will change significantly and perhaps become the
controlling factor. For example, in the gaseous diffusion process,
technetium compounds are concentrated in the high enrichment sections of
the diffusion cascade and could become the controlling hazard.

Experience

As previously discussed the primary concern of the gaseous diffusion
plant is atmospheric releases of UFG’ HF, and UOZFZ' The probability
6 is in the 1iquid state and
smaller while UF_ 1s in the gaseous state. This is because the release

6
rate from a containment breach will be much higher in a 1iquid release and

of massive releases is greater when UF

the UF6 will flash to a gaseous state very quickly at ambient tempera-

tures and pressures. In systems utilizing gaseous UF_, the gas pressures

6!
rarely exceed 30 psia and usually are subatmospheric, and the amount of

material in the equipment is thus relatively small. Contamination spread
6 will generally be limited

to the immediate area, as a result of the low vapor pressure of the solid

from a breach of a vessel containing solid UF

UF6 mass. In fact, the release of uranium is due to the reaction of
moist air with the surface of the solid UF6, or sublimation to the
gaseous state or both.

There have been 21 major releases of UF6 at three gaseous diffusion
plants during the 18-year period between 1961 and 1978. None of these
releases resulted in serious injury to personnel on or off plant site. It
is estimated that the three sites performed more than 122,000 operations
involving pigtail connections on UF6 cylinders and more than



426,000 cylinder 1ifts with cranes, forklifts, and straddle carriers.
Approximately 135,000 of these 1i1fts included cylinders containing 1iquid
UF&’ the phase with the greatest release potential.

Criticality

Because of the range of U-235 enrichment involved, criticality safety
is of major concern in some areas such as the Portsmouth GDP. The analyses
of criticality potential at this plant under current plant design and
operation show that the risks associated with inadvertent criticality are
low to extremely low. No single failure has been identified that could
result in nuclear criticality. A double-contingency policy is followed in
the design and operation of all processes that could involve fissionable
material.

The maximum uranium enrichment produced and stored at the Portsmouth
GDP s 98% U-235. The bulk of the uranium inventory within the process
equipment is in the form of gaseous UFG' a phase which will not sustain a
critical reaction at any mass, geometry, or enrichment level. Other phases

of UFG’ i.e., 1iquid or solid, can become critical. The probability
exists for UF6 to solidify within the cascade due either to abnormally

low temperature conditions, or to wet air entering the cascade and forming
solid UOZFZ' However, an inventory shift would be necessary to
accumulate enough enriched material in a condition to cause a criticality.

Preventative Measures

To reduce the probability of a criticality, temperatures and pressures

are maintained at values to prevent solidification of UF Furthermore,

the cascade is maintained in a leak-tight condition, preSenting the
inleakage of wet air. A radiation monitoring program throughout the
cascade would locate any accumulation of solid uranium masses. In plant
areas where uranium solutions or compounds are processed or stored, various

criticality controls are employed, including geometry and batch control,



uranium concentration 1imitations, and other administrative controls. A1l
processes are analyzed by the Nuclear Criticality Safety Staff before
approval. Independent safety reviews are conducted on a periodic basis.

Although considered to be of low or extremely low probability,
analyses of possible criticality incidents revealed that 1ittle hazard
exists to personnel except those in the immediate vicinity of the
incident. Rapid evacuation is effective in minimizing exposures.
Criticality alarms are installed in facilities containing radioactive
material. Although alarms will not prevent an incident, employees will be
alerted to the need to evacuate and/or not to enter the facility. The
radiation alarm system is designated a safety system for all areas of the
plant.

3.1.2 Atomic Vapor Laser Isotope Separation (AVLIS) Process

AVLIS Process Description

The AVLIS process is the newest method of uranium separation and
enrichment. Although no DOE production plants exist which utilize this
technology, it will be briefly described.

In this process, metallic uranium is vaporized, selectively
photoionized, and separated to produce an enriched product stream and a
depleted tails stream. Figure 3-7 is a s1mp11fied schematic diagram of
this process.

Uranium metal is introduced into a large vacuum vessel where it is
melted and vaporized by large electron beam guns. (The interaction of
these electrons with the uranium melt produce copious quantities of
X-rays.) Uranium atoms in this vapor stream are selectively ionized by
laser 1ight. The "product" ions are extracted electromagnetically on
product collectors, while the "tails" stream passes through to be collected

on a tails collector.



Atomic Vapor Laser Isotope Separation
(AVLIS) process. Metallic uranium is melted
and vaporized. The vapor is illuminated by
visible laser light, which photoionizes the
selected isotope. The ions are then
electromagnetically extracted. Inset shows
the details of the separation process.
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Figure 3-7. Atomic vapor laser isotope separation (AVLIS) process.



Hazards Discussion

The most serious potential health physics problem associated with this
process is that of inadvertent exposure to the extremely high X-ray fields
generated within the vacuum vessel. While the vessel walls provide
complete shielding against these X-rays, any penetrations (e.g., instrument
feedthroughs) are potential problem areas. For a more detailed discussion,
see article by M. S. Singh referenced in the Bibliography.

Uranium hazards associated with this process are those associated with
uranium metals and uranium oxides which are discussed in other process
descriptions. It should be noted that since the U-234 does not follow
along with the U-235 (as it does in conventional enrichment processes) the
isotopic mix of AVLIS enriched uranium is not dominated by U-234 activity.
See discussion in Section 2 of this manual (2.1.1 Radiological Properties)
for comparative discussion and descriptive figures.

3.1.3 Uranium Conversion Processes/Uranium Refining

Conversion Processes

In addition to the uranium enrichment processes, much of the other DOE
activities involves some type of chemical conversion of uranium compounds
to produce materials to meet a specific need and subsequent physical
modification of these materials. This is demonstrated by the schematic of
the FMPC (Feed Materials Production Center) Facility processes shown in
Figure 3-8. The chemical conversion may involve oxidation or reduction of
uranium compounds, primarily uranyl nitrates, fluorides, or oxides. A
brief 1ist of uranium conversion reactions is shown in Figure 3-9.
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Figure 3-8. Schematic diagram of the FMPC process.
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Uranium Conversion Formula

UO2(NO3)z2 - xH20 — UO3+ NO + NO2 + O, + xH20
UOs + 2HF — UO2zF2 + H20

UO2F; + 2F; — UFs + 02

UOs + Hs — UO2+ H20

UO. + 4HF — UF4+ 2H20

UF, + 2Mg — U+ 2MgF»

Figure 3-9. Uranium conversion formula.
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Hazards

Chemical conversion processes tends to concentrate uranium decay
products in the waste streams. So as a general rule, fission products or
transuranics will also tend to concentrate in the process waste though
exceptions exist. The chemical characteristics of these contaminants will
cause significant exposure levels of beta and gamma radiation from the
uranium decay product activity in certain sections of the process. In some
cases, the radiological hazard of transuranics and/or fission products may
increase to a significant level of concern. These processes and hazards
are discussed in the following sections.

From a chemical toxicity standpoint, the Class D transportable
(soluble) compounds of uranium (e.g., UF6, UO2 FZ’ UO2 (N03)2)
present the greatest concern. However, with insoluble uranium compounds
(uranium metal, uranium oxides, etc.) the dominant hazard is normally the
radiotoxicity. In areas where enriched uranium is processed, criticality
safety is a major concern.

Refining Process

This section explains some of the basic features of the uranium
refining/conversion process as applicable to DOE operations. Two basic
types of refining processes utilized to produce UF6 from the uranium ore
concentrates (yellowcake) are shown in Figure 3-10. The processes consists
of four basic steps: sampling, feed preparation, conversion, and
purification. In the "dry" process, the uranium is first converted to

UF6 and then purified by fractional distillation; this process 1is

practiced in the United States at the Allied Chemical Uranium Refinery. In
DOE facilities, some version of the "wet" process is employed; in this
process, the uranium is first purified by solvent extraction and then
converted to UF6 or other compounds. A more detailed schematic of this
process is shown in Figure 3-11. The various steps in the "wet" uranium

refining process will now be considered.
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Figure 3-11. Steps in conventional uranium refining processes.
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Feed Sampling and Preparation

Process. For the most part, DOE facilities do not receive uranium ore
concentrates from commercial sources. However, uranyl nitrate solutions
are generated through processing of spent uranium fuel, uranium
contaminated waste decontamination solutions and classified uranium
material.

‘Hazard. It is important that in any process in which feed is prepared
for uranium purification/refining that the materials involved be analyzed
to determine the concentration and enrichment of uranium and also to
determine the presence of uranium decay products, fission products and/or
transuranics. From a process standpoint, it is also 1mportant to establish
the concentration of other, non-radioactive elements (e.g., metals,
fluorides, chlorides, etc.) since these may affect the efficiency of the
solvent extraction process. Dissolution of the feed material with nitric
acid produces an aqueous solution of uranyl nitrate hexahydrate (U0
(N03)2 6H20) containing excess nitric acid and variable amounts of
nitrates of metallic impurities and other radionuclides present in the feed.

2

The hazards associated with the sampling of the feed material and
subsequent dissolution by nitric acid are dependent on the material
source. Obviously, feed stream sampling from spent uranium fuel presents
health protection challenges due to the presence of fission products and
transuranics. Much of the process must be isolated from the worker by

using remote controls, system containment, and careful control of waste and
product streams. The sampling and dissolution of uranium metals, compounds

and uranium contaminated wastes may pose both external and internal
exposure hazards due to the presence of uranium decay products and/or the
potential for generating airborne contamination during solids handling
operations. Often, beta radiation levels from unshielded nitric acid
solutions may range from a few mrad/hr to hundreds of mrad/hr. In general,
they may be effectively shielded with low Z materials (i.e., aluminum), by
increasing the distance between personnel and open containers of solution
and by decreasing personal handling of solution containers.
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Purification by Solvent Extraction

Process. Uranyl nitrate has the unusual property, shared only by
nitrates of a few other actinides, of being very soluble in a number of
organic solvents. When such an organic solvent is immiscible with water,
it can be used in a solvent extraction process to separate uranium as
uranyl nitrate, from aqueous solution, thereby separating it from
associated impurities. Usually DOE processes use tributyl phosphate (TBP)
dissolved in a hydrocarbon diluent (highly refined kerosene, normal
hexane). The aqueous feed to the extraction equipment is highly acidic,
roughly 1 N nitric acid, and contains several hundred grams uranium per
liter. It is generally countercurrently extracted with the organic phase
(30 volume % TBP in normal hexane) at a ratio of 10-15:1. The uranium
concentration in the organic phase is 20-30% of the aqueous phase
concentration while in the depleted aqueous phase it is <1% of the
initial concentration. These concentrations and extraction efficiencies
are typical; however, the health physicist should collect analytical data
and process parameters for the specific system in question, since equipment
efficiencies vary greatly depending on the constituents of the incoming
solution. The depleted aqueous phase (raffinate) will contain most of the
metallic impurities, the uranium decay products and the fission products.
However, any transuranics present must be removed by reduction to an
organic-insoluble valence state (normally trivalent state). The organic
phase is then countercurrently extracted to produce a purified aqueous
solution of uranyl nitrate.

Hazard. The radiation hazards from the purification process arise
mainly from the concentration of uranium decay products and any fission
products in the raffinate. Since the raffinate is a waste, these concerns
extend through the waste treatment processes. Beta radiation fields of a
few mrad/hr to a hundred mrad/hr may be experienced. The gamma field is
generally inconsequential from uranium decay products; however, fission
products may present problems depending on the source material. The
initial task is to obtain good analytical results to identify the
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radionuclides present initially and; if possible, at each stage of the
process. Any spills of uranyl nitrate solution or raffinate should be
carefully cleaned since the corrosive 1iquids will react with most surfaces
and complicate decontamination. The residue from spills can lead to
elevated beta levels.

3.1.4 Conversion Processes

The end product of most conversion processes at DOE facilities is
uranium metal or UF&' However, depending on the end use, many different
compounds can be formed once the uranium is purified. Figure 3-12 shows a

flow sheet for conversion of U03 to uranium metal.

Process. In this step, an aqueous solution of UNH is first
concentrated by evaporation to provide a viscous liquid with the
approximate composition of uranyl nitrate hexahydrate. This viscous 1iquid
is then thermally denitrated to uranium oxide (approximate formula UO3 or
U308) as the product with waste emissions of nitrous oxides, water
vapor, and nitric acid vapor.

Hazard. The major hazards occur due to the plugging of the
denitration equipment, since maintenance must be performed to unplug the
equipment. This operation requires special controls due to the generation
of uranyl nitrate dust. The U03 (orange salt) is typically produced as
small, dense spheroids (5-10 um) which are not readily airborne. Since
the uranyl nitrate solution is extremely corrosive, substantial fixed
uranium contamination with associated decay products will be present on
internal equipment surfaces. For low enrichments of uranium, this could
result in significant beta dose rates when maintenance is being performed.
Also, spills of uranyl nitrate solution should be promptly cleaned up since
the corrosive solution will react with most surface leaving significant
fixed uranium beta activity. Decontamination techniques should take into
account the less soluble oxides.
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Process. The UO3 is reduced to UO2 by reaction in a
countercurrent fluidized bed reactor with cracked ammonia gas
(3 H2: 1N2) at a temperature of approximately 600°C. The exhaust gas
is filtered and cooled, and the excess hydrogen i1s burned.

Hazard. When uranium decay products are present in the UO3 feed,
they will tend to concentrate in the unreacted waste. The collection and
removal of UO2 presents some potential for airborne contamination. Any
system maintenance presents significant potential for creating airborne
contamination. Localized containment should be utilized, if practical.
The UO2 is only slightly soluble (between typical W and Y compounds).
Decontamination techniques must consider the 1imited solubility of the
U03 and UO2 compounds .

Process. In DOE facilities, the hydrofluorination of U02to UF‘
(green salt) utilizes two countercurrent fluidized bed reactors. The first

reactor runs at 300°C and partially converts UO2 to UF, while reducing

4
the HF content of the gas stream to approximately 15%. The second reactor

is feed anhydrous HF and the partially converted uoz, and converts

approximately 95% of the UO2 to UF4.
Hazard. Where uranium decay products or other impurities are in the
U0, feed, they will concentrate in the unreacted waste and may produce

2
significant exposure rates. The UF, is a powdery, easily dispersed

4
material. Stringent control measures should be incorporated into the
product unloading area to 1imit the spread of contamination and minimize

personnel contact with the UF, powder. Again, due to the range of

4
transportability classes (solubility), both urinalysis and in-vivo counting
are advisable. Decontamination techniques should be developed to handle

the various compounds that may be present. Lastly, maintenance of
equipment could involve significant beta dose rates from internal surfaces

of equipment.
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Process. At the DOE facility at Paducah, UF4 is converted to UF6

by reaction of the UF4 with F2 in a tower reactor. The reaction takes

place at a flame temperature of 1600°C; the reactor walls are then cooled
to 500°C. The UF_ produced is condensed as a solid in cold traps;

6
fluorine is recycled and secondary traps remove residual UF6. The UF6

produced is exceptionally pure; UF_ content is 99.97%.

6

Hazard. Any uranium decay products in the feed will be highly
concentrated in the unreacted tower waste; exposure rates greater than
1 rad/hr may be detected. System maintenance is another source of
significant contamination and exposure potential. System containment must
be assured due to the high chemical toxicity of UF_ and F_,. Both UF

6 2 6

and F2 have excellent visual and olfactory warning properties. Again,

internal equipment surfaces will have significant beta exposure rate from
the presence of uranium decay products.

Process. Enriched or depleted uranium is usually produced in the form
of UF6 from the United States gaseous diffusion plants; but it is
normally utilized as metallic uranium or as UOZ' Both UO2 and metallic

uranium can be produced from UF thus the first step is often to reduce

T
UF6 to UF4 by vapor-phase reduction with hydrogen. The UF, may be

4
hydrolized with steam to form UO,, with hydrogen fluoride as a by-product.

2’
Hazard. Since the UF6 is reacted as a gas, any uranium decay
products or other radionuclide impurities will be left in the solid phase

in the UF6 container. Thus, the UF4

hazards. However, the presence of fixed uranium contamination on internal
surfaces with the associated decay products will provide some beta exposure

produced will exhibit only uranium

when equipment is opened for maintenance. Another hazard is that the
reaction vessels develop cracks and will need to be regularly inspected and
replaced periodically.
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Production of Uranium Metal. The production of uranium metal is
accomplished at DOE facilities utilizing two basic processes:
(1) Reduction of UF4 by magnesium (2) Reduction of UF_, by calcium in

the "oralloy reduction process.*

8’

Magnesium Reduction

Process. The Magnesium Reduction Process is shown schematically in
Figure 3-13. Green salt, UF‘,
with magnesium. In this process, the uranium fluoride is mixed with

is converted to the metal by reduction

magnesium powder and placed in a reaction vessel called a bomb. After the
mixed feed material is placed in the container, the container is closed and
placed in a furnace. The temperature is raised to about 1300°F and a
reaction occurs. The uranium separates from the mixture and becomes a
molten metal in the center. The vessel is cooled and then opened. The
slag or refuse material must be broken away and the uranium metal, or
derby, removed.

Hazard. Most of the daughter products and most of the radioactivity,
is concentrated in the slag. Dose rates up to several hundred mrem per
hour may be encountered in low enriched uranium processes. The derby is

cleaned to remove slag that may be stuck to the outer surface. If a more
pure metal is needed, the derby may be reprocessed by arc melting to remove

some of the impurities. In each processing step, the waste material
concentrates the radioactivity, primarily from the removal of the uranium

decay products.

Oralloy Reduction

Process. In the calcium reduction process, uranium tetrafluoride 1s
reduced to the metal "button" form (see Figure 3-13). Granular calcium
metal (minus 4 plus 20 mesh) is mixed with the “green salt" and loaded into
a stainless steel reactor 1ined with a magnesium oxide liner. An igniter

capsule and a 1ithium biscuit are added to the reactor. The igniter will
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GREEN SALT REDUCTION TO METAL

Figure 3-13.

reduction of UF4 with magnesium.
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aid in initiating the reaction when the reactor is heated in an induction
furnace; the 1ithium will form a eutectic mixture with the calcium

resulting in a lower-setting temperature for the the calcium fluoride

slag. This procedure will have the advantage of producing a sound "button"
with a smooth top, shown in Figure 3-14. The reactors are purged of air
and fired under an argon atmosphere. The reaction will usually occur at
about 600°C, as measured by a thermocouple attached to the outside wall of
the reactor. The yield in converting uranium tetrafluoride to metal by
this process is usually greater than 99.50%. The calcium fluoride slag,
liner, and sand fines are routed to the chemical recovery area; the coarse

sand, after screening, is reused in the reduction process.

Hazard. As 1n‘the magnesium reduction process, most of the uranium
decay products are concentrated in the slag. However, since most of the
uranium produced in this process is very highly enriched, the penetrating
radiation levels are relatively low from the uranium decay products.

3.1.5 Physical Conversion Processes/Foundry Operations

Much of the DOE activity with uranium involves Foundry operations for
the physical conversion or metallurgical processing of the metal. This
includes such operations as melting and casting, forming, extruding,
shearing, etc. Each activity has its unique hazards.

Melting and Casting

Process. Melting and casting involve a change of state of elemental
uranium. The first metallurgical process generally is the melting and
casting of uranium into billets, ingots or special cast shapes for further
processing. Additionally, some alloying of uranium with niobium (2% and
6%) and titanium is also accomplished in induction furnaces.

Hazard. This change of state tends to concentrate on the surface any
impurities in the uranium, for example, uranium decay products. This
leads, in turn, to significant beta and gamma radiation exposure potential
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in the melting operation with the beta radiation the controlling hazard.
There is also a significant problem with uranium oxide dust generated from
these operations. Finally, the process may concentrate transuranics or

fission products, or both, if they are present in the uranium feed.

Mechanical Conversion

Process. Forming, extruding, and swaging are examples of mechanical
conversion processes. After the derby or metallic uranium billet has the
surface impurities removed, it may be mechanically processed into various
shapes. It may be extruded into rods or tubes, forged into complex shapes,
or swagged into bars or plates. For each of these processes, the uranium
is prepared for the subsequent operations by cutting into the correct size
pieces, encapsulating it in protective containers, providing a surface
lubricant, or other steps, depending on the process. For example, in the
extrusion of depleted uranium to form rod, the derby is preheated to
several hundred degrees, then placed in a hydraulic extrusion press in
which a ram forces the material through a hole or die. A lubricating
material is applied during the extrusion to minimize galling. The extruded

bar is usually rolled during cooling to reduce warping. Forging is another
type of pressure forming process in which a preheated piece is placed in a

press or die and pressure applied to force the material into the shape of
the die. The uranium is preheated to a plastic state to reduce the
pressure required. Swaging is a type of hammer forging in which the
material is repeatedly hit and formed into the shape desired. Again,
preheating is used to make the material easier to work.

Hazard. A number of hazards may be encountered in these operations.
With respect to external exposure hazards, the radiation dose rate from a
depleted uranium rod is about 250 mrad per hour at contact. Since most of
the contact dose rate is due to beta radiation, it is relatively easily
shielded. A pair of heavy gloves or a 2-ft distance will reduce the dose
rate by a factor of 100. However, extremity doses (hands) should be

measured and records maintained if a significant amount of manual handling
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is performed. In each of these processes, uranium contamination is
generated from oxidation of the surface and transfer of material to the
dies, presses, hammers, and handling tools. Uranium is highly reactive in
most atmospheres. Surface oxidation, similar to rusting of iron, produces
removable contamination on the bare material. This contamination can be
transferred to gloves, transport carts, tools, and equipment. Frequent
surveys should identify and quantify contamination spreads. Gloves, in
particular, may concentrate contamination and become as active a source of
hand dose as the uranium itself. Airborne contamination may also become a
problem if contamination levels are not adequately controlled.

One method used in the extrusion process to reduce contamination and
exposure potential is to place the uranium billet inside a copper
container, evacuate the air, and extrude the whole unit. The copper acts
as a lubricant for the die and as a protective cladding for the uranium.
The copper cladding on the resulting uranium rod, although very thin,
protects the uranium from oxidation and acts as a shield for the alpha and
beta radiation. This technique reduces contamination levels to
non-detectable and surface dose rates to less than 10 mrem per hour. Of
course, the uranium is now copper clad, and if this is not desirable, the
copper cladding will have to be removed. Other control methods, such as
working in inert atmospheres, inside glove boxes, and in ventilated hoods,
are used to minimize and confine the contamination that may be generated.

tach operation must be evaluated for the radiation dose that may be
received and the contamination that may be generated. The requirements of
the operation must be considered and controls established to protect the
workers. A typical supplement to the engineered controls is the use of
protective clothing. Gloves, lab coats, coveralls, and shoe covers are
routinely used as barriers between people and contamination. Caution must
be exercised in the designation of protective clothing to ensure that the
hazard from wearing the clothing does not outweigh the protection afforded;
i.e., loose clothing around rotating machinery, flammable material around
very hot operations, etc. Protective clothing may concentrate
contaminants--providing higher skin and/or extremity doses.
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Metal Working Machining

Process. The physical modification of uranium metal by various
metal-working operations also tends to disperse uranium metal and uranium
oxides. Usually, these operations (e.g., machining, lathing, sawing,
drilling, etc.) do not tend to concentrate contaminants from the uranium as
do melting or casting.

These operations present an external exposure hazard (both whole body
and extremity) from the mass of uranium present and from the concentration
of decay product or surface. Such operations also present an internal
exposure hazard from the generation of finely dispersed uranium oxide dusts
or fumes containing uranium. In general, the machining of uranium metal
does not produce uranium metal particles of respirable size since the
machining is generally performed utilizing a water-based coolant. However,
the control of uranium chips generated by machining requires controls to
minimize contamination and trackout by chips becoming embedded in shoes.

Hazard. Machining and lathing operations on depleted uranium material
expose the operators to potential radiation dose to the whole body,
extremities (hands primarily), eyes, and skin. Safety glasses provide
shielding to the eyes from the beta radiation as well as protection from
flying chips. Gloves also provide some shielding from the beta radiation
as well as a barrier between loose contamination and the skin.

Machining and lathing steps are frequently production line
operations. Consequently, other pieces are normally in the processing
line. Material not actually being worked on should be located away from
occupied areas or shielded to reduce the radiation dose to the operator.
Entry of personnel into the work area may be controlled to reduce the
exposure of people to the radiation. Periodic surveys should determine the

radiological conditions and dosimeters needed to detect and record
personnel doses.

3-36



The hazard from internal exposure to uranium during these operations
must also be controlled. There is a potential for inhalation of airborne
material, 1ngestion of contamination and injection into the body from cuts
and punctures. Machining and lathe operations frequently produce fumes at
the point of contact between the tool and the uranium. Some of the fumes
contain uranium. Also, the movement of the work piece may cause some of
the oxidized uranium on the surface to become airborne. If not controlled,
the airborne material may be inhaled. Contamination generated by the work
may be transferred to gloves and protective clothing and to the skin.
Injection of radioactive material directly into the body and the blood
stream is almost always the result of accidents. Examples of injection
accidents are the puncture of the skin through contaminated gloves by burrs
and shavings and cuts on the hands and fingers by sharp (and contaminated)
tool bits.

A significant hazard in machining and lathe operations on uranium
results from its pyrophoric properties. Chips, filings, and turnings of
uranium may spontaneously ignite and burn. The burning of uranium not only
produces airborne material which may be inhaled, but may ignite other
materials. The potential for spontaneous ignition may be reduced by using
large quantities of a water based lubricant for cooling during cutting
operations and adjusting the cutting speeds to reduce the temperatures.

The work area should be kept as clear as possible of chips and turnings and
other combustible materials. Metal chips and shavings should be stored
under water to keep them cool and to reduce their contact with air. For
some operations, it may be necessary to provide a dry, inert gas atmosphere
to control spontaneous ignition. Fire fighting equipment must be readily
accéss1b1e near these operations. Dry sand to cover burning material and
dry powder extinguishers, such as MET-L-X, can be used to put out uranium
fires. MWater should not be used on uranium fires because of the potential
for hydrogen generation. Storage of waste chips and turnings should be
provided well away from work areas, preferably in a separate, ventilated
and filtered building. For a discussion of pyrophoricity see the article
by R. B. Smith referenced in the Bibliography.
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3.1.6 Uranium Material Handling

Process. In connection with various uranium conversion processes and
with the fabrication of fuel elements, material handling is an area of
importance. In many cases, the uranium compounds are in a physical form
that is readily dispersible and are also in a relatively insoluble chemical
form. Materials handling processes must be managed to prevent airborne
contamination which could result in internal dose and to prevent the spread
of surface contamination.

Hazard. One of the most important radiation controls used 1s
ventilation and filtration. It is necessary to provide uncontaminated air
in the work place for personnel to breathe and to assure that only
uncontaminated air is discharged to the environment. Ventilation systems
should be designed to move contaminated or potentially contaminated air
away from occupied areas. Equipment such as hoods and glove boxes should
be used during dust and fume generating operations. The exhaust from
contaminated areas should be filtered before discharge. High Efficiency
Particulate Air (HEPA) filters are typically used. It is important to
control the use of portable, temporary ventilation, such as fans, to reduce
‘contamination spread.

3.1.7 Decontamination Activities

Process. Any facility that processes uranium compounds must have an
active decontamination program to support maintenance activities and to
cleanup after process outages. Good industrial housekeeping practice fis,
in itself, an effective method for maintaining contamination levels within
acceptable levels.

In general, most decontamination processes can be classified as "wet"
or "dry." Wet decontamination processes, as the name implies, utilizes
aqueous solutions to collect uranium contamination. The solutions may be
acidic (nitric, citric, etc.) or they may be basic (carbonates); in any
event, they should be tailored to the compound to be decontaminated.
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Hazard. Aside from the chemical hazards from the solutions
themselves, a number of potential problems exist. First, there is the
potential of resuspending the contamination which may create an inhalation
hazard. Second, the decontamination may involve exposure to uranium decay
products or RU contaminants. Third, wet methods may leave less soluble
radionuclides, such as thorium, behind which could continue to present a
hazard even though the area was decontaminated of other radioactive
material. Dry decontamination methods also present a variety of hazards.
The potential for resuspension of dry contamination is greater than it is
with wet methods. Specially designed HEPA filtered vacuum equipment should
be utilized to minimize resuspension hazards. Whenever enriched uranium 1s
present, engineering and administrative controls must be implemented to
minimize criticality hazards. The equipment design of collection vessels
should be critically safe.

3.1.8 Uranium Recovery

Process. The recovery of uranium from contaminated equipment, waste
materials, and spent fuel i1s essential from economic and ALARA
standpoints. Most uranium recovery uses solvent extraction and subsequent
calcination of the uranyl nitrate (UNH) solution. In this process,
solutions bearing UNH are countercurrently extracted with an organic phase
of tributylphosphate in high grade kerosene. The UNH is preferentially
extracted into the organic phase. The UNH-bearing organic phase is then
contacted with deionized water and the UNH is released into the aqueous
phase. The UNH bearing solution is concentrated and fed to a calciner
where it is thermally decomposed into uranium oxide.

Hazard. In this process, fission products, such as technetium, and
uranium decay products are concentrated in the aqueous waste stream
(raffinates). Depending on the source of solutions, the raffinate may
exhibit high beta dose rates (up to several hundred mrad/hr) on contact.
Generally, the dose to personnel may be effectively reduced by utilizing
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Tow Z material for solution containers or shielding and/or putting distance
(>2 ft) between the solution and personnel and 1imiting personal handling
of solution containers. Where spent fuel is reprocessed, there is a wide

variety of fission products of high activity that are of primary concern
from a health protection standpoint. A detailed discussion of irradiated

uranium fuel reprocessing is beyond the scope of this manual.

3.2 Uranium Forms and Uses

In summary, a knowledge of the processes, chemical and physical forms
of uranium, the U-235 enrichment and the absence or presence of RU
contaminants is essential to provide an effective health protection
program. Of particular importance is knowledge of the solubility of the
uranium compounds involved, their particle size, and dispersibility of the
material. It is also important to verify the effect of the particular
processes on the relative concentration of RU contaminants and uranium
decay products to uranium. This knowledge of the process and the uranium
materials involved will guide the design of the health physics program.

3.3 Summary Discussion and Guides

Overall, DOE facilities/programs have been very successful in
controlling radiation exposures and protecting worker health. Radiation
doses to workers have historically been well below standards and, in
general, average annual radiation doses have been reduced over the years as
more knowledge has been gained and radiation protection practices
improved. However, accident/incidents have occurred and will likely
continue to occur. The challenge is to develop programs that 1imit the
consequences of a loss of control. The development and implementation of
good health physics practices will minimize the probability of serious
problems. In addition, good practices will result in a reduction in

external and internal dose to personnel. However, the first step is to
fully understand the uranium materials handled and the processes involved.
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In general, the types of hazards present in DOE facilities are a
function of the enrichment level, the chemical form of the uranium, the
presence of contaminants, and the processing methods and controls
utilized. While the individual processes have been discussed in the
previous sections, some basic principles may be derived from the DOE
experience in the evaluation and design of health physics programs in
.uranium facilities.

Operations utilizing uranium hexafluoride will not generally present a
hazard from penetrating radiation except in the handling of empty cylinders
and in the maintenance and decontamination of process équ1pment. Internal
exposures may be of significant concern both from the standpoint of acute
and chronic exposures. However, UF6 has excellent visual and olfactory
warning properties. As a result, chronic exposures will be detected and
controlled at levels far below chemical or radiological toxicity limits
since workers will be aware of any significant releases of UF6. This
general principle will remain true except for "very highly enriched" (VHE)
uranium hexafluoride (>90% enrichment). It is important to be cognizant

of the extreme toxicity of UF_ in the event of a large release; most

fatalities associated with urgn1um processing have occurred when
individuals were exposed to high cbncentrat1ons of UF6 and its reaction
products during a release. Any operation that could result in a large
release of UF6 (primarily 1iquid handling or transfer operations) should
have secondary containment, if possible, and personnel should be provided
with escape equipment, and evacuation routes should be established
consistent with Life Safety Code requirements. Finally, it is important to

routinely analyze UF_ from each major source to identify the presence of

contaminants, both rgd1o1ogica1 and otherwise (e.g., organics and "1ight"
gases) which could pose health and/or safety hazards. These contaminants
must be evaluated with respect to their behavior in the processes involved
to determine if they will concentrate in any areas to the extent that their
hazard relative to uranium will change significantly and perhaps become the
controlling factor. Ffor example, in the gaseous diffusion process,
technetium compounds are concentrated in the high enrichment sections of

the diffusion cascade where they become the controlling hazard.
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Chemical conversion processes involve a wide range of uranium
compounds and transportability classes from D to Y. The chemical and
physical forms of uranium utilized must be considered in the establishment
of controls and monitoring programs. In DOE experience, a few individuals
have received internal exposures in excess of established 1imits in some of
these operations. Generally, these occurred due to the use of inappropri-
ate monitoring strategies (e.g., urinalysis for compounds having Class Y
transportability) and/or a lack of adequate control. Controls should be
evaluated with reference to radiotoxicity and chemical toxicity of the
materials. Many of the conversion processes will concentrate uranium decay
products and contaminants in the waste streams to levels representing
significant hazards. These will represent both internal and external
exposure hazards. In most cases, the primary external hazard will be due
to beta radiation from uranium decay and/or fission products especially to
the extremities.

In the physical conversion processes, remember that low enriched
uranium metal will present a beta radiation field of 200-250 mrad/hr on
contact. Also, while gamma radiation levels will be much lower (typically
5 mr/hr), if large amounts of uranium metal are stored the cumulative
levels may be significant. Those physical conversion processes that
involve a change of state will tend to concentrate uranium decay products
and impurities on the metal surfaces which may dramatically increase
surface radiation levels. Finely divided uranium chips and turnings can be
a fire hazard due to pyrophoricity of uranium. Finally, uranium metal
exposed to the atmosphere will form a coating of oxide very quickly which
will be easily removed as dust during the handling of the metal.
Contamination control practices are very important in such operations.

An aggressive nuclear criticality safety (NCS) program is required for
facilities which process enriched uranium. Since the consequences of a
criticality are so great, double contingency is required in the design and
operation of all processes involving fissionable material. No single
failure should be capable of causing a nuclear criticality accident. NCS
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issues must be evaluated by qualified professionals trained in the NCS
discipline. A brief discussion of NCS is presented in Section 8; which is
intended only to provide information sufficient to alert health physics
personnel of the need to obtain specific plant related training and the
assistance of NCS professionals in evaluating the specific operations and

conditions.
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SECTION 4

RADIATION PROTECTION MANAGEMENT

The responsibility for safety in the broadest sense rests with
management. However, every employee must take personal responsibility in
working according to established rules and industry standards to assure
personal protection and a safe working environment. The requirements for
the establishment of a Radiation Protection program at uranium processing
facilities are dictated by DOE orders, and are based on sound radiological
requirements such as those recommended in ANSI and NCRP documents. But the
foundation of a successful Radiation Protection program is the support of
the ALARA (As Low As Reasonably Achievable) concept by upper management.
Support and implementation of good radiation protection practices by
Radiation Protection management and all employees is no less important.

The purpose of a Radiation Protection program is to maintain a
radiation-safe environment. The Contractor will have a written policy on
radiation protection (including ALARA). The specific program responsibili-
ties include:

a. Establishing and maintaining operational procedures so radiation
exposure to workers and to the public is kept as low as

reasonably achievable below regulatory levels

b. Instructing personnel in safe work practices and the nature of
hazards associated with exposure to ionizing radiation

c. Assuring that personnel-monitoring duties are conducted as
directed

d. Conducting periodic radiation surveys as required
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e. Investigating each case of excessive or abnormal exposure, and

f. Maintaining all pertinent and required records.
This section establishes the basics of a sound radiation protection program.

4.1 Organization

A clear organizational structure established by the individual
contractor to best meet the business needs of the facility is necessary.
A1though no one organizational structure is best for every facility, there
are some common characteristics which are considered basic to supporting an
effective radiation protection program:

a. Management commitment to safety principles in general and to
ALARA specifically

b. Radiation protection program independent of operating/
manufacturing functions and clear delegation of authority to
Radiation Protection management

c. Adequate resident radiation protection staff within each facility

d. Adequacy of personnel, equipment and funding to achieve radiation
protection goals

e. Specific, formal assignment of ALARA responsibility.

4.1.1 Management Commitment

Management commitment to safety is the most important characteristic.
If the management commitment to safety is strong, the Radiation Protection
program will be valued/respected with adequate authority to perform
necessary assignments and program implementation. Adequate personnel,
equipment, and funding will also be available.
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4.1.2 Radiation Protection Organizational Independence and Reporting Level

Since there are many functional organization arrangements, each
facility should design an organization specific to its needs and
circumstances. Whatever the organizational structure, independence of the
Radiation Protection functions should be assured through effective access
to top management. A recommended organizational structure combines all the
occupational health and safety activities under one manager at a general
manager reporting level. Figure 4-1 is an example of an organization with
a centralized health and safety program.

A mid-sized facility with a 1imited scope of work could combine a
number of functions and sti111 maintain the independence of the Radiation
Protection function. Figure 4-2 illustrates such a structure.

Finally, a small, single function facility can maintain the
independence of the health physics program through a highly placed
radiation protection committee. In Figure 4-3, the Health Physicist
reports to the Engineering manager but maintains access to high levels of
management and decision making through the Health Physics or ALARA
committee.

4.1.3 Adequacy of Personnel and Equipment

Evidence of the commitment to a sound Radiation Protection program and
ALARA can be observed in the adequacy of the instrumentation and equipment
and the competence and enthusiasm of the personnel involved in meeting
these goals. Basic to production of this evidence is an adequate budget.
Specific recommendations on staffing and staff qualifications are made in
Sections 4.2 and 4.3.

4.1.4 Assignment of ALARA Responsibility and Authority

Responsibility for the ALARA program should be clearly defined and
placed with a specific individual or organization and be recognized as a
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Figure 4-1.

Organization chart with centralized health and safety program.
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Figure 4-3. Organization chart for small single function facility with
health physic‘s independence.
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major/valued function. Operational management is the appropriate choice.
Responsibility clearly defined would include:

a. Overall expectations of higher management for conduct of the
program

b. Time schedules

c. Goals to be achieved.

Further, basic goals should be established by operational organizations
with the help of Radiation Protection management where exposure problems
are most likely to occur.

Assignment of authority in addition to responsibility is necessary to
achieve ALARA goals. While the basic authority and responsibility for
employee safety rests with the facility manager and 1ine manager, in the
jdeal situation, the 1ine management Radiation Protection and other staff

work together to achieve working conditions where safety is maximized.

Specific authority granted to Radiation Protection management and
staff should include:

a. Approval of construction plans including facility modification
wherever radioactive materials are used, stored, or generated

b. Issuance and/or approval of radiation work permits

c. Determination and approval or both of operational protective
measures to ensure ALARA

d. Training development and qualification of radiation workers

e. Emergency shutdown of imminently hazardous operations.
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4.2 Staffing and Staff Qualifications

Central to maintaining a safe, operating facility and achieving ALARA
goals is a staff of competent dedicated and motivated personnel. In this
section staff requirements and qualifications will be discussed for both
professional and technician categories.

The number of professionals and technicians required to meet the ALARA
goals of a facility will depend on many factors such as the magnitude of
source inventory, the hazard potential of sources, and the size of the
organization. While no formula exists for making decisions about staffing,
some general guides will be outlined.

4.2.1 Professional Staffing and Qualifications

At least one professional health physicist should be on the
coordination staff of a uranium facility as it is being built. This
professional should be a certified health physicist or have several years
of experience in the operation of a uranium facility. As construction
nears completion, the remainder of the staff should be hired and trained
under the guidance of the experienced health physicist. This step allows
personnel to grow with the facility. Once operation of the plant begins,
potential problems will already have been identified and administrative or
engineering changes made to correct them. Professional staff hired after
start-up should have several months of orientation through direct
involvement under experienced personnel before working independently.

Professional health physicists, generally at the graduate level,
should have appropriate training and experience in radiation protection to
make necessary radiation measurements, evaluate their significance, and
devise corrective measures. General competency in the profession can be
verified by testing and continuing education through the American Board of
Health Physics. Other organizations certifying Health Physicists are the
American Board of Radiology and the American Board of Industrial Hygiene
(Radiological Aspects).
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4.2.2 Technician Staffing and Qualifications

Routine activities required for work place surveillance and
documentation are usually performed by technician(s) following methods and
procedures established/approved by a professional health physicist. The
technician may also offer advice to employees on matters related to
radiation safety, assist in training other employees, and relieve health
physicists of routine tasks. The need and use of technicians is dependent
on the nature and extent of radiation protection coverage. The training,
experience, and competence required of and/or possessed by the technicians
as well as the technical complexity of the radiation protection program
should be considered in specific responsibility assignments.

Employees hired as health physics technicians should have a high
school diploma with one year of high school physics as a minimum. A one or
two-year vocational technology degree in a radiological science curriculum
is highly desirable. Most companies provide specialized health physics
technician training directly (in house) or through company sponsored
programs. Testing of both knowledge of subject matter and job specific
skills should be used to verify the competency of the health physics
technician. The general competency level can be established by
registration by the National Registry of Radiation Protective Technol-
ogists. Refresher training and testing at specified intervals (2 to
3 years minimum) is recommended.

4.2.3 Staffing Levels

The professional health physics and health physics technician staffing
levels required vary depending on the types and quantities of nuclear
material being handled, the complexity of the operations performed, and the
number of workers involved. Some staffing surveys show a ratio of all
Health and Safety staff to total plant population of one to six percent.
When the health physics staff is compared to radiation workers, the range
is from 3 to 15%. A general guide to the "average" facility is one health
physicist or HP technician for every twenty radiation workers (5%).
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4.3 Training and Education

In order for employees in a uranium facility to have the understanding
necessary to work safely and take personal responsibility for their own
safety, they need training appropriate to their work. This training is
prov1ded by the company through supervision scheduling. Training for
workers at a uranium facility should be offered to four groups of
employees. These groups are the health physicists, health physics
technicians, radiation workers, and all of the other employees. There is
also a need to educate the public.

4.3.1 Training for Health Physicists

It is important that Health Physicists keep current with the radiation
safety field and especially that phase related to the facility for which
they are responsible. Certified health physicists must maintain their
credentials by obtaining continuing education credits through a program of
continuous study and upgrade. These credits are earned by attending
classes and seminars offered by professional organizations and
universities. Participation in local Health Physics organizations also
helps maintain knowledge and encourage the exchange of information.

Because health physicists are professional, it is expected that they will
also spend personal time in professional reading to keep current.
Management should formulate a professional development plan for each health
physicist which would include encouragement to conduct plant-related
research and submit papers for delivery at conferences or for publication
in journals.

4.3.2 Training for Health Physics Technicians

Health physics technicians perform most of the routine surveillance
activities associated with maintaining a safe working environment at a
uranium facility. The training provided should be thorough in covering
both the theory as well as the skills required. The theory is important in

4-10



assuring that the health physics technicians understand why, as well as
how, to complete an assigned task. The training program should be

competency-based rather than time-based. While the subject matter covered
may vary according to the particular operations and practices at the
facility, training should cover the following topics, as a minimum:

a. Basic nuclear physics

b. Metric system

c. Monitoring techniques

d. Radiation 1nstrumentaf1on

e. Respiratory protection and engineering ventilation control systems

f. Emergency procedures

g. Radiation biology and effects

h. Air sampling and internal dose determination

i. Decontamination

J. Radiation safety guides, standards and orders

k. ALARA guidelines and procedures

1. Responsibilities of working groups and personnel.

It is recommended that a qualification program be established for
health physics technicians which would include both written and practical

testing. It is also recommended that refresher training and retesting on a
regular basis be part of the program. Management may wish to recognize and



reward technician registration by the National Registry of Radiation
Protection Technologists.

Supervisors of the health physics technicians should also be well
trained. In addition to supervisory training, supervisors should be
knowledgeable in all of the same topics listed above plus have additional
knowledge of overall facility operations and procedures.

4.3.3 Training for Radiation Workers

Radiation workers are defined as individuals who are reasonably
expected to receive an exposure greater than 100 mrem/yr. Workers should
be well informed of the hazards, safe operating procedures, and materials
in the work place as a basis for an effective program.

It is recommended that Radiation Workers complete classroom training
on such topics as radiation fundamentals, radiation biology, and
measurement and control of radiation. On-the-job training specific to the
materials and equipment in the work area should be conducted for each
worker. Radiation workers should be qualified or certified to work alone
through competency-based, written and practical tests.  Refresher training
and retraining should occur at regular intervals, usually every two years.

4.3.4 Training for A1l Other Facility Personnel

A1l employees at a uranium facility should have basic knowledge of
radiation protection, which should give all employees a sense of the
facility mission, the basis for the rules and procedures and may also allay
any fears or uncertainties regarding their personal safety.

A1l employees should receive an orientation to radiation safety as
they begin work at the facility, regardless of job assignment. This
initial orientation should include such topics as:



a. Risks of low-level occupational radiation exposure and prenatal
exposure

b. Basic radiation protection concepts
c. Radiation protection policies and procedures

d. Employee and management responsibilities for radiation safety,
and emergency procedures.

Reorientation every two years is suggested to maintain employee awareness.

4.3.5 General Public Education

The need for public education in radiation safety will vary greatly
depending on the materials and processes used at the facility and the
interest displayed by the public concerning the facility. If the public is
interested, the need to inform the public about any matters which may
affect its well-being should be accepted. Hence, facility management
should provide the public, press, and health officials with appropriate
information on the facilities/processes, hazards and safeguards.

If a new facility is to be constructed, thorough discussions of the
technical and health aspects should be held early in the planning stages
with state and local officials as well as in open discussion with the
public. These discussions set the stage for open communications throughout
the 1ife of the facility.

4.4 Legal Aspects

Even with the most modern facility using the most stringent safety
policies and procedures, legal considerations (1itigations) are
inevitable. Documentation is needed as evidence of the existence and
effectiveness of a comprehensive radiation safety program. A1l records



should be complete to the extent that they document the patterns of
radiation exposure and working conditions at the facility. "Negative" data
(survey results which indicate no detectable contamination, air activity,
etc.) are as important as positive/detectable data. A complete record of
procedures, instruments, calibrations, data, calculations, interpretations,
and final evaluations which establish the degree of protection achieved are
all valuable in the event of 1itigation. If an injury or damage is
attributable to radiation, a complete record can establish the existence of
a comprehensive program and could represent a defense against a charge of
negligence, as well as to establish that radiation hazards were under
competent control.

4.5 Records

The systematic generation and retention of records relating to
occupational radiation exposure are essential to describe the occupational
radiation exposure received by workers and the conditions under which the
exposures occurred. In addition to the internal dosimetry records,
training records, and records related to individual external radiation
exposure, radiological conditions under which individuals were exposed,
historical records that establish the radiation protection policies and
standards of the facility, methods for interpreting and evaluating
individual exposure data, medical records, and equipment calibration and
maintenance records should be provided. Detailed guidance on radiation
exposure records systems can be found in ANSI N13.6-1972, Practice for
Occupational Radiation Exposure Records Systems (ANSI 1972). DOE
requirements can be found in DOE 5480.11.

Records are the primary source of information used to verify events
and trends and are essential in the case of l1itigation. Records are also
essential in audits and for tracking and/or evaluating the progress of the
radiation protection program.



A11 records should be complete to the extent that they reveal the
patterns of radiation exposure and working conditions at the facility. A
completed summary table of occupational radiation exposure estimates and
sufficient 11lustrative detail to explain how the radiation exposure
assessment process was performed should be included. A description of any
procedural changes that were made as a result of the dose-assessment
process should be developed. Significant information establishing the
radiation status of the facility and personnel exposure must be retained
throughout the 1ife of the facility and beyond.

It i1s suggested that personnel records contain the following
information, as a minimum:

a. HWorker identification and demographics;

b. Occupational radiation exposure data (current calendar quarter
external exposure, lifetime external exposure, and internal
exposure);

c. A1l medical data; and,

d. Worker training.

Computer databases are recommended as an efficient and desirable
repository for records. Data manipulation capability is strongly suggested
for maintaining extensive trend analyses and reports. Because of the
right-to-privacy laws and sensitivity of personal dose records, the

security and protection of both computer and hard copy records is necessary.

4.6 Quality Assurance and ALARA

A1l programs require periodical review/audit to evaluate the
implementation and effectiveness of Radiation Protection programs and to
ensure that the objectives are being met satisfactorily. Three basic
elements of a Radiation Protection program audit can be titled:
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a. Current status of the ALARA program

b. Quality assurance

c. Achievement of goals.

4.6.1 Current Status of ALARA Programs

Evaluation of the current status of the ALARA program involves a
determination of the program relevancy to current operations and needs. As
wWorkloads and functions change, so may the means of achieving ALARA
objectives. Therefore, the ALARA program should be evaluated in 1light of
the overall mission of the facility along with specific organizational
components. Areas in which most of the plant exposures are received will
need special review of the application of ALARA program requirements.

4.6.2 Achievement of Goals

Periodically, the ALARA program should be measured in terms of goal
achievement. Goals should be realistic and measurable, the development of
which is a management function. Setting measurable goals must be done
carefully with considerable thought given to the interpretation of results.

4.6.3 Quality Assurance

Quality assurance (QA) reviews should be scheduled periodically to
ensure that the program activities are adequately documented and carried
out in accordance with written procedures and policies. These QA audits
are a useful way to determine if adequate control of the radiation safety
program is being exercised by managers and staff members and to verify that
identified deficiencies have been corrected.



4.6.4 Technical Aspects

The technical aspects of the Radiation Protection program are the
compilation, analysis, and evaluation of personnel exposure data. These
data include exposure by job category, location, and expected exposure
versus that actually incurred. Review of the methods used for personnel
dosimetry, instrumentation, standardization, calibration, safety analysis,
and design review are some of the areas in which technical reviews and
audits can be conducted.

4.6.5 Attributes of Effective Review/Audit

Reviews and/or audits should be conducted as often as necessary with
the entire program examined no less than every three years. See specific
guidelines in DOE Orders 5480.11 (8.P.) and 5482.18B (9.d.). In addition,
random unscheduled reviews and audits of the radiation protection program
and 1ts implementation should be conducted.

Reviews and/or audits provide the means to evaluate the effectiveness
of the ALARA program through a detailed analyses of the data. Through
these analyses, specific areas of improvement may be identified. For
example, the exposure experience of a specific group can be tracked to
evaluate trends and their probable causes. An increasing exposure trend
can signal degradation in the radiation protection program, a need for
specialized training, changes in the work force, or a change in equipment
or operational procedure in the areas in which higher exposures are being
experienced. Similarly, a decreasing exposure trend could mean either that
the ALARA program is accomplishing its objective or that a major change in
radiation work has occurred. Such trends should be examined at least
quarterly to permit initiation of timely corrective actions. Personnel who
perform reviews and audits may be drawn from many sources, but should
include 1ine management, professional health physics personnel, and senior
management. Occasional use of outside consultants with proven technical
expertise is particularly advantageous.



When exposure trends and probable causes are clearly understood, the
information should be provided to both management and staff. If an
increasing exposure trend is identified, it can call attention to the
problem allowing corrective action to be taken or to signal special
procedures or precautions that may be needed. When the ALARA program 1is
successful in reducing exposures, immediate feedback can verify program
effectiveness and encourage further support of the program.

Reviews and/or audits and communication of the results provide the
base for program upgrade. Audits and/or reviews are also an effective
neans to evaluate the effectiveness of a policy or procedure change and
assist in determining what changes are most effective for a given set of
conditions, provide a basis for future decisions as to effective means for
reducing exposure, provide a basis for comparing costs with reﬁu]ts, and
provide a measure of the program's effectiveness for controlling individual
and person-rem exposures as well as dose ranges and percentage of total
person-rem represented by the ranges.

4,7 Administrative Controls

Radiation Protection in a uranium facility is achieved by a
combination of administrative and physical controls. Equipment and
facility designs can minimize personnel exposure to contamination and/or
radiation in the work place. In a new facility, the physical controls can
be designed so that administrative controls are minimized, which generally
result in a more efficient system. Many current DOE facilities are older
facilities in which the i1deal does not exist. When the primary controls
are administrative, a higher probability of incidents through human error

exists.

Administrative controls are achievable through careful documentation
of the procedures, materials, and maintenance jobs and a detailed system
management and Radiation Protection program control support for the work
performed in radiation environs. The objective 1s to carefully review all



work, establish effective control procedures, assure complete reviews and
approval, and execution as planned.

Administrative controls in a uranium facility are designed to 1imit
time in the work place, prevent contamination spread, and 1imit personnel
radiation exposure. The controls may include:

a. Radiation exposure limits;
b. Radiation work permits;

c. Bioassay result levels at which investigations are conducted and
workers are restricted from further radiation work;

d. Training required for performing radiation work; and

e. Radiation protection documentation system which allows the

tracing of DOE Order requirements from orders to policy, from
policy to standards and controls, and from standards and controls
to procedures.

The design of the facility and the operations performed will determine the
quantity of administrative controls necessary and the rigor with which they

must be enforced.

4.8 ALARA at Uranium Processing Facilities

The ALARA concept has wide application and serves as a basis for sound
health physics programs. The fundamental ALARA objective is to reduce
radiation exposures to the lowest levels commensurate with sound economics
and operating practices. Rea11§t1c numerical goals can be set and
achieved; however, compliance with numerical standards is not prima facie
evidence that the ALARA concept is fully incorporated in the health physics
program. Rather, the success of a mature ALARA program is measured by many



factors including intangibles such as dedication to the concept of dose
reduction. A set of ALARA recommendations will therefore include both
numerical goals and some relatively general philosophical guidance that by
itself may not appear to assist in achieving ALARA goals.

Development and implementation of an ALARA program in many uranium
facilities may be a challenging task, due primarily to the fact that
penetrating radiation doses are typically low and few individuals are
exposed near the regulatory 1imits for occupational exposures. As a
result, convincing management to spend valuable funds to further reduce
radiation exposures as low as reasonably achievable can be a problem. The
ALARA program must have the support and active participation of all levels
of management. It must be understood by the worker in the field and
receive his or her continued support and attention.

An ALARA program can be defined in four major elements: program
administration, goal setting and program evaluation, radiological design,
and conduct of operations. A1l four elements are vital to the successful
implementation of ALARA.

4.8.1 Program Administration

Not only is management commitment to the concept and success of the
ALARA program important, but communication to all employees is essential.
Policy statements, procedures, and manuals, as well as direct
communications, should be used to ensure that facility employees are aware
of :

a. The program

b. Their personal responsibility
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c. Their role in its success
d. Personal benefits of the program.

Training in the concept of ALARA, ALARA policy and program, and techniques
for its implementation is important and should be provided for specific
groups at all levels of the organization. This should include management;
and operations, maintenance, design, and the health physics staff. The
commitment and cooperation of all are essential to an effective program.

The ALARA function is a responsibility of all management levels but -
should be a tool of top management. High-level management should formally
assign both authority and responsibility for the ALARA program to a
specific individual or organizational component and identify management
expectations for the program. An independent ALARA review committee may be
used to review the program and findings from audits and make
recommendations directly to the facility director.

4.8.2 Goal Setting and Program Evaluation

Goals for the ALARA program may be either quantitative or
non-quantitative and may or may not be related to dose measurement. A1l
goals, however, should have one or more clearly defined end points which
contribute directly or indirectly to reducing personnel exposures.

Reducing person-rem by a specific amount in a specific period of time is an
example of a quantitative dose-related goal. Increasing staff awareness of
ALARA by publishing an internal ALARA communication is an example of a
non-quantitative, non-dose-related goal which may indirectly reduce
personnel exposure. An ALARA Committee composed of representatives of
operations, engineering, radiation protection, and others responsible for

the ALARA program can often establish more effective goals than can any one
special interest.
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In addition to the ALARA program evaluation routinely performed as a
function of management of the program, an independent evaluation should be
conducted periodically. The evaluation should be commissioned by senior
management and the personnel conducting it should report directly to them.
It may be appropriate to use an evaluation team if the size of the facility
and the extent of radiation work activities warrant. The individual or
team members conducting the evaluation should, individually or jointly,
have knowledge of and experience in health physics, facility operations,
design, management systems, and ALARA. A formal report should be issued to
senior management and include an overall assessment of the program,
vindings of the evaluation, areas of strengths and weaknesses, and
recommendations for change and improvement.

There are several measures or indices of performance or the degree of
ALARA achievement. Some commonly used measures of achievement are:

a. Mean individual dose equivalents for penetrating and
nonpenetrating dose to whole body

b. Specific organ doses from external and internal sources

c. Mean individual dose equivalents by job classification, location,
and task

d. Number of workers exceeding administrative dose levels
e. Size of radiation and contaminated areas

f. Effluent release quantities and types

g. MWorker training.

Not all performance measures are necessary for all programs, nor is any one
or combination of these necessarily suitable for all facilities. Rather,
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those responsible for the ALARA program should decide which measures are
most appropriate and the weighing factors to give each one. The ultimate
goal of the ALARA program is reducing radiation exposure to levels that are
as low as reasonably achievable, or maintaining them at such levels.
However, many activities and actions that ultimately affect the radiation
dose received may not be directly measurable using dose. These activities
and actions are important to the ALARA program and may, in many 1ns£ances.
result in significant dose reductions.

4.8.3 Radiological Design

Design of facility features to accommodate anticipated presence of
radioactivity or radiation-generating devices is important in reducing
radiation doses received in the conduct of work with radioactive materials
to ALARA. For both new facilities and the modification of existing
facilities, ALARA considerations should be introduced into the design
process at the earliest possible stage. During these early stages of
design, incorporation of design features to minimize exposures 1s most cost
and exposure effective. Design engineers should be trained in exposure
reduction techniques and ALARA practices. Radiation protection and ALARA
personnel should be included in the development of design criteria and
review of completed designs to ensure that dose reduction measures have
been included and are adequate.

Some of the design features that relate to the successful realization
of ALARA objectives are:

a. The layout of the facility; specifically, the use of sequential
radiation or contamination zones and the control of traffic
patterns;

b. The ventilation system, which should use pressure differentials
and high-efficiency particulate air filters to trap airborne
radionuclides and prevent the spread of airborne contamination
within or from the facility;
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¢. The waste removal systems, which should minimize the amount of
radioactive waste material permitted within a facility, provide
storage and handling to control exposure of personnel to casual
doses, and minimize the potential for fires, spills, and leakage.

4.8.4 Conduct of Operations

The application of the ALARA principles to the performance of work in
the field is the objective. ALARA design, engineering, planning, and
administration come to fruition in maintaining radiation exposures to
workers and the public as low as reasonably achievable. The operational
application of ALARA requires the cooperation and coordination of many
functional groups including radiation protection, operations, maintenance,
planning and scheduling, training, engineering, and administration.

The primary responsibility for controlling radiation exposure during
operations rests with the individual and his or her immediate supervisor.
The support functions provide the training, resources, guidance, and
measurements but it is in the application that the effectiveness of the
ALARA program may be realized. Operational measures for controlling
exposure must be applied to assure that any work with radioactive materials
is carried out in the safest manner reasonable. Both engineered and
administrative control measures should be used for 1imiting exposure.

As previously stated, engineered controls should be utilized whenever
possible. In addition, periodic verification of the continued
effectiveness of the engineered controls should be performed. Ventilation
and filtration systems should be routinely checked and inspected to assure
that operation within the design criteria is maintained. The integrity of
shielding, the reliability of equipment, etc., should likewise be routinely
verified.

Although administrative controls are not an adequate substitute for
engineered features, they are necessary. They are the management systems
developed and implemented to provide guidance, direction control, and



1imitations for activities. Administrative controls include the documents
that describe organizational interfaces and prescribe controls for
radiation protection. Administrative control, especially procedures,
should be reviewed by those responsible for ALARA to ensure that radiation
exposure activities include dose reduction considerations.

In summary, the successful implementation of an ALARA program requires
the commitment, support, attention, and efforts of all members of an
organization. In facilities in which the radiation exposures are
relatively low, implementation of the ALARA concept is particularly
challenging. The reduction of radiation doses to as low as reasonably
achievable demonstrates to workers and the public a continued emphasis and
concern for health and safety.
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SECTION 5

CONTAMINATION CONTROL

The control of contamination in the work place is a significant part
of the overall radiation protection program. Contamination control to
1imit personnel exposure is primarily concerned with minimizing ingestion
or inhalation of uranium compounds and controlling external exposure to
uranium decay products. Another major objective is to prevent the spread
of radioactive materials into uncontrolled areas. The control of
contamination can be a valuable part of an aggressive ALARA program since
the monitoring and control of contamination provides an indication of the
effectiveness of engineering controls and work practices in preventing the
release of radioactive material.

This section addresses the basic features of an effective
contamination control program and the technical considerations of
implementing various program features.

5.1 Air Contamination Control

The primary route of entry of uranium into the body is through the
respiratory tract. Release of contaminants from design containments and
suspension of radioactive particles into the work place atmosphere result
in the principle potential for internal intake.

5.1.1 Internal vs. External Dose Philosophy

It is the policy of DOE to avoid internal exposure of personnel "under
normal operating conditions to the extent (reasonably) achievable" (5480.11
89(1)3. A variety of methods are used, including:

a. Containment in process equipment, or handling facilities, i.e.,
hoods, glove boxes;
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b. Conservative use of respiratory protection which dictates the use
of protective devices not only when air activity has been

measured but when the potential exists due to work on
contaminated surfaces, etc.;

c. Isolation of and/or restricted entry to areas of known or
potential contamination;

d. Extensive detection and alarm systems for prompt alert to loss of
control or increased exposure potential.

The widespread application of these methods in DOE facilities have
resulted in a history of relatively minor internal exposures. The majority
of significant/reportable exposures to date have been the result of
accidental releases/exposures.

A variety of reasons have driven this approach and resultant
experience:

1. The assessment of internal dose is difficult, inaccurate, time
consuming, and offensive to personnel as compared to external
dosimetry. For example, an accidental internal uptake may

require:

a. The subject to submit dozens of biological samb\es over many
months' time,

b. Extensive analytical support,

c. Considerable time of trained professionals to analyze data
and calculate the internal dose, and

d. Long time lapse before the dose estimate is available which
handicaps the occupational exposure status of the worker.
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2. Prevention of internal exposure 1s more feasible and successful
than for external exposure. Contained radioactive material may
continue to produce external penetrating fields of radiation but
no internal exposure potential. Protective devices (respiratory
equipment) can minimize internal exposure.

3. Recent changes in recommendations of the International Commission
on Radiological Protection (ICRP) in formulating a Dose
Equivalent 1imit system results in a combining of internal and
external dose. Again, the difficulty and time delay of internal
dosimetry make elimination of significant internal exposure an
economic incentive.

However, in facilities which handle/process large quantities of
uranium there may be situations in which exposure to work place air
activity may occur. The fact that tons of material are handled rather than
gram quantities and that the material is less toxic (on a gram basis
because of low specific activity) make total containment less pract1ca1.
This difficulty, coupled with worker and management complacency ("it's only
uranium") have resulted in a few situations in which routine internal
exposures at low levels are experienced. Generally, these situations do
not represent "good practice" and should be solved (considering the
economics, practicality, and hazards evaluation) consistent with the "no
internal exposure" philosophy.

5.1.2 Purpose of Air Monitoring

The primary purposes of most air sampling/monitoring in DOE facilities
is to identify, evaluate, and control internal dose received by workers
from occupational exposure to airborne radioactive materials, to confirm
that source controls are functioning properly and to assess the exposure
significance of process upsets. There are two general aspects of air
sampling that must receive equal consideration in a properly executed
monitoring program. The first involves the methods and equipment, filters,
etc., by which a sample is collected and analyzed to yield an accurate
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measurement of the specific radionuclides. The second is the
procedures/protocol which establishes the sampling location, duration, and

frequency which focuses on determination of the radionuclide concentration
in the work area.

In order to meet these two purposes three types of samples are
collected: General Area Sampling (GAS), Breathing Zone Sampling (BZ), and
Personal Air Sampling (PAS).

GENERAL AIR SAMPLERS

Area sampling is performed in the general area of a work site where
work with radioactive materials is being performed. These methods are
typically used to measure airborne radioactivity for the following purposes:

a. Assure that the work place environments are free of contamination
and are inherently safe for routine occupational activities.

b. Detect measurable air activity which would signal the need for
use of respiratory protection equipment.

c. Detect unexpected loss of containment/malfunction of systems and
provide the basis to initiate corrective procedures.

d. Detect low level trends in activity which can signal loss of
confinement in early stages.

e. Occasionally estimate personnel exposure and/or evaluate
" compliance with federal orders.

BREATHING ZONE SAMPLERS

Breathing Zone Sampling is performed through a concerted effort to
place the air monitor/sampler in the immediate area in which the workers
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will spend the majority of their time. The intent is to sample the air and
define the air activity concentrations to which the worker(s) were actually
exposed. The purposes of BZ sampling are the same as those for GAS with
the emphasis on detecting low level trends in activity which can, in the
early stages, signal the loss of confinement.

PERSONAL AIR SAMPLERS

Personal air sampling is performed with a small, battery-operated, Tow
volume (approximately 2 2/min) sampler worn by the worker with the filter
located near the worker's face. This method more positively defines the
concentration of air activity which the worker actually inhales.

Active Versus Passive Monitoring

A further distinction in air monitoring is defined by:
1. Active (constant activity monitoring) and
2. Passive samples (retrospective documentation).

Continuous air monitoring (CAM) provides for immediate alarm and warning
workers of an accidental release of high levels of radioactivity. Passive
samples collect activity for a period of time after which the sample 1is
analyzed and the activity concentrations calculated, providing
retrospective 1nfbrmat1on on what the levels were. Each of these
sampling/monitoring approaches are utilized for specific purposes and
justification. Active monitoring is essential for high hazard and high
potential areas to provide immediate and timely protective response, while

the passive sampling provides high sensitivity activity records, trends,
etc.
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5.1.3 Requlations and Limits

The regulations, standards, and 1imits pertaining to exposure of
radiation workers to air activity in the work place are based on the
probability of injury to internal organs and the total body of radioactive
materials taken into the body. To facilitate control in the work place,
standard setting authorities have calculated Derived Air Concentrations
(DAC) and Annual Limits on Intake (ALI) which are designed to 1imit uptake
and resultant dose to internal organs. Operational hazards are directly
controlled by the DAC and/or ALI VALUES.

The International Commission on Radiological Protection (ICRP) and the
National Council on Radiological Protection (NCRP) are independent,
non-governmental organizations which set standards and guidance for control
of radiation hazards. The EPA and DOE implement these recommendations by
establishing federal policy for the protection of workers within these
areas of DOE application. EPA FR 52:17, "Radiation Protection Guidance to
Federal Agencies for Occupational Exposure® and DOE Order 5480.1,

Chapter 11, “"Requirements for Radiation Protection® establish the
requirements related to air monitoring. These requirements are:

a. ALARA is an overriding principle requiring monitoring and
documentation

b. DAC and ALI guides, as established by ICRP 30, are defacto limits
for control of the workplace and require demonstration of
compliance

c. Monitoring is required to assure control of potential exposure
sources

d. Any workplace area in which >10% DAC could occur must be
monitored
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e. Monitoring Systems (ambient) adjacent to work place to permit
representative measurements are required

f. Calibration of instruments/samplers to measure 8 DAC-hrs is
required

g. Design objective is to avoid inhalation of radioactive material
to the extent achievable

h. Areas in which >10% DAC exist must be posted.

5.1.4 Uncertainties and Limitations

A discussion of the uncertainties and 1imitations should prove useful
in placing air sampling/monitoring programs in their proper perspective.
In general, air sampling should not be used to estimate internal dose,
except in unusual circumstances where bioassay information is unavailable
and/or unobtainable. However, evaluation of worker exposure potential
utilizing DAC-hrs may be a legitimate control measure and demonstrate
compliance with federal directives.

Uncertainties Using Different Air Sampling Methods

An appropriate air-sampling method should provide samples which
accurately represent the air volume under study, but should not be used to
establish and/or document individual exposures except in unusual
circumstances. If air activity data must be used for exposure records,
these samples must be collected from the breathing zones of the workers,
from a volume of air known to have air concentrations representative of the
air actually inhaled by the workers, or a known conversion factor applied.
In contaminated areas subject to significant temporal and spatial
variations in the activity concentrations, only personal air samples or
‘virtually continuous grab samples collected from within the breathing zone
of workers can provide reliable breathing zone (BZ) samples. Almost any
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restricted area with good ventilation and with one or several point sources
of contamination will have substantial variations in the activity
concentrations observed at various locations, particularly if the
activities of the workers cause resuspension of the activity. Several
researchers have investigated the relationship between fixed air samplers
and spot samples collected at various locations in typical working areas,
and there is general agreement that variations as great as one or two
orders of magnitude are not unusual.

Gonzales et al. investigated the variability of air concentrations
around a single release point in a simulated glove box working environment
and found that air concentrations in the breathing zone of a worker ranged
up to 250 times those recorded by a fixed air monitor located a few feet
away. In this experiment, a single glove box was centrally located in a
20 x 20 x 8 ft room and the release point for the test aerosol was a
1/8-in. diameter hole at one glove location. Ventilation of the room
ranged from 6 to 12 air changes per hour.

Most of the field studies that compared urinalysis results with air
sampling in natural uranium facilities have, in general, indicated very
poor correlation between the estimated exposures and the bioassay data.
This would suggest that individual exposure records of uranium workers
based on GAS methods have limited validity.

Breslin et al. conducted a study in a uranium extrusion plant and
concluded that reliable exposure estimates could be obtained using GAS
methods coupled with careful time studies of working patterns. Breslin
conceded that the effort required would be prohibitive for routine
applications.

The potential for release of gaseous UF6 and subsequent generation
of its soluble hydrolysis product (U02F2) necessitates changes in the
air-sampling objectives in uranium conversion and gaseous diffusion plants
relative to those plants handling less reactive uranium compounds. In
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these plants, effective processing, as well as worker safety, requires a
fairly high degree of containment. Continuous general area air samples to

detect loss of containment in the process, coupled with spot air samples
constitute the typical sampling strategy. A 1963 study by Schultz and
Becher, conducted at the Oak Ridge Gaseous Diffusion Plant, concluded that
shift-long air samples collected in the general working areas of a gaseous
diffusion plant were virtually useless in predicting worker's urinary
uranium excretion. The slight correlation observed was not statistically
significant at the 95% confidence Level. These researchers also found that
smear samples of alpha activity on work surfaces in the area may provide a
better indicator of uranium uptake than the GAS records. This finding is -
similar to Kruger's observations in uranium mills.

Although transuranic material is handled by DOE Uranium facilities
only as feed contamination, the unusual characteristics of the transuranic
elements make them worthy of separate consideration. The low maximum
permissible concentrations specified for these elements and their
frequently low specific activities cause extreme difficulties in the
detection of significant airborne activity. These radioisotopes and their
daughters generally produce 1ittle penetrating radiation, and are not
easily measured by a whole body count (WBC) at levels less than a body
burden. The maximum permissible concentration (MPC) for soluble plutonium
(DAC Pu = 2 x 10‘]%uc1/m3) corresponds to the activity produced by a
single particle of pure plutonium only 1.6u in diameter per cubic meter
of air. Consequently, replicate measurements of airborne activity of
plutonium and other transuranic elements can be quite variable, even when
relatively large sample volumes are considered. This in itself can cause
difficulty in obtaining'representat1ve samples for estimating individual
exposures. Operations involving significant amounts of plutonium should be
conducted in a ventilated glove box environment and with monitoring and
systems capable of detection of small unsuspected releases involving a few
times one DAC. Special alpha CAMs (GAS) and fixed BZ samplers are the
standard air-sampling methods used in United States' facilities of this

category.
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Another serious deficiency of GAS monitoring for individual exposure
records can be traced to the high dilution factors that tend to reduce the
air concentrations before the contaminated air reaches the filter head.
Most restricted areas where contamination can occur are well ventilated by
several air changes per hour. A release of activity due to a malfunction
of the containment system can produce large activity concentrations at the
BZ of a worker. These concentrations can be diluted in an unpredictable
manner by one or two orders of magnitude before the contamination reaches a
monitor located only a few feet away. Further, it has been demonstrated
that in some operations (such as welding over a short time) period
differences of as much as a factor of 5 between the right and left lapel
PAS samplers can be expected.

An excellent example of the wide variations in observed air-activity
concentrations that can occur with different sampling techniques 1is
provided by data from the Three Mile Island Nuclear Generating Station
which is typical of operations in a large open building.

Between June and September 1983, over 40 multiperson entries were made
into the containment building providing 949 manhours of PAS data. Five
stationary air monitors were operated continuously at strategic locations
throughout the building, and each entry was preceded by the collection and
analysis of a high volume grab sample. A1l samples were analyzed by a
gamma spectrometer, primarily to detect cesium-137, and by gross beta
counting. A graph of the average air-activity concentrations determined by
gross beta counting by each of the three sampling methods is shown in
Figure 5-1.

The five continuous air samples exhibited good internal agreement when
averaged over either 12- or 24-h periods indicating 1ittle differences in
the averaged readings for the separate locations. However, the continuous
air-sampler readings averaged a factor of 3 lower than the grab samples and
a factor of 34 below the personal air-sample averages collected in the BZ
of workers. The majbr reason for this large difference was attributed to
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resuspension of the surface contamination by the work in progress. These
data, coming from a thoroughly monitored and carefully analyzed air-

sampling effort, are further evidence that GAS methods should be viewed
with caution.

Other Limitations

Although they play similar roles, there may not be an equivalence or
fixed relationship between breathing-zone sampling and bioassay. It is
usually not possible to accurately estimate individual uptake or the
resulting internal dose, from an air activity exposure estimates. It is
also difficult to accurately estimate previous internal uptake from
bioassay measurements.

Even when the air-activity concentrations in the BZ workers have been
reliably determined, there are other physical and physiological parameters
which can produce large uncertainties in dose assessment. The established
DAC are derived for each radionuclide assuming a standard volume of air
breathed in occupational situations, specified pathways to critical organs,
the "standard man* metabolic and elimination patterns, and the physical and
biological properties of the isotope.

While these generally conservative assumptions are justified when
calculating an appropriate MPC or DAC for control purposes, the actual
internal dose received by an individual worker will depend on how closely
the actual physical parameters of the aerosol and physiological parameters
of the worker corresponded to the standard conditions used to calculate the
DACs. Large variations are encountered in breathing rates and tidal
volumes (which depend on working conditions), and there are individual
variations in such physiological parameters as lung clearance and metabolic
rates. The particle-size distribution of the aerosol and the actual
solubility of the inhaled aerosol can significantly affect the deposition
and retention of airborne activity in the respiratory tract. Obviously,
the potential uncertainty in the total dose assessment cannot be less than
the uncertainty in any one of these parameters.
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Particle-Size Distribution

In the absence of actual measurement of particle-size distributions,
an activity median aerodynamic diameter (AMAD) of 1 u and a geometric
standard deviation (GSD) of two is often assumed as a conservative
estimate, per ICRP 30 methodology. Size-selective and size-measuring
inlets for air samplers have been developed to give more accurate estimates
of deposition. Cascade impactors can provide information on the AMAD and
the GSD of airborne contamination. As yet, the use of impactors for
continuous activity measurements in the BZ, in an attempt to catch the
brief and unexpected release of activity that often accounts for an
individual exposure, is of unproven practicality in most work situations.

Size-selective inlets (e.g., cyclones) have been designed for both GAS
and PAS equipment which separate the nonrespirable fraction of airborne
dusts and allow collection of the respirable fraction on a filter. These
devices could be useful for minimizing the dose assessment errors resulting
from lack of knowledge of the actual aerosol-size distribution; however,
they are expensive and require additional handling and care. They do not
provide a simple means for estimating total airborne activity.

Solubility

The health physicist may have some prior knowledge of the solubilities
and/or chemical compounds of the nuclide or nuclides in question and be
willing to classify as D, W, or Y. The new ICRP 26 dosimetry model
provides for a lung class designation of aerosols depending on the rate of
dissolution; however, actual determination of the lung class for dose
assessment can probably be determined only after the exposure utilizing
appropriate chemical and/or bioassay data.



Breathing Rates/Tidal Volumes

The actual air intake of a worker can vary from 5 L/min to 100 L/min,
although average variations from the assumed 20 L/min standard will
probably be no larger than a factor of 2 or 3. The air intake depends both
on the rate of breathing and on the volume of air exchanged (tidal volume).

Deposition/Clearance

While deposition fractions in the various lung compartments depend
primarily on particle-size distributions, these can change somewhat with
breathing rates and tidal volume, and may vary greatly from individual to
individual. Lung clearance and metabolism can depend on the general state
of health and on physical activity, perhaps to a factor of two or more.

Since these physical and physiological parameters are normally not
measured as part of the air-sampling program, accurate air-activity
measurements alone are not adequate for reliable individual dose
assessment. It may be argued that conservative dose estimates can be made
from reliable BZ air-sampling measurements (with uncertainties of perhaps a
factor of about five), but such estimates should not be considered adequate
for compliance with the federal regulations when significant air-activity
concentrations are encountered.

5.1.5 Samplers and Instrumentation

Air sampling equipment and monitors exist in a wide range of designs
and capabilities, the characteristics of which generally being specific to
the application and need. Samplers range from small portable units that
can be worn by a worker to large, high volume units permanently mounted in
the facility. Flow rates (as well as the preoperational detection 1imit or
sensitivity range) from a few liters per min to a few cubic mefers per min
are used.



Key factors in selecting air samplers and/or instruments are:

1. Sensitivity of detection needed

2. Type of sample to be collected

3. Convenience (size, weight, ease of operation, etc.)

4. Power requirements

5. Accuracy required

6. Reliability and maintainability.

Sensitivity

In general the sensitively required is at least DAC levels, however,
in some applications small fraction of DAC is desired to detect early loss
of control, low level trends, etc. Also constant and alarming air monitors
may only need to alarm at multiple DAC levels in order to be effective in
preventing or mitigating personnel exposures to accidental airborne
releases.

Type of Sample

In most uranium facilities particulates in the air are the concern,
although gaseous constituents may be of occupational interest. It may be
of interest to collect samples which will allow characterization of the
particle size distribution or define a “"respirable fraction." In each
application the samples type will dictate the sampler design, filter media,
etc.



Convenience

Available space, noise level tolerance, portability, and weight also
dictate specific designs and capabilities of air samples and monitors.

Power Requirements

Battery powered vs 110-220 line power requirements are obvious
criteria which dictate sampler/instrument design.

Accuracy

Some sampling is performed to “detect" or make relative measurements
(1s the activity rising or falling or is "any" escaping) and the accuracy
requirements are not great. In other situations the need for accurate
measurements of the air breathed by personnel impress an ent\re]y different
sampler design on the situation.

Selection and Use

Continuous monitors provide a real-time measurement and real-time
record of air activity concentrations. Typically these monitors utilize
pumps or air movers in the range of a few cfm and appropriate detectors,
electronic analyses and recorders to provide visual and audible indication
and alarms. They are generally used in the GAS mode.

Passive or cumulative air samplers collect samples at a specific
desired flow rate for a period of time after which the filter is removed
for counting and/or analyses.

Filters

Filters should have high collection efficiencies (1.e., >99%) for

particles over a wide range of sizes. Table 5-1 lists particle-collection



efficiencies in the particle size range of lowest efficiency for most
filters. Most cellulose ester (acetate, nitrate, or mixed ester) or fiber
glass filters meet these requirements and are commonly available. Other
filters with reasonable high collection efficiency may be used if required
for special applications or assay methods. Selection of a filter type
generally involves compromises between filter efficiency, resistance, and
requirements imposed by the desired assay method.

a. Cellulose ester membrane filters have interconnecting pores of
uniform size. They typically produce a higher resistance to flow
than fiber glass filters, and collect most particles near the
surface of the filter.

b. Fiber glass filters are made of a mat of randomly oriented glass
fibers. They have lower flow resistance than most membrane
filters, and trap an appreciable fraction of the particles within
the filter mat. Table 5-1 also presents data on filter
permeability, e.g., flow resistance.

c. Cellulose filters are often used for air sampling. They have
moderate flow resistance, but relatively poor collection
efficiency. Their use may be justified in some situations, but
only with the recognition that efficiency for certain particle
sizes may be low. Generally, if analytical and sample-handling
requirements allow, fiber glass or cellulose ester membrane
filters are a better choice than cellulose filters.

Each type of filter has inherent advantages and disadvantages. The
higher flow resistance of membrane filters may overtax the capabilities of
older models of some PAS pumps, although membrane filters can be used
successfully with many of the new models of pumps. Fiber glass filters
should be substituted if a significant pressure drop occurs with the
sampler being utilized.



TABLE 5-1.

SUMMARY OF FILTER CHARACTERISTICS

Filter
Permeability
Pore Velocity, Filter Efficiency
Size cm/s Range
Filter Material (mm) (AP = 1 cm Hg) (%)
Celluloge Fiber
Whatman
No. 1 Cellulose : -— 6.1 49 to0 99.96
No. 2 Cellulose — 38 63 to 99.97
No. 3 Cellulose - 29 89.3 t0 99.98
No. 4 Cellulose - 20.6 3310995
No. § Cellulose -— 0.86 93.1 t0 99.99
No. 40 Cellulose - 3.7 77 t0 99.99
No. 41 Cellulose ' - 16.9 43 t0 99.5
No. 42 Cellulose — 0.83 92.0 to 99.992
Glass Fiber
Gelman
Type A Glass fiber - 11.2 99.92 o >99.99
Type A/E Glass fiber - 15.5 99.6 10 >99.99
Spectrograde Glass fiber - 15.8 99.5 1o >99.99
Microquartz Glass fiber —_ 14.1 98.5 10 >99.99
MSA 1106B Glass fiber -_ 15.8 99.5 10 >99.99
Paliflex
2500 QAO Quartz fiber - 41 84 10 99.9
E70/2075W Quartz fiber - 36.5 84 10 99.95
T60A20 Teflon coated glass fiber - 49.3 55 10 98.8
(another lot) Teflon coated glass fiber - 40.6 52 to 99.5
T60A25 Teflon coated glass fiber - 36.5 65 to 99.3
TX40H12D Teflon coated glass fiber — 15.1 92.6 10 99.96
(another lot) Teflon coated glass fiber — 9.0 98.9 to >99.99
Reeve Angel 934AH Glass fiber — 12.5 98.9 to >99.99
(acid treated) Glass fiber - 20 95.0 to 99.96
Whatman
GF/A Glass fiber —_ 14.5 99.0 to >99.99
GF/FB Glass fiber - . 5.5 >99.99 to >99.99
GF/C Glass fiber — 12.8 99.6 to >99.99
EPM 1000 Glass fiber — 139 99.0 to >99.99
Plastic Fiber
Delbag Microsorban-98 Polystyrene — 13.4 98.2 1o >99.99
Membrane
Millipore
MF-VS Cellulose acetate/nitrate 0.025 0.028 99.999 to >99.999
MF-PH Cellulose acetate/nitrate 0.1 0.16 99.999 to >99.999
MF-PH Cellulose acetate/nitrate 0.3 0.86 99.999 to >99.999



TABLE 5-1. (continued)

Filter
Permeability
Pore Velocity, Filter Efficiency
Size cm/s Range
Filter Material (mm) (AP = 1 cm Hg) (%)?
Membrane (continued)
Millipore (continued)
MF-HA Cellulose acetate/nitrate 0.45 1.3 99.999 to >99.999
MF-AA Cellulose acetate/nitrate . 0.8 4.2 99.999 to >99.999
MF-RA Cellulose acetate/nitrate 1.2 6.2 99.9 to >99.999
MF-SS Cellulose acetate/nitrate 3.0 1.5 98.5 to >99.999
MF-SM Cellulose acetate/nitrate 5.0 10.0 98.1 to >99.99
MF-SC Cellulose acetate/nitrate 8.0 14.1 92.0 to >99.9
Polyvic-BD Polyvinyl chloride 0.6 0.86 99.94 to >99.99
Polyvic-BD Polyvinyl chloride 2.0 5.07 . 88 to >99.99
PVC-§ Polyvinyl chloride 5.0 11 96.7 1o >99.99
Celotate-EG Cellulose acetate 0.2 0.31 >99.95 to 100
>99.999 to 100
Celotate-EH Cellulose acetate 0.5 1.07 99.989 to >99.999
Celotate-EA Cellulose acetate 1.0 1.98 >99.99 to >99.99
Mitex-LS Teflon 5.0 4.94 84 10 >99.99
Mitex-LC Teflon 10.0 7.4 62 to >99.99
Fluoropore
FG PTFE-polyethylene reinforced 0.2 1.31 99.90 to >99.99
FH PTFE-polyethylene reinforced 0.5 2.32 99.99 to >99.99
FA PTFE-polyethylene reinforced 1.0 7.3 99.99 to >99.99
FS PTFE-polyethylene reinforced 3.0 23.5 98.2 t0 99.98
Metricel
GM-6 Cellulose acetate/nitrate 0.45 1.45 99.8 to >99.99
VM-1 Polyvinyl chloride 5.0 51.0 49 10 98.8
DM-800 PVC/Acrylonitrate 0.8 2.7 99.96 to >99.99
Chemplast
75-F Teflon 1.5 3 83 to 99.99
75-M Teflon 1.0 6.6 54 to >99.99
75-C Teflon 1.0 32 26 to 99.8
Gelman Teflon Teflon 5.0 56.8 85 to 99.90
Ghia
S2 37PL 02 Teflon 1.0 12.9 99.97 to >99.99
S2 37PJ 02 Teflon 2.0 234 99.89 to >99.99
S2 37PK 02 Teflon 3.0 24.2 92 to 99.98
S2 37PF 02 Teflon 10.0 - 95.4 to >99.99
Zefluor
PSPJ 037 50 Teflon 2.0 32.5 94.6 t0 99.96
PSPI 037 50 - Teflon 3.0 31.6 88 to 99.9
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The surface-particle collection properties of membrane filters can be
an advantage when sampling for alpha and weak beta-emitting materials,

since this minimizes self-absorption of the combined filter/particulate
counting sample. Membrane filters are especially useful if the sample 1is
to be analyzed by alpha spectrometry, since surface collection of particles
reduces degradation of energy resolution. Membrane filters are also
advantageous if the assay procedure for the sample involves ashing or
dissolution of the filters.

Table 5-1 information on filter permeability may be used to compare
filter resistances for different filter materials and sizes as follows:

[
_ylemz), 1 1), (cmHg . s)
AP = V( S ) A_f( 2) Perm cm

cm

where

v = volume flow through the filter

Af = the area of the filter through which the sample passes.
This will be a fraction of the total filter area. This
fractional area will be constant for any specific filter
holder, so resistance for different filters can be
compared directly using total filter area, provided either
would be used in the same filter holder

Perm = the filter permeability from Table 5-1

cmHg = pressure drop in centimeters of mercury.
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Filter Holders

Criteria for filter holders are simple but critical. For the
collection of large volume work room air samples, filter holders should be
open-faced such that sample air is drawn directly onto the filter surface
from the atmosphere without passing through a tube, orifice or other
obstruction. This precludes loss of the radionuclide to surfaces upstream
from the filter. However, closed-face cassettes are recommended for small
PAS. Research studies of commonly available types of closed-face cassettes
with 4 mm inlets indicate that these designs have good particle-collection
characteristics (at a flow rate of 2 L/m), in addition to reducing sample
contamination problems. Other closed-face filter inlet diameters,
geometrics, and flow rates may also be acceptable, but have not been
characterized. See Figure 5-2 for a typical closed-face cassette.

According to present theory the diameter of the filter opening should
be held within prescribed 1imits, depending on flow rate, to avoid biasing
particle collection by the effects of sedimentation and inertia. For the
range of more commonly used flow rates, 5 to 50 2/min, the theory
indicates proper diameters to be on the order of 2 to 5 cm which are
consistent with sizes that are 1ikely to be selected to satisfy other
criteria. However, the theoretical treatment applies to calm air, which is
atypical of most occupational environs, and it has not been confirmed

experimentally. Therefore, these biasing effects have not been shown to be
of practical significance in routine circumstances.

The filter should receive adequate support so that it is not stretched
or torn by the pressure drop caused by the flow of sample air. The filter
holder should be free of air leakage around the filter as well as into or
through the holder's component parts. Finally, filter changing and holder
replacement should be convenient and positive.

Filter holders may be made of various metals or plastics. Generally,

metallic holders are more reliable and durable.
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Figure 5-2. Typical closed-face cassette.
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Size-Selective Devices

Size-selective devices fall into two categories: respirable fraction
collectors and devices for measuring complete particle-size distr1butions.
Respirable fraction collectors are generally simpler to use, readily
available, and have well-characterized collection and separation
properties, since the mining industry, National Institute of Occupational
Safety and Health (NIOSH), and Mine Safety Health Administration (MSHA)
have done considerable research and development in this area.

Particle-size distribution measuring (particle-sizing) devices are
typically more complex and require more sample analysis. The major
advantage in using these devices is that the size distribution of airborne
contamination is useful information for estimating regional deposition of
inhaled particles in the respiratory tract. Particle-size measurement
should be performed only by properly trained individuals, as an
investigative tool for evaluating the health hazard posed by a process
and/or procedure suspected of generating airborne contamination.

Radiological safety workers may wish to use respirable fraction-size
selectors, if they intend to use PASs solely for more accurately estimating
individual uptake, particularly if the work site is dusty and activity is
distributed over a wide range of particle sizes (for example, airborne
material in a uranium milling plant).

Measurement of only the respirable fraction of airborne contamination
will reduce sensitivity to larger airborne radioactive particles.
Unfortunately, these larger particles may be of interest for a more general
evaluation of the quantity of airborne contamination generated by the
worker's activities. Total airborne-activity measurements are probably
more useful in evaluating control of airborne contamination, and are also
satisfactory for conservative estimation of individual exposure.

a. Particle-sizing devices. The cascade impactor is the most

commonly available particle-sizing device. Air samples passing
through a cascade impactor are forced through a series of
increasingly rapid changes of velocity. The inertia of the
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particles causes them to deviate from the direction of the
airstream at locations where the particles' speed and direction
are changing most rapidly. Particles of different aerodynamic
size deflect to different extents so that some contact surfaces
are impacted. Impactors are designed so that most (ideally all)
impaction occurs on sample collection (i.e., impaction) surfaces
at each stage. This is usually accomplished using carefully
designed air jets directed at impaction surfaces at each stage.
The quantity of material in a particular size range can be
estimated by examining the material deposited on the impaction
surfaces at each stage.

There are some 1imitations and drawbacks to use of impactors.
Cascade impactors subdivide the sample, so that more sensitive
assay methods may be required for successful use. There is a
1imit to the mass of material which can be collected on each
stage before overloading; inactive dust is always present and may
1imit useful sampling time. Each impactor stage (i.e., stage in
the cascade) is a separate sample which must be analyzed. This
multiplies capacity requirements of the sample-counting system.
Impactors (and most other aerodynamic size selectors) are
sensitive to the airflow characteristics which are compatible
with their products, or the impactor should be calibrated for
particle-sizing characteristics with the PAS pump which will be
used for sampling. This calibration requires equipment and
facilities which are not available to most safety personnel.
There are no standards yet for impactor performance. Users who
intend to use cascade impactors should consult the literature on
the topic.

Respirable Fraction Samplers. A number of respirable fraction

samplers have been developed, but the cyclone separator is the
most extensively used and characterized type, since it is
specified by NIOSH/MSHA for personal respirable mass sampling in
coal mines. NIOSH and MSHA currently certify entire sampling
systems (PAS pump, cyclone, filter head, and filters) for
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personal respirable fraction sampling. This "system" approach
may be modified as the result of recent research; however, it

does provide an interim standard for performance. The
performance of cyclones, pumps, and filters may be characterized
to allow intermixing of sampling-train components in future work;
but, at present, theoretical prediction of performance of mixed
systems is not reliable.

Cyclones are aerodynamic particle sizers, as are impactors, but have
some different operating features. They are not affected by loading, so
dusty environments are not a problem, although filter loading may limit
sampling time. Cyclones are rated for performance at a particular flow
rate. Performance at other flow rates cannot easily be predicted and
should be determined by testing. In contrast, impactors do follow a
simple, well-defined relation between flow rate and size separation.

Alternatives to mechanical methods of particle-sizing exist and other

respirable fraction separators may be available in the future. Combined
total and respirable fraction samplers would be desirable; such designs
retain both the respirable and nonrespirable fractions so that total
airborne activity can be estimated.

5.1.6 Sample Analyses

Most sample analyses at uranium facilities are performed by
quantifying the radioactivity on the samples collected. There are some
fluorometric analyses performed with equivalent sensitivity.

Alpha Counting

Alpha particles can be counted with ionization, proportional,
scintillation or other solid state detectors. The major draw back is that
relatively 1ittle particle penetration in the filter or dust loading can
result in lTow reading due to self absorption of the alpha particles.
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Alpha Spectrometry

The energy spectrum of alpha emitters on a filter paper is possible
and very beneficial in some applications in identifying or verifying the
identity of the isotopes producing the radiation. Typically semiconductor
detectors are the choice and membrane filters or other surface collecting
filters are used with very low dust loading.

Beta Counting

Thin window G.M., ionization, proportional and solid state detectors
are used for beta counting. Due to the wide range of beta particle
energies of even a "single energy" emitter, careful energy calibration is
necessary. Beta counting is less dependent upon self absorption.

Beta Spectrometry

Beta spectrometry has recently become feasible through developments in
tissue-equivalent plastic detectors. Forbroutine isotopic identification
this method is not as useful but may provide valuable shielding
information, etc.

Gamma Spectrometry

NaI and Geli detectors can provide essential isotopic identification
of gamma emitters.

Precautions

The intricacies and procedures of sample analysis is beyond the scope
of this manual. However, one or two general precautions are important to
mention.

The naturally-occurring radionuclides, radon and thoron and their

decay products, are present in all atmospheres in widely varying
concentrations. These radionuclides are typically in higher concentrations
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than the isotopes of interest and, tend to interfere with radiometric
analysis unless they are given time to decay after sample collection.

Radon daughters, which are much more abundant than thoron daughters in most
areas, decay with an effective half-1ife of about 30 minutes and a counting
delay of three hours may be adequate. Thoron daughters decay with an
effective half 1ife of 10.6 hours and where they exist in significant
concentrations, a counting delay of several days is advisable. The
presence of either radionuclide on a filter can be detected by recounting
two or three times at intervals of a few hours.

The sensitivity of any counting method depends primarily on the
background count rate of the counting instrument and estimates of low
radionuclide concentrations can be seriously in error if the counting
background isn't known accurately. Even in stable instruments for which
the background count may be quite constant, a daily check is advisable
because of the possibility of contamination from sample material.
Background counts should be made with a blank filter in place because some
filter media contain trace amounts of radioactivity.

Counting instruments also require standardization periodically.

Standard sources used for this purpose should match the samples both in
size and energy.

The contaminated or upstream sides of filters collected in clean
atmospheres are often difficult to identify and some convention that is
understood by the analytical staff should be followed by sampling personnel
to assure that the proper sides of filters will be counted. This may
consist of marking the exposed side of the filter or placing the filter in
the sample envelope consistently with the exposed side toward the

identifying number or label on the envelope or marking the unexposed side
of the filter.
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5.1.7 Monitoring Strategies and Protocols

Designing an air-sampling program for the work place is a complex task
since each facility has unique environments for the generation of airborne
activity. It is important that the radiation safety personnel coordinating
the sampling program have a thorough understanding of the basic operations
at their facility, especially with respect to the potential each operation
has for generating airborne material. In addition, these personnel should
be familiar with the working habits of potentially exposed workers. The
success of most sampling programs depends on a proper selection of workers
to be sampled, and, therefore, on the ability of radiation safety personnel
to accurately assess workers' risk of exposure. This can only be
accomplished by well-trained, observant safety personnel.

Two basic questions should be considered for an airborne activity
hazard evaluation:

a. Where are the potential aerosol generation and release locations
in the worksite, and what is the magnitude of potential exposures
associated with each?

b. How effective or failure-prone are the physical and procedural
barriers which protect the worker from airborne radioactive

material generated at these locations?

Potential Sources of Airborne Contamination

Virtually every worksite has at least one of the fundamental
mechanisms for the generation and suspension of particulate material. The
following descriptions of some of the basic mechanisms of aerosol
generation, are intended to help radiation safety personnel recognize
processes which have inherently higher risk. Vohra compiled a 1ist of the
more common mechanisms for aerosol formation in nuclear industries. They
are:
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a. Mechanical fragmentation, i.e., grinding, abrasive saws,
sandblasting.

b. Combustion. Burning material produces smoke, fumes, etc.

c. Heating. Many materials produce aerosols when heated, without
actually igniting.

d. Formation from bubbles, foams, or highly agitated liquids. Fine
solid particles can form from larger, evaporating 1iquid droplets.

e. Condensation of 1iquid or solid particles from the gas phase.

f. Fformation of particles from the products of gas-phase reactions,

i.e., UF6 + 2 H20 i U02F2 + 4 HF.

g. Formation of solid, radioactive nuclides from gaseous parent

nuclides. These radionuclides usually attach to existing,
nonradioactive aerosol particles.

h.  Adsorption of gaseous, radioactive nuclides on nonradioactive

aerosols.

A similar 1ist developed by Leidel et al. for identifying industrial
processes which may be sources of airborne particles is shown in
Table 5-2. this information is applicable in many nuclear industries.

A11 potential sources of airborne contamination should be identified
as a first step in developing a safety program.

Worker Routine and Procedure Evaluation

The program designer should be familiar with the routines and working
habits of workers, especially those in situations were there is a greater
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TABLE 5-2. SOURCES OF AIRBORNE PARTICULATES

Hot Operations

Welding

Chemical reactions

Soldering
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