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FOREWORD

Since its discovery by Seaborg, McMillan, Wahl, and Kennedy in the winter
of 1940-1941, plutonium has become a principal component of the United States'
nuclear defense program. The manufacture and use of plutonium is a very com-
plex process--so complex that it has the distinction of being one of the most,
if not the most, studied of all the elements. Much has been said about plu-
tonium. Numerous volumes have been written about it. It is feared by some

- and respected by all. Some have incorrectly labeled it the most toxic element

known. Its toxicity and, more importantly, its radiotoxicity are the reasons
that this manual of good practices was originally compiled and has now been
revised.

This manual was originally issued in 1977. Since then, much new informa-
tion has been learned about the properties of plutonium, new processes have
been developed, and significant additional experience has been collected.
National and international organizations have issued new and revised recommen-
dations and standards for radiation protection and for the design and opera-
tion of nuclear facilities including those issued by the U.S. Department of
Energy (DOE) to further enhance the safety and control of nuclear facility
operation. The revision of this manual is an attempt to incorporate the new
information and to make the manual more current for the user.

The manual is directed primarily to facilities whose sole purpose is the
handling of large quantities of plutonium for military or industrial use. It
is not intended for use by facilities that are engaged in reactor or chemical
separation operations nor for partial or occasional use by analytical labora-
tories. While these facilities would find the manual beneficial, it would be
incomplete for their needs.

‘The manual focuses on the radiation protection aspects of handling plu-

‘tonium and is based on the experiences of DOE contractors. It includes cri-

teria and guidance in the design, construction, and operational areas,
because, as is well known in the nuclear industry, joint efforts by the
original manual, "No amount of good management can correct for basic problems,
including safety-related problems caused by poor design; nor can an excellent
design eliminate problems caused by poor management or the poor work habits




of the staff. However, good design, work habits, and management are only
tools: safety and good work practices ultimately become the personal respons-
ibility of the individual."

In the manual, the terms "controlled area" and "uncontrolled area" refer
to radiologically controlled and uncontrolled areas. These terms are not to
be confused with formal definitions of controlled and uncontrolled areas. In
addition, the terms "dose rate" and "exposure rate" are used interchangably
throughout the manual for ease of reference and are not always used according
to their formal definitions.

Nuclear criticality safety is not discussed in detail. Information such
as maintaining safe conditions for processing, handling, storing, or trans-
ferring plutonium materials is beyond the scope of the manual. A discussion
of the health physicist's role in criticality safety is presented.

Of the practices presented in this manual only those taken directly from
regulatory documents are mandatory. The final authority is, of course, the
 regulations themselves, and they should be consulted for resolution of any
questions. For the practices that are not required, several alternatives may
be available to accomplish a specific task safely, and any one of them may be
as acceptable as the one presented here. However, personnel who lack exper-
jence in health physics and radiation protection and who may be undertaking
new responsibilities in plutonium facilities should find this manual extremely

.

Edward J. Vallario, Acting D1rec or
Radiological Controls Division
Office of Nuclear Safety

U.S. Department of Energy

useful.
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SUMMARY

This good practices manual was originally issued by Pacific Northwest
Laboratory (PNL) in 1977. It filled a need within the plutonium handling
facilities by providing, in one document, technical information and day-to-day
guidance for managers, health physicists, and employees engaged in the hand-
ling of plutonium. The increase in the experience base since that time and
the value of the original manual prompted the U.S. Department of Energy (DOE)
Office of Nuclear Safety to support this revision of the manual.

This manual consists of six sections: Properties of Plutonium, Siting of
Plutonium Facilities, Facility Design, Radiation Protection, Emergency Pre-
paredness, and Decontamination and Decommissioning. While not the final
authority, the manual is an assemb]age of information, rules of thumb, regula-
tions, and good practices to assist those who are intimately involved in

plutonium operations.

An in-depth understanding of the nuclear, physical, chemical, and bio-
logical properties of plutonium is important in establishing a viable radia-
tion protection and control program at a plutonium facility. These properties
of plutonium provide the basis and perspective necessary for appreciating the
quality of control needed in handling and processing the material. Guidance
in selecting the location of a new plutonium facility may not be directly use-
ful to most readers. However, it provides a perspective for the development
and implementation of the environmental surveillance program and the in-plant
controls required to ensure that the facility is and remains a good neighbor.

The criteria, guidance, and good practices for the design of a plutonium
facility are also applicable to the operation and modification of existing
facilities. The design activity provideskmany opportunities for implement-
ation of features to promote more effective protection and control. The
app]ication of "as low as reasonably achievable" (ALARA) principles and
optimization analyses are generally most cost-effective during the design

»

phase.

The successful operation of a plutonium facility requires a high-quality
radiation protection and contamination control program. Elements essential
to such a program include personnel training, appropriate instrumentation,




radiation monitoring and surveillance practices, internal and external expos- ‘

ure control programs, analytical capability, administrative controls and
records systems, and an independent quality assurance overview to ensure that
it all gets done correctly.

An emergency plan is also required to ensure that the personnel operating
a plutonium facility are prepared to respond promptly and effectively to any
emergency situation. The plan must ensure that procedures are in place for
protecting employee and pub]icvhea1th and the facility, both in response to
the immediate emergency and in the recovery actions.

When a plutonium facility is no longer useful, provisions must be made
for alternative uses, long-term institutional control, or for return of the
facility to unrestricted use. While it is recognized that current regulations
lack definitive guidance, the discussion of decontamination and decommissioning
alerts the plutonium operators to consider specific conditions and practices
during current activities that will make the process more effective, whatever
the eventual allowable release criteria might be.
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ACRONYMS
® I

AC alternating current
ACGIH American Conference of Governmental Industrial Hygienists
| ALARA as low as reasonably achievable

ALI annual limit on intake

AMS Aerial Measuring System

AMAD activity median aerodynamic diameter

AMDA acceptable minimum detectable activity

ANSI American National Standards Institute

ARAC Atmospheric Release Advisory Capability

ARG Accident Response Group

ASME American Society of Mechanical Engineers

ATRAP United States Air Force Transportable RADIAC Packaqe

AWWA American Water Works Association

CAM continuous air monitor

CERCLA Comprehensive Environmental Response, Compensation, and Liability

Act

CFR Code of Federal Regulations

D&D decontamination and decommissioning

DAC derived air concentration

DBA design-basis accident

DBE design-basis earthquake

DBF design-basis fire

DOE U.S. Department of Energy

DTPA diethylenetriaminepentaacetic acid

EA environmental assessment

EAL emergency action Tevel

ECC Emergency. Control Center

EDTA ethylenediaminetetracetic acid

EIS environmental impact statement

ECS Emergency Control Station ’

EOC Emergency Operations Center

EPA U.S. Environmental Protection Agency
. EPZ emergency planning zone
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ERDA
FEMA
GI

GM
HEHF
HEPA
HQ
HPSSC
IAEA
ICRP
IEC
IND
IS0
JNACC
LANL
LIS
LLNL
LMFBR
LWR
MAD
MDA
MPBB
MPC
MPOB
NAWAS
NBS
NCRP
NEPA
NEST
NFPA
NIOSH
NOAA
NRC
NRRPT
OBE

Energy, Research, and Development Administration
Federal Emergency Management Agency

gastrointestinal

Geiger-Mueller

Hanford Environmental Health Foundation, Richland, Washington
high-efficiency particulate air

headquarters

Health Physics Society Standards Committee
International Atomic Energy Agency

International Commission on Radiological Protection
International Electrotechnical Commission
Investigational New Drug

International Standards Organization

Joint Nuclear Accident Coordinating Center

Los Alamos National Laboratory

laser isotope separation

Lawrence Livermore National Laboratory

liquid metal fast breeder reactor

light water reactor

mean aerodynamic diameter

minimum detectable amount (activity)

maximum permissible body burden

maximum permissible concentration

maximum permissible organ burden

National Warning System

National Bureau of Standards

National Council on Radiation Protection and Measurements
National Environmental Policy Act

Nuclear Emergency Search Team

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
operating basis earthquake




ORNL
PNAD
PMF
. PRR
PSAR
pVC
PVDF
QA
RADCON
RAMS
RAMT
RCG
RCRA
R&D
REACTS
RPT
RWP
SAR
SDD
SNAP
SNM
TED
TEPC
TGLD
TLD
USGS
USTR
WEP
WG

Oak Ridge National Laboratory

personnel nuclear accident dosimeters
probable maximum flood

protective response recommendation
preliminary safety analysis report

polyvinyl chloride

polyvinylidene fluoride

quality assurance

U.S. Army Radiological Control Team

remote area monitoring systems

U.S. Army Radiological Advisory Medical Team
radioactivity concentration guide

Resource Conservation and Recovery Act
research and development

Radiation Emergency Assistance Center/Training Site
radiation protection technologist

radiation work procedure

safety analysis report

system design description

Space Nuclear Auxiliary Power (system)
special nuclear material

track-etch dosimeter

tissue-equivalent proportional counter

Task Group on Lung Dynamics
thermoluminescent dosimeter

United States Geological Service .
United States Transuranium Registry, Richland, Washington
water-extended polyester

water gage
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DEFINITIONS

Absorbed Dose is the energy imparted to matter by ionizing radiation per unit

mass of irradiated material at the place of interest in that material.
The absorbed dose is expressed in units of rad (gray).

Annual Effective Dose Equivalent (le includes the dose equivalent from both

external and internal irradiation and is defined by ZWTHT where Hp is
T

the dose equivalent in tissue T and Wr is the weighting factor repre-

senting the ratio of the risk arising from irradiation of tissue T to

the total risk when the whole body is irradiated uniformly. The annual

‘effective dose equivalent is expressed in units of rem (sievert).

Annual Limit on Intake is the activity of radionuclide which, if taken alone,

would irradiate a person, represented by Reference Man (ICRP Publica-
tion 23)‘3) to the limiting value for control of the workplace.

Committed Dose Equivalent (HT 50) is the calculated dose equivalent projected

to be received by a tissue or organ over a 50-year period after an intake
of the radionuclide into the body. It does not include contributions
from external dose. Committed dose equivalent is expressed in units of
rem (sievert).

Committed Effective Dose Equivalent (HE 50) js the sum of the committed dose

equivalents to various tissues in the body, each multiplied by its
weighting factor JwHy g.
T b

Derived Air Concentration is the concentration in air obtained by dividing ALI

for any given radionuclide by the volume of air breathed by an average

worker during a working year (2.4 x 103 m3).

given in DOE 5480.11. ()

Numerical quantities are

(a) International Commission on Radiological Protection (ICRP). 1974.
Report of the Task Group on Reference Man. ICRP Publication 23, Pergamon
Press, New York, New York. v

(b) U.S. Department of Energy (DOE). 1987. Radiation Protection for Occupa-
tional Workers. DOE 5480.11, U.S. Department of Energy, Washington, D.C.
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Dose Equivalent (HT) is the product of absorbed dose (D) in rad (gray) in
tissue, a quality factor (Q), and other modifying factors (N). Dose '
equivalent (HT) is expressed in units of rem (sievert).

Effective Dose Equivalent (HE) includes the dose equivalent from both external

and internal irradiation and is defined by ZWTHT’ where H. is the dose
T

equivalent in tissue and Wr is the weighting factor representing the
ratio of risk arising from irradiation of tissue T to the total risk when
the whole body is irradiated uniformly. Effective dose equivalent is
expressed in units of rem (sievert).

Weighting Factor (le js used in the calculation of annual and committed

effective dose equivalent to equate the risk arising from the irradiation
to tissue T to the total risk when the whole body is uniformly irradi-
ated. The weighting factors are:

Organ or Tissue Weighting Factor
Gonads 0.25
Breasts 0.15
Red Bone Marrow 0.12
Lungs 0.12
Thyroid 0.03
Bone Surfaces 0.03
Remainder(2) 0.30

(a) "Remainder" means the five other
organs with the highest dose (i.e.,
liver, kidney, spleen, thymus, adrenals,
pancreas, stomach, small intestine or
upper and lower large intestine but
excluding skin, lens of the eye, and
extremities). The weighting factor
for each such organ is 0.06.
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SECTION 1.0

PROPERTIES OF PLUTONIUM




1.0 PROPERTIES OF PLUTONIUM

This section of the manual includes general information about the prop-
erties of plutonium, and more detailed information about specific topics is
included later in the manual. This section includes information on the
following:

e nuclear properties, including the types of radiation emitted,
nuclear decay schemes, and specific activities

e physical and chemical properties, including allotropic forms of
plutonium, common chemical species and chemical reactivity, and
problems of oxidation and pyrophoricity

e biological properties, including modes of entry into the body, and
distribution within the body

e manufacture and uses of plutonium, including the present uses for
nuclear weapons, nuclear reactors, isotopic heat sources, and new
technologies being introduced for isotopic separation of plutonium.

1.1 NUCLEAR PROPERTIES

An important nuclear property of plutonium that makes it useful to man is
that it is fissile, i.e., atoms of plutonium split upon exposure to thermal or
fast neutrons. Chemical reactions can release a few electron volts of energy
per atom, but when a'p1utonium nucleus splits it releases about 200 MeV of
energy and between 2 and 3 neutrons. This release of energy makes plutonium
useful for nuclear weapons and for reactor fuel. In fact, in Tight water
reactors (LWRs) much of the power originates from the fission of 239Pu which
is produced by neutron capture in 238U. The isotope 238Pu is also useful as a
heat source.

A1l isotopes of plutonium are radioactive. Isotopes with even mass
numbers (except mass number 246) are primarily alpha emitters. ‘Isotopes of
the mass numbers 232, 233, 234, 235, and 237 also decay by electron capture;
isotopes of the mass numbers 241, 243, 245, and 246 decay by beta emission.
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- Many of the alpha-emitting isotopes also fission spontaneously and emit neu-
trons. A1l of the particle emissions are accompanied by x-ray and gamma-ray
emissions over a wide range of energies.

A review of the nuclear properties of plutonium (cross sections, nuclear
levels, half-lives, fission yields, etc.) can be found in Volume 1 of the
Plutonium Handbook: A Guide to the Technology (Wick 1967) and in American
National Standards Institute (ANSI) Standard N317-1980, Performance Criteria
for Instrumentation Used for In-Plant Plutonium Monitoring (ANSI 1980).

1.1.1 Decav Schemes

Table 1.1 shows the decay modes of some important plutonium isotopes and
decay products. For brevity, only the most abundant radiations have been
included in this table; more detajled information can be found in papers by
Gunnink and Morrow (1967), Klein (1971), and in Publication 38 of the Inter-
national Commission on Radiological Protection (ICRP) (ICRP 1983). Most of
the isotopes are strong alpha emitters making alpha heating a problem for the
storage and handling of large amounts of plutonium. The specific activities
and decay heats for selected plutonium isotopes and decay products are given

239 238

in Table 1.2. Kilogram cuantities of Pu or gram auantities of Pu can

generate enough heat to melt plastic bags. Sources of 238Pu must be handled
with insulated gloves, and special precautions must be taken to ensure a good
thermal heat sink during storage.

The plutonium isotopes emit relatively few high-energy gamma rays and
even kilogram quantities can be processed without serious gamma exposure

problems. In some instances the decay products may become significant in

radiation protection and metallurgy. For instance, the isotope 236Pu often

constitutes Tess than 1% of plutonium and is often ignored in dose calcula-

tions. However, if the plutonium is shielded by greater than 1 cm of lead

236

or steel, the decay products of Pu may be the Targest contributors to

208

exposure. The decay product T1 emits a highly penetrating gamma ray with

an energy of 2.615 MeV. In plutonium that contains a few weight percent

241Pu, the 241Am decay product is important because it emits a large number of

60-keV photons, which can be a significant source of exposure to the hands and

241

forearms when handling plutonium in glove boxes. Also, Am can contribute
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to neutron dose, as explained in the next subsection. Because of its impor-

‘ tance to radiation exposure, the fractional amount of 2z"lAm produced by beta
decay from 241Pu is given as a function of time since chemical separation in
Figure 1.1.
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FIGURE 1.1. Atom Ratio of 2%1Am to 2%1Pu (T=0) Produced by the Beta Decay
of 241Pu as a Function of Time Since Chemical Separation




1.1.2 Neutron Yields and Spectra

Plutonium and plutonium compounds also emit neutrons from spontaneous
fission and from alpha-neutron reactions with 1ight elements. The spontaneous
fission half-life and the neutron yields from spontanecus fission and alpha-
neutron reactions are given in Section 4.8 for plutonium metal and plutonium
compounds. The approximate neutron yield from a substance with a known iso-
topic composition can be determined by adding the contributions from each
component. This procedure and its Timitations are described in detail in
Section 4.8.1, which discusses neutron dose equivalent rates.

The energy spectra of neutrons emitted by plutonium metal and plutonium
compounds are given in Figure 1.2. Metallic plutonium emits neutrons with a
Maxwellian energy distribution, with an average energv of about 1.9 MeV. Plu-
tonium compounds and alloys also emit neutrons from alpha-neutron reactions,
and these neutrons have significantly differenf energies: PuF4 emits neutrons
with an average energy of 1.3 MeV; 10% plutonium-aluminum alloys emit neutrons
with an average energy of 1.6 MeV; and PuO? emits neutrons with an average

energy of slightly more than 2 MeV.

80
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60— /
50

40—
30—
20

- \75
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|
0 1 2 . 3 4 5
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FIGURE 1.2. Plutonium Neutron Energy Spectra
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1.2 PHYSICAL AND CHEMICAL PROPERTIES

Plutonium is a silvery-white metal, much like nickel in appearance. In
moist air or moist argon, the metal rapidly oxidizes producing a mixture of
oxides‘and hvdrides. If exposed long enough, an olive-green powdery surface
coating of PuO2 js formed. With this coating the metal is pyrophoric, so
plutonium metal is usually handled in an inert, dry atmosphere of nitrogen or
argon. Oxygen retards the effects of moisture and acts as a passivating agent.
Between 1% and 5% oxyaen is added to a nitrogen atmosphere to passify the sur-
face of metallic plutonium (Schnizlein and Fischer 1964; Wick 1967).

Plutonium metal has a low melting point (640°C) and an unusually high
boiling point (3327°C). The metal exists in six allotropic forms, as
indicated in Table 1.3. Two of the allotropic forms, § and ¢', contract upon
heating; the other forms expand upon heating. At room temperature, plutonium
exists in the o phase with a density of about 19.86 g/cm3. Heating that is
caused by high specific activity or machining operations can cause large
changes in volume. For this reason, many forms of metallic plutonium are
stabilized with gallium alloys in the & phase, which has a density of about
15.75 g/cm® (Merz 1971).

At room temperature, the most stable oxide is Pu02. Loose3Pu02 powder,
as formed by calcination, usually has a density of about 2 g/cm™. If the
oxide is pressed and sintered into pellets, it may have a density of 10.3 to
11.0 g/cm.

TABLE 1.3. Allotropic Forms of Plutonium Metal

Phase Stability Range, °C ' Density, g/cm3(a)
a Stable below 115 19.86
B ~115 to 200 17.70
Y ~200 to 310 17.70
s 310 to 452 15.92
s 452 to 480 v 16

€ 480 to 640 - 16.51

(a) Theoretical x-ray density. The actual density is
. slightly lower due to crystal lattice imperfection.
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The chemistry of plutonium is complex and many different chemical species
often coexist. Plutonium is the fifth element in the actinide series, which
consists of elements with properties that stem from partial vacancies in the
5f electron shell. 1In general, there are four oxidation states: (III), (IV),
(V), and (VI).

In aqueous solutions, Pu(III) is oxidized into Pu(IV), which is the most
stable state. The compounds PuF4, Pu(IO3)4, Pu(OH)4, and plutonium oxalate
are insoluble in water. The chlorides, nitrates, perchlorates, and sulfates
are soluble in water. Plutonium (IV) jons complex readily with organic and
inorganic compounds. The complicated chemistry of plutonium is discussed in
detail in Section III of Volume I of the Plutonium Handbook: A Guide to the
Technology (Wick 1967) and in Plutonium by Taube (1964).

Important compounds in the chemical processing of plutonium are PuF4,
Pu(NO3)4, and Pu02.
most conversion processes to produce metal. The usual form is PuF4, which is

Plutonium fluoride is an important intermediate step in

a solid at room temperatures. The PuF6 form is important because of its use
in the fluoride volatility separation process at elevated temperatures,
although PuF6 is not chemically stable and readily decomposes. Plutonium
nitrate is readily soluble in aqueous solutions and is an intermediate step 1in
plutonium processing. Because it is chemically stable and relatively inert,
PuO2 is the preferred form for shipping and storing plutonium.

Plutonium has been used in reactor fuels in the form of plutonium-
aluminum alloys, plutonium oxide, plutonium carbide, plutonium nitride, plu-
tonium cermet, and mixtures of the above compounds with uranium. Care must
be exercised in handling carbides and other finely divided compounds because
they spontaneously ignite in moist air.

1.2.1 Oxidation of Plutonium During Storage

The problems of oxidation of metallic plutonium during storage were
recoanized shortly after the discovery of plutonium, and extensive studies of
the Tow-temperature corrosion of plutonium and its alloys have been performed.
The heat generated by oxidation may be sufficient to ignite nearby combustible
materials.
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Massive (i.e., not finely divided) plutonium is relatively inert in dry
air and is comparatively easy to handle and store for a few days. Special
precautions must be taken when storing metallic plutonium for Tonger periods
of time. Simply enclosing plutonium in an inert atmosphere in a metal can may
not be adequate because of the possibility of the introduction of moisture,
which greatly accelerates oxidation. It is suggested that metallic plutonium
be stored in welded stainless steel cans containing a dry inert atmosphere and
that the container be placed upon a heat detector to sense possible chemical
reactions that may occur. Metal turnings and scrap should not be stored, but
should be converted to oxide.

The corrosion or oxidation of plutonium does not always occur in a linear
or predictable manner. The oxidation rate is a complex function of the sur-
rounding atmosphere, the moisture content, and the alloys or impukities pre-
sent in the metallic plutonium. The reader is referred to the literature for
more detail (Wick 1967; Taube 1964). A selected bibliography, including a
series of conferences on plutonium transuranics, is given at the end of this
section.

1.2.2 Ignition Temperatures and Pyrophoricity of Plutonium

The health physics aspects of an accidental plutonium fire can be ser-
jous. A fire can burn through containment structures, resulting in the dis-
persal of PuO2 over a wide area and the potential for inhalation exposure
during the fire or during subsequent decontamination efforts. Plutonium, some
plutonium alloys, and some plutonium compounds are pyrophoric. Finely divided
plutonium, such as turnings or powders, are definitely pyrophoric and must be
handled with care. Turnings must be stored in a dry atmosphere and should be
converted to the oxide as soon as convenient, preferably on the same day they
are generated. Certain solvents and organic compounds form flammable mixtures
with plutonium. Chlorinated solvents have been involved in several fires with
plutonium and its alloys.

Pyrophoric products may be formed on glutonium and certain alloys if they
are stored for long times in closed containers. When a container is opened,
spontaneous ignition may occur, which can result in the destruction of the
container, damage to the glove box, and spread of finely divided or particulate
oxides throughout the glove box and its ventilation system. Badly corroded
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plutonium metal, especially in the presence of moisture, can ignite spon-
taneously. Moisture in contact with plutonium can decompose the plutonium to

form complex mixtures of hydrides and suboxides which are pyrophoric.

Many plutonium compounds are also pyrophoric. The authors of this manual
have witnessed the spontaneous ignition of plutonijum carbide in air initiated
by simply Tifting off the 1id of a metal can that contains a powder sample.
The possible use of plutonium carbides or nitrides as breeder reactor fuels
may introduce the possibility of serious handling and fuel fabrication
problems.

A number of intermetallic compounds are pyrophoric, particularly those of
Tead, mercury, and bismuth. Binary plutonium alloys that contain silver,
gold, or copper disintegrate to a loose powder approximately 1 day after their
exposure to moist air. The presence of impurities can change the corrosion
rates and pyrophoricity of metallic plutonjum.

Studies have been made of the conditions under which a plutonium fire can
occur in a dry glove box. With only 5% oxygen in nitrogen, the metal will
burn easily. But at the 1% level, a fire will not continue to burn unless
heat is supplied (Wick 1967).

There is considerable variation (280 to 535°C) in the ignition tempera-
ture of metallic plutonium depending upon the purity of the metal. Alloying
plutonium with other metals can also significantly alter the corrosion resis-
tance and ignition temperature. Resistance to ignition and oxidation is
increased by aluminum, cerium, carbon, cobalt, and manganese; resistance is
decreased by iron and uranium. Nickel and silicon seem to have no effects
(Wick 1967).

Because of the pyrophoric nature of metallic plutonium and its alloys,
the preferred form for storing and handling plutonjum is PuOZ. To mitigate
the possibility of plutonium dispersal resulting from an accidental fire, PuO2
is the form specified for offsite shipment or transport of plutonium.

v

1.3 BIOLOGICAL PROPERTIES

The biological properties of plutonium and other transuranics are known
primarily from experiments performed on rats, dogs, baboons, and rabbits.
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Human data on plutonium are limited. The vast literature on plutonium has
been reviewed (Hodge, Stannard, and Hursh 1973; ICRP 1972, 1979, 1986;
Liverman et al. 1974). ICRP 48 (1986) is the most recent compilation of data
and is the source for most of the information that follows. The ICRP.Publica-
tions 30 (1979) and 48 (1986) report different gastrointestional (GI) absorp-
tion and biodistribution parameters. At the 1987 Washington meeting, the ICRP
(1987) adopted the GI absorption fraction described in ICRP 48, the bone and
Tiver partitioning described in ICRP 30, and the retention half-times for bone
and liver described in ICRP Publication 48. The Washington statement of the
ICRP is equivocal and some individuals have interpreted the statement to mean
that the bone and liver partitioning described in ICRP 48 was also adopted.
Manual calculations, not shown here, indicate that for inhaled materials, the
first year annual effective dose equivalents are nearly the same for both

ICRP 30 and 48 models. The committed effective dose equivalents, calculated
using the models of the two publicaticns will differ by about 10%; with the
ICRP 48 model yielding the lesser value.

1.3.1 Modes of Entry into the Body

The radiation dose delivered to the organs of the body from plutonium
taken into the body is related to the chemical and physical properties of
plutonium and the route of entry into the body. There are four routes by
which plutonium may enter the body: 1) inhalation and deposition in the
respiratory tract, 2) injection, 3) ingestion, and 4) percutaneous absorption
(absorption through the skin).

Inhalation

The distribution pattern of inhaled material within the Tung is related
to the activity median aerodynamic diameter (AMAD) of the aerosol provided
that the particle sizes of the particulates follow a log-normal distribution
(ICRP 1979). The ICRP (1979) has published a mathematical model for estimat-
ing the distribution of an aerosol in the respiratory system based on the
AMAD. The AMAD for a particular aerosol may be estimated (e.g., Knutson and
Lioy 1983; Rajhans 1983; Peterson 1978), although it is common to assume an
AMAD of 1 um.

The length of time that an aerosol will be expected to remain in the Tung
following inhalation is based on its solubility class. There are three
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solubility classes described by the ICRP in their Publication 30 (ICRP 1979):
D (day), W (week) and Y (year); the times listed indicate the order of
magnitude of the half-life of the material in the lung. The biological
half-lives for D, W, and Y materials in the lung are 0.5, 50, and 500 days
respectively. The actual solubility class can be estimated by measurement of
the materials solubility in simulated lung material (e.g., Kalkwarf 1979,
1983) or by using the solubility class determined by the ICRP for various
chemical compounds (see Table 1.4).

TABLE 1.4. Solubility Classes ?f Various
Plutonium Compounds'?’

Compound Solubility Class
None D
A1l except oxide W
Oxide Y

(a) From ICRP 30 (1979).

Injection

Plutonium (or americium) may be injected in the form of metal slivers,
saturated resin beads, oxide powder, or any other form following penetration
of the skin by various contaminated objects consequent to some type of
accident. In many of these instances, the injected plutonium compound is in
the form of a solid rather than a liquid and is injected into the flesh rather
than the circulatory system; consequently the injected material will be slowly
leached from the injection site into the blood sfream, the rate of which will
depend on the solubility of the injected material.

Ingestion

Plutonium is not readily absorbed by the gut. The absorption is influ-
enced by the mass ingested, by fasting, by incorporation into foodstuffs, by
complexing anions such as citrate and dietﬁ}]enetriaminepentaacetic acid
(DTPA), and by a variety of other factors (ICRP 1986). The fractional absorp-
tion of various plutonium and americium compounds by the gut are shown in
Table 1.5.
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TABLE 1.5. Gastrointestinal Absorption of PTutonium(a)

Compound Fraction Absorbed, x 10'4
Plutonium
oxides, except "polydisperse" oxides 0.1
nitrates ’ 1
other compounds or unknown mixtures 10
Americium
all compounds 10

(a) From ICRP 48 (1986).

vPercutaneous Absorption

The intact skin is an effective barrier against plutonium. The ICRP
(1986) states that the absorption of plutonium will follow the data presented
in Table 1.6 and that the percutaneous absorption of americium and neptunium
is probably similar to that of plutonium. If the skin has been damaged,
percutaneous absorption will be enhanced.

TABLE 1.6. Percutaneous Absorption of P]utonium(a)
Duration Percent
Compound of Exposure Absorbed
In diluted aqueous acid First hour 0.01
In tri-n-butylphosphate complex 15 min 0.04

(a) From ICRP 48 (1986).

1.3.2 Distribution Within the Body

Liver and bone appear to be the principal sites of plutonium deposition
after it has entered the blood stream; they account for nearly 80% of the
deposited plutonium (ICRP 1986). The exact partitioning of plutonium between
the liver and bone is not well established. Table 1.7 shows the partitioning

suggested in both ICRP 30 (1979) and 48 (1986). The ICRP has not issued a
clear statement as to which partitioning is preferred. From the standpoint of
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TABLE 1.7. Distribution and Retention of Plutonium Within the Body(a)

ICRP 30 ICRP 48
Organ “Fraction Fraction HaTf-Time
Bone 0.45 0.50 50 yr
Liver 0.45 0.30 20 yr
Gonads
Testes 3.5 x 107% 3.4 x 107% permanent
Ovaries 1.1 x 1074 1.1 x 1074 permanent
ATl others(b) 0.1 0.20 not stated

(a) Based on ICRP 30 (1979) and ICRP 48 (1986).
(b) Includes tissue and early excretion.

the influence of the partitioning on the (calculated) committed effective dose
equivalent, the two partitioning schemes are probably equivalent because bone
(bone surfaces and red marrow) have a weighting factor nearly 3 times that for
Tiver. When comparing the effective dose equivalent between the two systems,
the reduction of the weighted dose equivalent from the liver will be compen-
sated for by an increase in the weighted dose equivalent to the bone. Al-
though there is only a minor difference in the (50-year) committed dose
equivalent between the two partitioning systems (on the order of 7 to 10%),
there may be major differences in the computed dose equivalents to individual
oraans. There appears to be a great deal of individual variability in the
observed distribution patterns. Because of the large variability, the ICRP
(1986, 1987) has stated that the ICRP 30 (1979) model "remains an adequate
assumption."

Children can be anticipated to exhibit a partitioning of plutonium and
other actinides between Tiver and skeleton that is different than that of
adults; that difference has not been quantified, however.

The retention parameters of plutonium within the body are also shown in
Table 1.7. There appears to be no reason tq assume that americium has differ-
ent half-times than does plutonium.
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1.3.3 Uptake by and Distribution Within the Embryo and Fetus

The ICRP (1986) states that there is no strong evidence that actinides
concentrate preferentially in the embryo or fetus. Further, any depositions
in the embryo or fetus are anticipated to be diluted rapidly by growth. Radi-
ation protection programs that adequately protect the mother are anticipated
to protect the fetus also.

1.4 MANUFACTURE AND USES OF PLUTONIUM

In the past, most plutonium in U.S. Department of Energy (DOE) facilities
was produced for nuclear weapons and was composed of greater than 90 wt? 239Pu
and about 6 to 8 wt? 240P

grade," "production-grade," or "low-exposure" plutonium. Plutonium has also

u. This material has been referred to as "weapons

been produced as a byproduct in the operation of research reactors, nuclear-
powered ships, and commercial nuclear power plants. Plutonium-238 is also
produced at DOE facilities for use as a heat source in electric generators.

1.4.1 Future Sources and Uses

Because recycling of commercial reactor fuel is not anticipated, future
supplies of plutonium will be primarily from DOE production facilities and
from reprocessing of current material. In the more distant future, liquid
metal fast breeder reactors (LMFBRs) may be a potential source of plutonium.

238Pu

has been used as an isotopic heat source for devices that generate thermo-

Because of its high specific alpha activity and high decay heat,

electric power, such as the Space Nuclear Auxiliary Power (SNAP) systems used

238 236Pu content were used as

in lunar missions. Small amounts of Pu with. Tow
a power source for medical prosthetic devices such as cardiac pacemakers and
a prototype artificial heart, but 1ithium batteries have replaced plutonium
power sources. Figure 1.3 shows the main modes of production of the plutonium

isotopes of interest.

1.4.2 New Technology

Several new technologies are being considered to provide more highly
purified plutonium isotopes for various purposes. One of these processes,

239

laser isotope separation (LIS) is a potential new process to purify Pu from

almost any source of plutonium.
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239

The LIS process produces a product enriched in Pu and a byproduct that

contains the remaining plutonium isotopes. It is conceivable that the bypro-

duct stream could be further purified to produce a specific plutonium isotope,

238

such as Pu used for isotopic heat sources.

The LIS process has many benefits. It can significantly reduce external

radiation exposure to both neutron and gamma radiations for the product

239Pu. Potential exposure problems from the byproduct stream are

enriched in
discussed later in this section. Recently, the ICRP (ICRP 1985) and the
National Council on Radiation Protection and Measurements (NCRP 1987) have
recommended increasing quality factors to a value of 20 for fast neutrons.
Thus, it may be desirable to reduce neutron exposures. Neutrons arise primar-

238 240

ily from even-numbered plutonium isotopes (mostly Pu and Pu) as a result

of spontaneous fission and alpha-neutron reactions with Tow atomic number

239Pu-enriched product of LIS will have

impurities in the plutonium. The
reduced concentration of these isotopes resulting in Tower intrinsic neutron
exposures. The LIS process can also result in significant reductions in
239Pu. Much of the whole body

and most of the extremity exposure results from surface contamination on the
241
e

gamma-ray exposures for the product enriched in

gloves and the interior of the glove box. Th Am decay product, which

241

results from the beta decay of Pu, is a major contributor. Thus, the

241

reduction of Pu can significantly reduce exposures to hands and arms and

reduce the radiation streaming through glove ports in shielded glove boxes.

The LIS process, while mostly beneficial in exposure reduction, creates

239

some challenges in internal dosimetry. The purified Pu product is depleted

241

in the Pu isotope, which has a half-Tife of 15 years and decays by beta

241Am. It is the 241
tities of 60 keV gamma rays, which can be detected by lung and whole body

counting methods. The LIS process will result in the loss of the 241Am "tag,"

particle emission into Am that emits significant quan-

which in time is used to assess internal depositions from measurements of its
radiations.

The LIS process also results in the pfbduction of large quantities of

238 240 241 242

byproduct material consisting of Pu, Pu, Pu, and Pu and perhaps

241Am. Workers could be exposed to releases of either the LIS product and/or
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byproduct material. There could be wide variations in the isotopic composi-
tions of the ingested or inhaled plutonium so that the assessment of the
actual internal deposition by external counting techniques would be extremely
difficult. Greater emphasis must be placed on periodic urine and fecal
sampling to determine internal depositions and more careful monitoring of the
air that the workers breathe. These actions could be tempered by improvements
in chest or whole body counting capabilities. It may be prudent to obtain air
samples from glove boxes in which LIS operations are performed. Sufficient
activity should be present on the air samples so that isotopic analysis and
isotopic ratios can be performed to establish a baseline for use in bioassay
data interpretation.

While increased problems in accurately estimating the internal dosé from
the more highly purified plutonium isotopes will be encountered, the area,
personnel, and equipment surveillance programs and procedures that are normal
for a plutonium facility should remain unaffected. However, the health
physicist who is responsible for contamination control in facilities working
with the LIS material must remember that some of the early indicators of
problems that rely on detecting radiations from impurities may no longer be
available.
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2.0 SITING OF PLUTONIUM FACILITIES

Technical, political, economic, and many other factors influence the
selection of a site for a plutonium facility. For the health physicist
involved in the site selection process, the paramount factor is the ability
to ensure the protection of site workers and the public from undue risks of
radiation. Stringent isolation and control of plutonium are required to
ensure that radiation doses to the public are maintained as low as reasonably
achievable (ALARA).

The siting of a plutonium facility may significantly impact the design,
operation, and procedural requirements of the facility as they relate to the
radiation protection of workers and the public. The natural characteristics
of the site must be considered to ensure that the facility is designed to
provide adequate radiation protection during all postulated accidents. The
proximity of the facility to other operations and their potential interactions
during normal operation and accident situations influence radiation protection
and emergency response requirements.

Facilities that handle and process plutonium should be designed, con-
structed, and specially equipped for work with radioactive materials that are
highly toxic when taken internally. Such facilities should be located so that
normal operations and postulated abnormal situations neither adversely affect
other plant personnel and adjacent buildings nor impose an undue risk to the
health and safety of the public.

This section first discusses the applicable standards that define the
requirements for siting DOE facilities. Then six of the factors to be con-
sidered during the site selection process are addressed, as follows:

e natural site characteristics
e transportation |
e utilities
e other facilities and operations
e security and safeguards v
e environmental, safety, and health aspects.

Siting criteria are found in DOE 6430.1, General Design Criteria Manual (DOE

2.1




1983a). DOE 6430.1 is currently being revised and will be reissued when com-
pleted. This section provides guidance on the siting of a plutonium facility.

2.1 APPLICABLE STANDARDS

The general requirements for the siting of DOE facilities are covered in
Chapter 1, Section 3.i of DOE 6430.1, General Design Criteria Manual (DOE
1983a); DOE 4300.1A, Real Estate (Real Property) Management (DOE 1983b); and
DOE 4320.1A, Site Development and Facility Utilization Planning (DOE 1983c).
Additional guidance is provided in DOE/AD/06212-1, Site Development Planning
Handbook (DOE 1981a), and other DOE orders such as DOE 5440.1C, National
Environmental Policy Act (NEPA) (DOE 1985a); DOE 5480.1B, Environmental Pro-
tection, Safety, and Health Protection for DOE Operations (DOE 1986a);

DOE 4330.2B, In-House Energy Management (DOE 1982a); DOE 5820.2, Radioactive
Waste Management (DOE 1984a); and DOE 4330.4, Real Property Maintenance Man-

agement (DOE 1982b). Other references that provide additional guidance in
site planning and selection are listed in the bibliography for this section.

DOE 4300.1A (DOE 1983b) specifies the responsibilities and authorities
for acquiring property and the evaluations and justifications required, and
outlines the methods used for site selection and the specific directors and
departments involved. DOE 4320.1A (DOE 1983c) requires the preparation of a
Site Development and Facilities Utilization Plan for most DOE sites. The plan
is necessary to ensure the future effective and economical development and
utilization of DOE fatilities. General guidance is provided for the develop-
ment of criteria for the selection of appropriate sites and facilities to
ensure that there is a thorough understanding of program goals, spatial needs,
and the potential for existing facilities to meet these needs through sound
planning and rational organization. Consideration should be given to the
regional setting, land use restrictions, existing facilities and programs,
future activities, and the disposition of excess land and facilities.

Additional guidance on siting of facilities is found in LA-10294-MS,
Guide to Radiological Accident Consideratiofn for Siting and Design of DOE
Nonreactor Nuclear Facilities (Elder et al. 1986), DOE/TIC-11603, Rev. 1,
Nonreactor Nuclear Facilities: Standards and Criteria Guide (Brynda et al.
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1986), and BNWL-1697 Rev. 1 (Selby et al. 1975). LA-10294-MS provides the
experienced safety analyst with accident analysis guidance that can be used in
the calculations for siting and design of a nuclear facility. DOE/TIC-11603
provides DOE field offices and contractors with a standard source ddcument
pertaining to the design of a new nuclear facility, modification of an
existing facility, and safe operation and decommissioning of all nuclear
facilities. BNWL-1697 Rev. 1 provides a base for the development of siting
criteria and safety analyses for mixed-oxide fuel fabrication facilities.

A new site should be selected only after careful and thorough analysis
and review to ensure that the selection of the site meets program require-
ments, while considering economic, engineering, and site planning factors and
that suitable existing DOE-owned property is not available. Selecting a site
involves several steps, beginning with a site-selection survey. Potential
sites are examined and reduced to a small group of sites through a preliminary
survey of maps. The remaining few sites are carefully analyzed by a site-
selection committee using the guidance provided in the Site Development

Planning Handbook (DOE 1981a). After the survey is complete, a report is
prepared. '

The report should contain general information about the site, including
site history, regional overview, state, city, and/or county planning informa-
tion, and coastal zone management information. The existing conditions, such
as current mission functions, population, maps, and information on existing
Tand use should be discussed. Discussions on facility use, utility systems,
circulation, meteorology, flood plains, soil conditions, geologic faults,
wetlands, endangered species, safety and security considerations, and an
analysis of existing problems should be included. A planning analysis,
presenting the long-range projections of miséion, programs, population, and
projection methods used, should be performed. A long-range plan and a plan
that defines the potential capabilities of the site may also be a part of this
report.

As required by the Intergovernmental Cooperation Act (1968), regional,
state, and local governmental authorities should be included in the planning
and selection process as early as possible and as completely as permitted by

the program mission.
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2.2 NATURAL SITE CHARACTERISTICS

Accurate geological, hydrological, and meteorological data must be ‘
obtained in the preliminary stages of site selection and development. This
information is needed for preliminary safety analysis reports (PSARs),
environmental assessments (EAs), environmental impact statements (EISs), and
system design descriptions (SDDs). Natural phenomena that should be
considered in site selection and facility desian are earthquakes, Tightning,
tornados, hurricanes, flooding, water supply, volcanic activity, snow and ice
loading, and any other natural attribute of the site that may affect the

performance of its mission.
2.2.1 Meteorology

The wind patterns (speed, direction, frequency, duration, and stability)
at a site must be tabulated. These data are needed to estimate radiation
doses to populations from possible releases of radioactive material. The data
should also include frequency and intensity of rainfall, snow and ice storms,
thunderstorms and lightning strikes, and other events that may affect a
facility's power supplies and ventilation or other safety features.

Nuclear facilities must be built to withstand design basis tornados
unless it can be demonstrated that such events are not likely to occur.
Complete histories of the magnitude and frequencies of such events in the
region of the site should be compiled and evaluated to ensure that the Toca-
tion and design of each facility provides for the health and safety of the
public.

2.2.2 Hydrology

Precauticns should be taken to avoid flood damage, erosion, and water
pollution. The flow of streams, rivers, and reservoirs should be documented,
and the maximum precipitation and water levels that might adversely affect
plant safety or the storage of radioactive waste should be determined. The
design basis 100-year flood may need to be considered in the site selection
and facility design to ensure flood protection. These data can be obtained
from the National Oceanic and Atmospheric Administration (NOAA).
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The effects of seismically induced dam failures on the upper limit of
flood controls at the site should also be considered. The U.S. Geological
Service (USGS) can supply data on runoff, water distribution, and the worst
probable flood. Additional guidance can be obtained from Presidential
Executive Order 11296, Evaluation of Flood Hazard in Locating Federally Owned

or Financed Buildings, Roads, and Other Facilities, published bv the United

States Resources Council (1966).

Finally, the population groups that use water that could be contaminated
by plant effluents under both accident and normal conditions must be identi-
fied. The evaluation of water use should include potable water supplies (both
surface and subsurface), crop irrigation supplies, and recreational uses.

2.2.3 Geology and Seismology

DOE 6430.1 (DOE 1983a) states that careful consideration shall be given
to seismic characteristics of a site during site development planning.
Geologic and seismic data for the site of the proposed plutonium facilities
should be gathered. Earthquake data and maps can be obtained from the USGS.
The geologic conditions that underlie all structures, dams, dikes, and
pipelines should be examined for the possibility of earth movement that could
damage the facilities. Natural conditions, such as caverns or potential
landslide areas, and manmade conditions caused by mining or the withdrawal or
addition of sub-surface fluids should be considered. The design of the
facilities may need to comply with the criteria for a design basis earthquake.
The location of fault lines, frequency and intensity of earthquakes, location
of epicenter, and other seismic data should be obtained and analyzed. If the
maximum ground acceleration could exceed 0.1 gravity at the foundation of the
plants, special precautions may be necessary. The effects of tectonic struc-
tures and active faults that could produce a major earthquake with an epicen-
ter within 200 miles (322 km) of the plant should be estimated. The possible
effects of earthquakes from any fault more than 1000-ft (305-m) long within
5 miles (8 km) of the plant should be considered in the plant design.

The potential for volcanic activity that could affect the facility should
be determined. The potential effects of ashfall on power supplies and safety
systems should be evaluated.
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The liquefaction potential of the soil and material under the site and
the stability of hillside slopes that could affect the plant should be ana-
lyzed. The stability and Toad-bearing characteristics of the soil at the site
should also be determined.

2.3 TRANSPORTATION

A11 nuclear facilities should be isolated from highly populated areas.
However, the facility should also have reasonable access to major transporta-
tion networks. Because plutonium facilities will typically require shipment
of plutonium to and from the site, access to rail systems or interstate
highway networks will be required.

Because many state governments have the authority to designate traffic
routes for shipment of radioactive material, close coordination with state and
local agencies is necessary.

2.4 UTILITIES

Availability of electrical utilities, potable water, and raw water should
be considered in the siting of a plufonium facility.

2.5 OTHER FACILITIES AND OPERATIONS

In the siting of plutonium facilities, the projected effects from nearby
industrial, transportation, and military installations and operations should
be considered. Potential adverse effects and their impacts on the safe
operation of the facility should be evaluated. Examples of potential hazards
include the release of toxic chemical fumes, flammable gas clouds, and radio-
active materials; aircraft crashes; and missiles from explosions.

2.6 SECURITY AND SAFEGUARDS

The selection of a site for plutonium facilities must consider provisions
for securing and safeguarding of the faciltties. Special conditions for
~restricting and controlling access will be required. DOE 5632.4 Physical
Protection of Security Interests (DOE 1985b) provides specific responsibil-

ities and authorities in this area.
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2.7 ENVIRONMENTAL, SAFETY, AND HEALTH CONSIDERATIONS

Plutonium facilities should be located where their construction and
operation will comply with the provisions of DOE 6430.1, General Desian
Criteria Manual (DOE 1983a), DOE 5480.4 Environmental Protection, Safety, and
Health Protection Standards (DOE 1984b), and DOE 5480.5, Safety of Nuclear
Facilities (DOE 1986b), and will not have a significant adverse environmental

impact. An EA and probably an EIS will need to be prepared for the site.

DOE 5440.1C, National Environmental Policy Act (DOE 1985a) and Code of Federal
Requlations Title 40, Parts 1500 through 1508 (40 CFR 1500 through 1508) (CFR
1986a through 1986i), provide guidance for the preparation and contents of EA

and EIS documents.

Facilities that may emit airborne effluents should be located where
favorable wind distributions will minimize the levels of contaminants at site
boundaries and in nearby populated areas. Consideration of prevailing
meteorological conditions and implementation of design limitations could
prevent serious offsite consequences of any accidental Toss of radiation
control at the facilities.

The disposal, storage, or transport of radioactive waste, radioactive
 mixed waste, and hazardous waste requires careful attention to federal, state,
regional, and local regulations. DOE 5480.2, Hazardous and Radioactive Mixed

Waste Management (DOE 1982c), establishes procedures for the management of

hazardous and radioactive mixed wastes. These procedures follow regulations
issued by the Environmental Protection Agency (EPA). DOE 5820.2, Radioactive
Waste Management (DOE 1984a), provides procedures for the management of

radioactive wastes.

In the siting of any nuclear facility, emphasis must be placed on
minimizing the environmental impact and radiation doses to the public. The
maximum annual effective dose equivalent (from external radiation, ingestion,
and inhalation) permitted by DOE for any member of the public from all routine
DOE operations shall not exceed 100 mrem/yr (Vaughan 1985). DOE has estab-
lished air-pathway-only dose equivalent 11%its of 25 mrem/yr to the whole body
and 75 mrem/yr to any organ as defined in 40 CFR 61 (CFR 1986a). The National
Primary Drinking Water Regulations, 40 CFR 141 (CFR 1986k), limit the annual
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dose from manmade radionuclides in drinking water to 4 mrem. The regulation

also limits the gross alpha particle activity (including radium but excluding .
radon and uranium)-to 15 pCi/L. Special precautions should be implemented to

1imit the potential releases of toxic and radioactive material in facility

effluents, both under normal and accident conditions.
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3.0 FACILITY DESIGN

Design criteria are established to provide technical direction and gui-
dance for the planning and design of new facilities, the development of
specifications for building acquisitions, and the planning and design of
facility additions and alterations. Facility design criteria for DOE pluton-
jum facilities can be found in DOE 6430.1, General Design Criteria (DOE

1983a), which is currently being revised. This section provides guidance in
the design of plutonium facilities such that operation of the facilities will
not present an unacceptable risk to the health and safety of personnel, the
public, or the environment. The guidance provided herein should be used as a
supplement to the required criteria in DOE 6430.1 (1983a). Other safety areas
such as industrial hygiene and industrial safety are beyond the scope of this
manual and are not specifically included; however, federal and state regula-
tions applicable to those disciplines must also be met.

Radiation protection in nuclear facilities is usually achieved by a mix-
ture of engineered and administrative safeguards. A building equipped with a
maximum of engineered safeguards and a minimum of administrative controls
should be more economical to operate than one with the reverse characteristics.
Radiation protection efforts may be significantly enhanced by the incorporation
of the appropriate design features rather than relying on administrative con-
trols. However, in many instances, the designer and the health physicist must
balance competing objectives to attain the most cost-effective design with a
high degree of safety and reliability. In designing a new facility, all of
the necessary physical features can be included; however, in an old facility
it may be physically or economically impossible to meet all of the

requirements.

The guidance presented in this section relate to physical safety and
control systems only; guidance related to administrative control is not
included. The phrase "safety and control systems" is used here to refer to
the physical, engineered features that are.used to provide radiation and
contamination control. In addition to the radiation protection requirements,
facilities that contain more than 450 grams of plutonium are subject to
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criticality safety requirements, which include the need for a criticality

alarm system and criticality dosimeters. Guidance on the security and safe- .
quards of nuclear material (including prevention of theft or diversion) is not
included but also must be considered in the design of the facility.

This section addresses the applicable standards and guides, design
objectives, structural guidance, building Tayout, service and utility svstems,
and special monitoring, safety, and other systems, required for the design of
a plutonium facility.

3.1 APPLICABLE STANDARDS AND GUIDES

The design criteria in Chapter XXI of DOE 6430.1, General Design Criteria

Manual (DOE 1983a), which pertain specifically to plutonium facilities, shall
be applied for all new facilities that contain substantial quantities of
in-process plutonium. A facility that will handle more than 1 g of plutonium,
under certain specific conditions, shé]] also meet the security requirements
of DOE 5632.4, Physical Protection of Security Interests (DOE 1985). A facil-
ity that will handle more than 450 g of plutonium or 450 g of any combination
235U, and 233

"Safety of Nuclear Facilities" (DOE 1986a). An extensive list of applicable

of plutonium, U, must also meet the requirements of DOE 5480.5,
DOE orders, standards, and guides is provided in the reference and biblio-
graphy portions of this section. Other sources of information are the U.S.
Nuclear Regulatory Commission's (NRC's) Regulatory Guides for Fuels and
Materials Facilities, the International Atomic Energy Agency's (IAEA's)
booklets, Safety Series No. 39 and 30, The Safe Handling of Plutonium and
Manual on Safety Aspects of the Design and Equipment of Hot Laboratories (IAEA

1974 and 1981), and applicable national and interhationa] standards.

Additional guidance on the siting and design of facilities is found in
LA-10294-MS, Guide to Radiological Accident Consideration for Siting and
Design of DOE Nonreactor Nuclear Facilities (Elder et al. 1986), DOE/TIC-
11603, Rev. 1, Nonreactor Nuclear Facilities: Standards and Criteria Guide
(Brynda et al. 1986), and BNWL-1697 Rev. 1 (Selby et al. 1975). LA-10294-MS
provides the experienced safety analyst with accident analysis guidance that

can be used in making the calculations for the siting and design of a nuclear
facility. DOE/TIC-11603 provides DOE field offices and contractors with a
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standard source document pertaining to the design of a new nuclear facility,
modification of an existing facility, and safe operation and decommissioning
of all %uc]ear facilities. BNWL-1697 Rev. 1 provides a base for the
development of siting criteria and safety analyses for mixed-oxide fuel
fabrication facilities.

3.2 DESIGN OBJECTIVES

The objective of any good design for a plutonium facility is to ensure
plant, public, and environmental safety during routine operation, to minimize
any potential for loss of 1life or property in the event of an accident, and to
minimize the impacts on public health and the environment in the event of an
accident.

The specific facility design chosen depends on the quantity and form of
plutonium that will be used. If more than 450 g of plutonium is to be per-
mitted in the facility, the criticality safety criteria must be considered.

Some simple processes involving very small quantities of unsealed plu-
tonium can be carried out safely in well-designed and adequately filtered
open-faced hoods such as those found in a general radiochemistry facility.
The specific quantity that can be handled in this manner depends on the
complexity of the process and the specific form of the material. Any use of
unsealed plutonium shall be reviewed by the facility's safety personﬁe], and
the feasibility of the proposed use shall be established based on the form of
the material to be used, the work to be performed, and the engineered and
administrative controls to be employed. Based on experience, if the quantity
of plutonium is 100 mg or more, the process should be performed in a plutonium
facility.

The application of these guidelines to specific proposals for the modifi-
cation of existing facilities or the construction of new facilities requires
that judgments be made based on detailed information about the facility, its
use, quantities of plutonium involved, operations to be performed, degree of
need for operating continuity during and/or after postulated accidents, and
the potential impact on surrounding facilities and the public. For some facil-
ity modifications, the engineering criteria outlined here may be modified or
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reduced if administrative requirements are increased. A cost-benefit analysis
should be performed to make this decision. ‘

The primary goal of the design objectives is to keep the plutonium con-
fined in its intended place (i.e., capsule, hood, glove box, etc.), both dur-
ing normal operations and under accident conditions. Of equal importance is
consideration of the human factors in design that promote efficiency and ease
of operation. Additional design criteria may be necessary in considering the
requireménts for decontamination, decommissioning, and dismantling (discussed
in Section 6.0) of the facility when it no longer is needed.

3.2.1 General Design Considerations

U.S. Department of Energy policy states that occupational and public
radiation exposure shall not exceed the 1imits specified in DOE orders and
shall be maintained ALARA.

The reduction of radiation exposure to ALARA is a philosophical concept;
its actual implementation depends on the interpretation of "reasonably achiev-
able." An optimization process, introduced by the ICRP (1982), may be used to
determine if an activity is being performed at a sufficiently low level of
collective dose equivalent so that any further reduction in dose will not be
deemed necessary and thus will not justify the incremental cost required to
accomplish it. In optimization, the cost of reducing radiation exposure
should be compared with the benefit of the reduction. The value in dollars of
a person-rem of radiation dcse has not been firmly established nor does this
manual suggest a value. For reactor design purposes, the NRC has recommended
$1000/person-rem, as given in 10 CFR 50, Appendix I (CFR 1985a). DOE/EV-1830-
T5 (DOE 1980) suggested that if dose reduction could be achieved at a cost of
5§ZOOO/person-rem, it is cost beneficial and should always be done. Addi-
tional discussions on the cost-benefit concept of dose reduction can be found
in DOE/EV-1830-T5 (DOE 1980).

Equipment reliability and human factors engineering should be considered
in the design of plutonium facilities. Both of these factors may significantly
affect radiation doses and the effectiveness of personnel response to abnormal
conditions. Reliability data may be available for much of the equipment that
will be used. If industry information is not available, reliability analyses

3.4




should be conducted. The degree of reliability that is justified may require
‘ an evaluation of the cost of the reliability versus the expected dose reduc-

tion. The recommendations that are provided in Publication 76-45-2 SSDC-2 of

the Energy Research and Development Administration (ERDA), Human Factors in

Design (ERDA 1976a), should be considered during -the design of control panel
arrangements, instrument indicators and readouts, and alarm indicators.

The equipment should be designed such that the failure of a single compo-
nent does not result in an "unacceptable radiological consequence." Unaccept-
able radiological consequences include criticality and unnecessary radiation
exposures or unplanned radioactive material releases. Analyses of hazards and
assessments of risks shall be made during conceptual and preliminary design
activities and further developed during the detailed design phase. The safety
analyses shall be performed in accordance with DOE 5481.1B, 5480.5, 5700.2C,
and 6430.1 (DOE 1986b, 1986c, 1984, and 1983a).

In the planning and designing of buildings, other structures, and their
operating components and systems, all aspects of operation and maintenance
should be considered. This includes accessibility, dismantling, replacement,
repair, frequency of preventive maintenance, inspection requirements,
personnel safety, and daily operations. Facility planning and design should
use the knowledge and experience of those persons who will be responsible for
operating and maintaining the completed facility. The "lessons learned" from
the operation and maintenance of existing facilities should be used to avoid
repeating mistakes made in past designs.

Equipment that requires periodic inspection, maintenance, and testing
should be located in the areas that have the 1owest possible radiation and
contamination levels if possible. For equipment that is expected to be
contaminated during operation, provisions should be made for both in-place
maintenance and for removal to an area of low dose rate for repair.
Maintenance areas for repair of contaminated equipment shall include
provisions for containment or confinement of radioactive materials.

»

Engineered safety and control systems should be designed so that they
continue to function during and following an accident or emergency condition.
The need for an emergency control station shall be determined for each
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facility in the initial design effort to complement the engineered systems by ‘

providing "a Tocation within or near a designated critical facility or plant
area for the purpose of maintaining control, orderly shutdown, and/or surveil-
lance of operations and equipment during an emergency," in accordance with the
definition in DOE 5500.1A (DOE 1987a). Faéi]ities shall be designed to facil-
itate the arrival and entry of emergency personnel and equipment in the event
of a radiological emergency and to allow for access by repair/corrective
action teams.

Equipment shall be available to allow for an early and reliable deter-
mination of the serjousness of an accident or abnormal event. Consideration
should be given to relaying all such equipment alarms to a central control
system or a continuously manned area. Installed on-line equipment shall be
protected to the extent necessary to ensure its reliability under accident
conditions. To further enhance equipment reliability, the emergency equipment
should, to the extent practicable, be the same equipment used for routine
operations, in accordance with DOE N5500.2 (DOE 1987b).

Emergency power requirements that need to be satisfied and the means to
provide the power shall be identified in the design effort.

Emergency radiological equipment shall be installed or located in areas
that permit periodic inspection, testing, calibration, and maintenance.

Additional emergency preparedness guidance is provided in Section 5.0.
Decontamination, dismantling, and decommissioning requirements should be
considered in the design of a facility, in accordance with DOE 5480.11 (DOE
1988). Section 6.0 provides additional information on these topics.

3.2.2 Confinement

The confinement system is a series of physical barriers that, together
with a ventilation system, minimizes the potential for release of radioactive
material into work areas and the environment under normal and abnormal condi-
tions. The primary design objective for the confinement system shall be an
essentially zero exposure of the public andyp1ant personnel to airborne
contamination in accordance with DOE 6430.1 (DOE 1983a). Plutonium shall be
separated from the ambient environment by at least two barriers and from an
operator by at Teast one barrier.
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Primary confinement refers to the barrier that is or can be directly
exposed to plutonium, e.g., sealed process equipment (pipes, tanks, hoppers),
glove boxes, confinement boxes, open-faced hoods, conveyors, caissons, and
cells and their ventilation systems. The primary confinement barrier prevents
the dispersion of plutonium through either sealed construction or atmospheric
pressure differential or a combination of both. For example, process equip-
ment that is not sealed but contains plutonium material in process should be
. enclosed in glove boxes or other confinement barriers. Fuel rod cladding,
bags, and other sealed containers can be considered primary confinement. The
chemical reactivity and the heat generation effect of the plutonium compound
should be considered when selecting primary confinement material.

The primary confinement barrier protects operators from contamination
under normal operating conditions. This type of barrier is likely to be
breached under accident conditions (glove rupture, damaged seals, improper
bag-out operations, leaks of flanged joints, etc.).

The primary confinement (with the exceptions of fuel rods, sealed
sources, or sealed cans) shall be maintained at a negative air pressure with
respect to the secondary confinement in which it is located, and it shall be
exhausted through a ventilation system that uses high-efficiency particulate
air (HEPA) filters. The barrier and its accessory equipment should be
designed to prevent accidental flooding. A1l primary confinement piping
joints should be tested for leak tightness. Penetrations in the primary
confinement barrier, such as conduit, ports, ducts, pipes, and windows, should
be protected against the release of radioactive material.. '

Where necessary because of the nature of the process being conducted,
recycle ventilation systems may be used in process enclosures, hot cells, and
canyons. Inert gas systems shall be designed as recycle systems, unless it is
impracticable to do so. Recycled inert gas systems should be maintained com-
pletely within the primary barrier system. Extreme caution should be
exercised in the use of recycle systems for contaminated or potentially con-
taminated air. A recirculation system shall not direct air to an area where
the actual or potential contamination is less than the area from which the air
originated. The decision to use a recirculation system in a contaminated area
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shall be based on a documented safety evaluation that compares the risks ver-
sus the benefits, in accordance with DOE 6430.1 (DOE 1983a). Filtration shall
be provided to limit the concentrations of radioactive material in recircu-
lated air to ALARA Tevels. The design shall allow for in-place testing of
HEPA filters or filter banks.

Continuous sampling and monitoring of recirculated air for airborne
radioactive material shall be provided downstream of fans and filters. Mon-
itoring should be provided for the differential pressure across the filter
stages and for airborne radioactive material behind the first HEPA filter or
filter stage. The means for automatic or manual diversion of airflow to a
once-through system or stage should be provided. The monitoring svstem alarm
should result in the automatic diversion of airflow to a once-through system
or a parallel set of filters if an automatic system is used.

The secondary confinement barrier encloses the room or compartment in
which the primary confinement barrier is located, and provides contamination
protection for plant personnel who are outside of the secondary confinement
area. High efficiency particulate air filtration shall be required for air
supplied to and exhausted from a secondary confinement barrier. Secondary
confinement rooms, compartments, or cells should be separated from each other
by fire doors or stops. Both the barrier walls and the fire doors shall be
constructed of materials that are capable of withstanding a design-basis
accident (DBA). The secondary confinement shall be designed for pressures
that are consistent wifh the criteria for the ventilation system. The
secondary confinement area shall be at a positive air pressure with respect to
the primary confinement areas and at negative pressure with respect to the
outside environment and adjacent building areas that are not primary or
secondary barriers.

The building is the structure that encloses both the primary and secondary
confinement barriers, as well as the offices, change rooms, and other support
areas that are not expected to become contaminated. It is the final barrier
between the potential contamination and the Outside environment. The building
structure or any portion thereof may serve as the secondary confinement
barrier if the requirements for both structure and confinement are met. The
portion of the structure that houses activities involving radioactive material
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in a dispersible form shall be able to withstand DBAs, site-related natural

' phenomena, and missiles without a breach of integrity that would result in
releases of radioactive material from the structure in excess of DOE
guidelines.

3.2.3 Design-Basis Accident Events

Critical items are systems whose continued integrity and operation are
essential to assure confinement or to measure the release of radioactive
materials in the event of a DBF or DBA. Critical items usually consist of
ventilation, fire detection and suppression, electrical, and utility systems.
The degree of confinement of radioactive materials shall be sufficient to
limit environmental releases to ALARA. 1In no case shall the applicable
exposure regulations be exceeded, either with respect to the operating per-
sonnel or to the public at the boundary or nearest point of public access.
Consideration shall be given to the probability and effects of DBAs. Protec-
tion of employees within the facility shall be a consideration in all aspects
of the design. The nature of the material to be handled, including the
isotopes of plutonium and other radioactive elements present, shall be taken
into account in making these assessments. Design-basis accidents should be
developed specifically for individual facilities as part of the safety
analysis report. The following paragraphs discuss typical DBAs.

Structural design, including loading combinations and construction of
critical items, shall, as a minimum, be in accordance with current editions of
pertinent nationally recognized codes and standards. A1l other facility
design features shall conform to applicable criteria as specified in DOE
6430.1 (DOE 1983a) and to other site- or process-specific criteria developed
for the facility. '

Development of the design-basis fire (DBF) shall include consideration of
conditions that may exist during normal operations and special situations,
such as during periods of decontamination, renovation, modification, repair,
and maintenance. The structural shell surrounding critical areas and operat-
ing area compartments and their supportingkmembers shall be designed with
sufficient fire resistance so that it will remain standing and continue to act
as a confinement structure during the DBF postulated for the facility (assum-

‘ ing failure of any fire-suppression system that is not designed as a critical
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jtem). Fire resistance of this shell shall be attained as an integral part of ‘

the structure (concrete walls, beams, and columns) and not by a composite
assembly (membrane fireproofing). In no event shall the fire resistance rat-
ing be less than two hours. As a minimum, penetrations in this shell shall
incorporate protection against DBF exposures unless greater protection is
required by other criteria. The systems identified as critical items for
critical areas shall be designed to continue to operate during a DBF. A high
degree of reliability and/or redundancy shall be required of all protective
features of the ventilation system to ensure its effective operation even if
normal plant utility and fire protection systems fail. Redundancy in opera-
tion should include independent auxiliary services such as electrical power

and service air.

The design-basis explosion may involve the rupture of a primary
confinement barrier with an accompanying energy release equivalent to an
internal pressure of 105 psi (7.38 kg/cmz). (Not only will this energy
release result in a pressure wave, but it also may generate missiles within
the process area.)

The designébasis criticality could involve an accidental excursion of a
heterogeneous Tiquid-powder mixture with a neutron spike yield of 1018 fis-
sions, releasing about 30,000 BTU in less than 1 second, or an accidental

20 £issions. (This energy release

pulsating excursion with a total yield of 10
may disperse unencapsulated plutonium from a typical glove box and may
pressurize the room.) As a minimum, the design of nuclear criticality control

provisions shall meet the requirements of DOE 5480.5, Safety of Nuclear Facil-

ities, (DOE 1986¢c). Geometrically favorable or poisoned tanks and process
vessels shall be provided to minimize reliance on administrative control. The
use of poisons is acceptable only if their effectiveness can be monitored. A
system of backflow prevention, such as air gaps, shall.be provided to prevent
the inadvertent transfer of liquids from geometrically favorable or poisoned
containers to unsafe containers. Positive control to prevent the discharge of
‘liquids from geometrically favorable or poisened containers to unsafe con-
tainers shall be provided.
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' A typical design basis power failure accident may be the loss of total
‘ electric power for approximately 1 minute, and the loss of normal electric
power for 24 to 48 hours. Total electric power refers to all sources of
electric energy, delivered as well as auxiliary and standby. Normal electric
power refers to the services usually supplied by a utility company.

The DBA-water is the result of an uncontrolled water hazard. This may
occur when water supplied to the plant from a controlled external source is
released in an uncontrolled manner for 30 minutes within the plant. The
uncontrolled release of water may result in loss of a system, subsystem,
structure, or component that is important to the integrity of the confinement
system. This accident concept includes both the effect of accidental flooding
within the plant and the loss of feedwater to any equipment that, without
adequate water supply, would prevent the functioning of the confinement
system.

The DBA-natural phenomenon is the effect of site-related conditions,
including tornado and other wind and storm conditions, earthquakes, floods,
and volcanic activity.

3.3 STRUCTURAL CRITERIA

The structure and its associated critical equipment, ventilation, elec-
trical, fire protection, and utility systems shall be designed to confine
radioactive materials during any DBA that can be postulated for the facility.

The structural design, the load combinations, and the construction of
critical safety and fire protection features shall be in accordance with the
latest edition of applicable nationally recognized codes. When local codes or
regulations are more stringent than the nationally recognized codes, the Tocal
codes should be followed.

3.3.1 Tornado Resistance

Critical operating areas of the facility shall be designed to withstand
the design basis tornado. Specific information on site-specific tornado hazard
curves, rotational speeds, elastic or plastic design methods, and other design
criteria are provided in DOE 6430.1 (DOE 1983a).
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Coats and Murray (1984) developed wind/tornado hazard models aimed at
establishing uniform building design criteria for wind/tornado hazards at DOE
sites throughout the United States. The model developed for each site
expresses the annual probability that the site will experience a tornado
greater than some specified magnitude.

3.3.2 Lightning Protection

Lightning protection should be provided for all facilities. Lightning
protection systems shall be designed in accordance with the National Fire
Protection Association (NFPA) 78, Lightning Protection Code, (NFPA 1983).

3.3.3 Seismic Design Requirements

Specific seismic design criteria for determination of the size of an earth-
quake, earthquake analysis, earthquake occurrence, load combinations, and
stress 1imits are provided in Chapter XXI of DOE 6430.1 (DOE 1983a). Seismic
parameters shall be developed for the site to determine a design basis earth-
quake (DBE) and an operating basis earthquake (0BE). The smaller earthquake,
the OBE, shall be equivalent to at least one-half the DBE in terms of ground
acceleration. Critical items shall be designed to withstand the DBE and shall
be capable of continued operation after the occurrence of an OBE. Critical
items are those structures, systems, and components whose continued intearity
and/or operability is essential to prevent and mitigate the consequences of
any accident that occurs. These items include

e main structures

e fire protection systems

e ventilation systems

e confinement piping and equipment

e critical utilities, instrumentation, monitors, and alarms
e material in process and in storage (nuclear criticality).

Coats and Murray (1984) developed seismic hazard models that established
uniform building design criteria for earthquakes at DOE sites throughout the
United States. The model developed for each site expresses the annual prob-
ability that the site will experience an earthquake greater than some speci-
fied magnitude.
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3.3.4 Other Natural Phenomena

Design loads and considerations for other natural phenomena shall provide
a conservative margin of safety that is qreater than the maximum historical
levels recorded for the site. Protection against flooding shall be based on
no less than the probable maximum flood (PMF) for the area as defined by the
Corps of Engineers. The possibility of seismically induced damage or failure
of upstream dams shall be taken into account in assessing the nature of the
flood protection that is required for the facility. If the facility is in a
Tocation that may be subject to ashfall from volcanic action, consideration
should be given to the effects of ashfall on ventilation and electrical
systems.

3.3.5 Explosion, Internal Pressurization, Criticality, and Other

Causes of Design-Basis Accidents

Analyses shall be made to determine the probable consequences of DBAs,
and critical areas and critical items shall be designed to withstand DBAs.
The portion of the ventilation system that is an integral part of the critical
areas shall be designed to withstand DBAs so that it will remain intact and
continue to act as a confinement system. Building ventilation is an important
part of the confinement barrier(s) and, in some cases, air flow may become the
only barrier,

3.4 BUILDING LAYOUT.

Building layout is extremely important in the operation of a plutonium
facility. Improper or poor layout can lead to operational difficulties and in
some instances can contribute to the development of abnormal situations that
may affect personnel safety, result in unnecessary exposure to the worker and
the public, and/or increase the cost of operating the facility. Normally,
three areas are involved in the overall building layout. For purposes of this
manual, these areas are described as:

® the process area, where plutonium or ether radioactive or hazardous
materials are used, handled, or stored
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e the controlled area, which is normally free of radioactive material ‘

but could potentially become contaminated

e the uncontrolled area, which includes all areas where no radioactive
materials are permitted and radiological controls normally are not
necessary (i.e., offices, lunchrooms, etc).

The terms "controlled area" and "uncontrolled area" defined above refer to
radiologically controlled and uncontrolled areas. These terms are not to be
confused with the formal definitions of controlled and uncontrolled areas
found in DOE orders.

3.4.1 Objectives

The following objectives shall be achieved in the design layout of the
facility:

e Planned radiation exposures to personnel'sha11‘be within the pre-
scribed Timits of DOE 5480.11 (DOE 1988). Radiation exposures to
individuals and population groups shall be ALARA.

e The planned or unintentional release of radioactive materials from
the facility shall be confined to the limits of DOE 5480.11 (DOE
1988) and ALARA.

3.4.2 General Design Criteria

A11 planned processing, research and development (R&D), scrap and waste
handling, analytical, storage, shipping, and receiving operations shall be
accommodated. Receiving operations that involve removal of radioactive mater-
ial from protective shipping containers shall be performed in a handling area
that has provisions for confinement.

Real-time or near real-time accountability systems should be incorporated
if possible.

The possibility of operating with multishifts per day shall be taken into
account in allocating space for personnel support facilities and for any
special equipment that might be required to support multishift operations.

Areas shall be compartmented to isolate the high risk areas, thereby
minimizing productivity and financial loss if a DBA occurs.
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A modular construction concept should be used where feasible to facili-
tate recovery from operational accidents and DBAs and provide versatility.

A11 movement of personnel, material, and equipment between the process
area and the uncontrolled area shall be through a controlled area or an air
lock. Doors that provide direct access to the process area from the uncon-
trolled area (including the outside of the building) shall not be permitted.
If such doors are required by existing design and operating requirements for
emergency exits, special administrative control shall be implemented to ensure
adequate ventilation and radioactivity control. A1l such doors shall have
airtight seals. Doors without air Tocks shall have alarms that sound when the

doors are opened to signal a breach in the contamination control system.

Personnel exits shall be provided in accordance with the NFPA Life Safety
Code (NFPA 1985a). Personnel working in areas where an accidental breach of
primary confinement will expose them to radioactive material shall be located
within 75 feet of an exit that leads into the next confinement barrier. Such
a barrier should be a partition separating two'different air control zones,
the area of refuge being on the upstream side of the barrier. The airflow
through the barrier should be in the opposite direction of the exit travel.

Normal administrative traffic shall be restricted to the uncontrolled and
controlled areas and should not require passage through the process area.
Process traffic should be restricted to process and controlled areas and
should not require passage through uncontrolled areas.

Consideration should be given for provision of a ready room near or
within the process area where maintenance, operating, and monitoring personnel
may be readily available. The room should be in a low background area. Stor-
age should be provided for instruments and tools needed for routine work.

Process areas shall be located to permit ease of egress and material
movement to ensure rapid evacuation in case of an accident and minimum
potential for contamination spread during movement of material.

Indicators, auxiliary units, and equfpment control components that do not
have to be adjacent to operating equipment should be installed outside of
radiation or contaminated areas. Units and components without internal




contamination that are Tocated in radiation areas should be desianed so that
they can be removed as quickly as possible.

Equipment that requires frequent servicing or maintenance should be of
modular construction, standardized to the extent possible, and located outside

the process area if possible.

In radiation areas, work spaces around equipment (pumps, valves etc.)
that requires maintenance should be shielded to conform to the design basis
radiation levels.

Provisions should be made for the quick and easy removal of shielding and
insulation that cover areas where maintenance or inspection are necessary
activities. Equipment should be designed to permit visual inspection wherever
possible.

Passageways should have adequate dimensions for the movement, repair,
installation, or removal of proposed or anticipated equipment.

Ergonomic factors should be considered in the selection and placement of
equipment components to facilitate operation and maintenance.

In any area where personnel may wear protective clothing or use breathing
air systems, the use of sharp equipment projections, which could tear clothing
or breathing air system hoses or cause wounds, shall be avoided in accordance
with DOE/EV/1830-T5 (DOE 1980).

Water-collection systems shall be provided for water runoff from any
controlled area. Water from firefighting activities should be considered.
The collection systems shall be designed to prevent nuclear criticality, to
confine radioactive materials, and to facilitate sampling and volume determi-
nations of waste liquids and solids.

Area drainage and collection systems should be designed to minimize the
spread of radioactive contamination, especially to areas occupied by
personnel.

Curbs should be constructed around all areas that house tanks or equip-
ment that contain contaminated Tiquids to limit the potential spread of
Tiquids, in accordance with DOE 6430.1 (DOE 1983a).
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Noncombustible and heat-resistant materials should be used in radiation
areas that are vital to the control of radioactive materials and in equipment
that is necessary for the operation of radiological safety systems. These
materials should be resistant to radiation damage and should not release toxic
or hazardous byproducts during degradation in accordance with IAEA Safety
Series No. 30 (IAEA 1981).

Floors, walls, and ceilings should have a smooth, impervious, and seam-
less finish. The junction between the floor and walls shall be coved, and
corners should be rounded. Light fixtures should be designed to be sealed
flush with the ceiling surface to minimize horizontal surfaces and prevent
entry of contamination into the fixtures in accordance with IAEA Safety Series
No. 30 (IAEA 1981). Protective coatings (e.g., paint) used in radiation areés
should meet the criteria in ANSI N512-1974 (ANSI 1974).

An emergency lighting system shall be provided in radiation areas to
facilitate egress in emergencies. The emergency lighting shall meet the
requirements of NFPA 101 (NFPA 1985a).

Space shall be allocated for radiological monitoring stations at exits
from radiation areas.

3.4.3 Process Area

The plutonium process area is typically a aroup of contiguous rooms that
contains all operations involving plutonium, including processing, shipping,
receiving, storage,’énd waste handling. To the maximum extent practicable,
the facility design shall provide sufficient space and versatility to
accommodate equipment for programmatic changes and process modifications.

The initial line of defense to protect workers in a process area is the
primary confinement system, which includes enclosures, glove boxes, conveyor
lines, the ventilation system, and process piping. The primary confinement
system shall be designed to minimize the impact of accidents and abnormal
operations on people, facilities, and programs. The type of confinement
enclosure used (hood, glove box, remote operation cell, etc.) depends on the
amount and dispersibility of unsealed plutonium that will be handled and on
the process involved. Generally, if the quantity of unsealed plutonium
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exceeds 100 mg, the use of a glove box shall be considered. However, the
applicability of this guideline will vary based on the individual merits of
each case.

Piping and Valves

Piping and valves for radioactive liquids shall not be field run (i.e.,
pipe and valve locations shall be located as specified on approved drawings
and not at the discretion of the installer).

Notches, cracks, crevices, and/or rough surfaces that might retain radio-
active materials shall be avoided in the design of radiocactive piping systems.

The piping system that collects contaminated liquids shall be designed so
that effluents from Teaks in the system can be collected without releasing the
liquids into personnel access areas or to the environment.

When component or system redundancy is required, sufficient separation of
equipment should be employed so that redundant systems (or equipment) cannot
both be made nonfunctional by a single accident.

Stainless steel should be used in all radioactive waste and process
system piping and equipment to ensure that smooth, nonporous, corrosion-
resistant materials are in contact with contaminated liquids. For some appli-
cations, polyvinylidene fluoride (PVDF) piping may be preferred for inside of
confinement enclosures because of its ease of fabrication, smoothness, non-
porosity, and corrosion resistance. However, it undergoes severe degradation
after about 7 x 107 rads of exposure. TIn general, organic materials should
not be used in process piping systems. Other materials may be used if
engineering analyses demonstrate that criteria are met for strength, smooth-
ness, porosity, and corrosion resistance for the Tiquids to be handled.

Piping systems used for conveying radioactive and corrosive materials
should be of welded construction whenever practicable. Flanges should be used
only when absolutely necessary for servicing.

Positive measures shall be taken to prevent any radioactive material in
the facility from entering a utility service. This may be achieved by using
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backflow prevention devices and by prohibiting direct cross-connections inside
the facility. The most successful backflow prevention device is the deliber-
ate separation of lines.

Every pipe that enters or exits a process cell or contaminated area from
or to occupied areas should be equipped with block valves.

Process piping systems carrying radioactive liquids shall be designed to
eliminate traps wherever possible and to permit flushing and draining except
for those with loop seals. Floor drains should have the capability to be
sealed.

Reduction in the size of pipelines in contaminated process piping systems
should be made with eccentric reducers installed flat side down to avoid the
formation of traps. Eccentric reducers are only necessary for horizontal pipe
runs.

Changes in the direction of process piping should be made with long-
radius elbows or bends. Long-radius bends should be used, where practicable,
except in lines that transport solids, where blinded tees or laterals have
been proven to prevent erosion. Blinded tees will encourage solids buildup.
The number of bends should be minimized and pipe diameter should be increased.

If gaskets are required in process piping or associated hardware, the
selected gasket material should not deform or degrade and leak when in ser-
vice. Teflon® should be avoided for most applications but, if needed, its use
will require implementation of a most rigorous inspection routine to ensure
recognition of degradation and replacement prior to failure.

Except for shielding walls, pipe sleeves should generally be provided
when piping passes through masonry or concrete walls, floors, and roofs. The
sleeves should be sloped to drain toward the controlled area. The space
between the pipe and the sleeve should be packed and sealed. If the sleeve is
to be sealed, then additional provisions should be made for draining the
annulus.

® Teflon is a registered trademark of E.I. duPont de Nemours and Comapny,

Wilmington, Delaware.




[f underground piping for transporting radioactive or hazardous materials
is required, it shall be installed inside another pipe or tunnel that provides
a second barrier to the soil. Provisions to detect a failure in the primary
piping (leak detection) shall be provided. An effective solution may be to
install a double-walled pipe with an annular space that can be sampled at
intervals not exceeding 300 ft. The underground piping should also have
cathodic protection.

A1l valves that are not functionally required to be in contact with con-
taminated liquids should be located in nonradiation areas (e.g., steam, air,
water) in accordance with IAEA Safety Series No. 30 (IAEA 1981).

Process valves should not be located at low points in the piping except
in cases where it is necessary in order to properly drain the piping when
needed.

Valve seals and gaskets should be resistant to radiation damage.

Straight-through valves generally should be used to simplify maintenance
and minimize particle traps.

Valves shall be designed to operate in the stem-up orientation, which
would 1imit potential leakage when the pipe is unpressurized. Valves and
flanges shall be located to minimize the consequences of contamination from
Teaks.

Generally, process solutions should have primary and secondary
confinement. However, in rare instances where process solutions are allowed
to flow outside of confinement, they should only flow by gravity and the
pressure head should be limited to an equivalent of about 10 ft of water.

The corrosion resistance of the primary block valve and/or check valve
and all associated piping in the in-cell and/or contaminated areas should be
equivalent.

The use of pumps in contaminated piping systems should be avoided to
reduce potential contamination problems that result from pressurization and to
reduce the maintenance requirements associated with pumping. The use of
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gravity flow, jets, vacuum, or airlifts is a suitable alternative. Vacuum
transfers are preferred. If jets or airlift transfers are used, an adequate

waste air cleanup system should be provided.
Structure

Floors shall be designed in accordance with code requirements considering
the maximum loads anticipated.

Storage

In-process storage should not be permitted; however, temporary storage of
the product in the process area until it can be taken to an appropriate

storage area should be permitted.

Storage facilities in the process areas shall be designed to prevent the
exposure of operating personnel and to meet the requirements for security and
safeguards as given in DOE 5632.4, Physical Protection of Security Interests
(DOE 1985), and other DOE orders in the 5630 series that collectively comprise
the DOE safeguards program to guard against theft or unauthorized diversion of

special nuclear material (SNM).
Shielding

Provisions shall be made to accommodate the shielding of all items in the
process area. A1l structures (floors, walls, glove boxes, etc.) may require
additional shielding during the lifetime of the facility because of increased
throughput or higher radiation levels of the material being processed.

DOE 6430.1 (DOE 1983a) establishes a radiation level of 1 rem/yr to the
whole body as a design guide. In applying this criterion in facility design,
efforts shall be made to maintain radiation exposures as low as reasonably
achievable. The design of a routinely occupied portion of a process area
should never be based on anticipated dose rates in excess of 100 mrem/h.

DOE 5480.11 (DOE 1988) includes a requirements that dose equivalent rates in a
routinely occupied location shall average less than 0.5 mrem/h or 20 mrem/wk.
It further requires that a process area with a dose rate between 100 mrem/h
and 5000 mrem/h shall be controlled with signs or lockable barriers. For dose
equivalent rates of 5000 mrem/h or greater, lockable barriers shall be
provided. '
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Concrete radiation shielding should be in accordance with ANSI N101.6-
1972, Concrete Radiation Shields (ANSI 1972).

Straightline penetration of shield walls shall be avoided in order to
prevent radiation streaming.

Robotics and/or shielded operations performed remotely should be used as
much as practicable and shall be used where it is anticipated that exposures
to hands and forearms would otherwise approach the design criteria of
10 rem/yr.  Also, robotics or other non-hand contact methods shall be used
where contaminated puncture wounds could occur.

Shielding materials shall be noncombustible or fire resistant, to the
maximum extent practicable.

Confinement Devices

Different devices may be used to confine and control radioactive material.
The selection of the appropriate device will depend on the quantitv of mater-
ial, its form, and the operations to be performed. For specific operations,
encapsulation may be the confinement of choice. Sealed source containers
shall be designed to prevent contact with and dispersion of the radioactive
material under all normal conditions and when inadvertently dropped. Sealed
sources shall be shielded as required to ensure that personnel in routinely
occupied areas do not receive more than 0.5 mrem/h.

Seismic protection shall be provided to minimize movement of confinement

enclosures if ground movement occurs.

Fume hoods may be used for some operations with plutonium, depending on
the quantity and dispersibility of the material. . In general, plutonium fume
hood operations shall be Timited to wet chemistry processes and less than
100 mg of plutonium. For some operations, such as metallography and x-ray
analysis, larger quantities may be handled. The location of each hood shall
be evaluated with respect to ventilation supply and exhaust points, room
entrances and exits, and normal traffic patterns. Hood faces should not be
located within 10 ft of the closest air supply or room exhaust point, which
might disturb air flow into the hond. Hoods should not be located in or along
normal traffic routes.
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An open-faced hood shall be designed and located to provide a constant
air velocity across the working face. A face velocity of greater than
125 linear ft/min over the hood face area shall be provided to ensure control
of radioactive materials. Much of the nuclear industry uses 150 linear ft/min
as the criterion. If room air currents might upset the uniform entrance of
air, the hood exhaust requirements should be increased. Turbulence studies
may be necessary to verify adequate control of radioactive material. Physical
stops should be provided to ensure that the required hood face velocity is

maintained.

Hood design and filtration systems shall comply with the criteria estab-
lished in ERDA 76421, Nuclear Air Cleaning Handbook (ERDA 1976b), Industrial
Ventilation, A Manual of Recommended Practice by the American Conference of
Governmental Industrial Hygienists (ACGIH 1980), and by Oak Ridge National
Laboratory (ORNL) in ORNL-NSIC-65, Design, Construction, and Testing of High
Efficiency Air Filtration Systems for Nuclear Applications (ORNL 1970).

The hood structure shall have a smooth, corrosion-resistant, inner sur-
face that is made of or coated with easily cleaned material.

Glove boxes, conveyors, and other enclosures shall be designed to control
and minimize the release of radioactive materials during normal operations and
postulated DBAs. Noncombustible or fire- and corrosion-resistant materials
should be used in the construction of the confinement system, including any
shielding employed. Fixed modular construction shall be employed wherever
possible, using a standardized attachment system that will permit replacement
or relocation of the contents within the glove box system with a minimum
spread of contamination. Fire dampers shall be provided between glove boxes
to 1imit the spread of fire. Fire dampers shall be tested frequently to
assure proper operation when needed.

The process design should minimize required hands-on operation in glove
boxes and other primary confinement units.

The glove box design shall include syfficient work space to permit
removal of materials and easy personnel access to all normal work areas, and
it shall provide for the collection, packaging, storage, and/or disposal of
waste generated by the operation of the glove box.
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Consideration should be given to incorperating transfer systems such as a
double door, sealed transfer system for removal of plutonium from a glove box.
Types of removal and transfer systems are given in IAEA Safety Series No. 30
(TAEA 1981). These types of removal systems are designed to permit entry and
removal of material without breaching the intearity of the glove box.

The ease of visibility for activities, accessibility of necessarv in-box
controls, and ease of cleanup and waste removal should be considered in the
design of glove boxes. Glove boxes should be designed and constructed to
reduce points of material accumulation.

Equipment shall be designed to preclude sharp corners, barbs or pointed
parts, and pinching points that could puncture glove box gloves or skin. ATl
corners shall be rounded, burrs removed, etc.

Ergonomics shall be considered in designing the height of glove box ports
and access to inner surfaces and equipment.

Each glove box should be equipped with an audible alarm that can be
tripped to signal radiological problems. Individuals should be able to
activate the alarm without removing their arms from the glove box. The alarm
should sound in a continuously occupied area where it should, as a minimum,
identify the room in which the alarm originated.

A HEPA filter shall be installed on the air inlet to the glove box if
required to prevent the backflow of contamination. Prefilters should be
installed upstream of the HEPA filter where appropriate. The exhaust outlet
for each glove box shall have HEPA filters to keep the ventilation duct work
clean. This filter should not be counted as a formal HEPA sfage and need not
meet all the test capabilities for HEPA filtration; however, it should be
tested prior to installation. Push-through filter change-out systems should
be used if possible. The HEPA filters downstream of the glove box shall be
readily accessible for filter change-out and testable.

Glove box air inlets and inlet filters shall be protected or oriented to
prevent inadvertent entry of water into the box (e.g., a fire sprinkier system
discharge or water Tine leak).
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Glove boxes shall be designed to operate at a negative pressure [0.75 *
0.25 in. water gage (WG)] with respect to the room in which they are operated.
Differential pressure gauges shall be installed on each glove box or integr-
ally connected series of glove boxes. During abnormal conditions control
devices to prevent excessive pressure or vacuum shall be either positive act-
ing or automatic, or both. The ventilation system shall be designed to pro-
vide and maintain the design negative pressure during normal operations and
the design flow through a breach. There shall be exhaust capacity on demand
that will promptly cause an inflow of air greater than 125 linear ft/min
through a breach of at Teast a single glove box penetration of the largest
size possible. Filters, scrubbers, demisters, and other air-cleaning devices
shall be provided to reduce the quantities of toxic or noxious gases and air-
borne particulates that enter the ventilation system prior to its entry into
the exhaust system.

Each glove box or integrally connected series of glove boxes shall be
equipped with an audible alarm that alerts personnel when a system pressure or
vacuum loss is occurring. The alarm should be set at -0.5 in. WG relative to
the room in which the glove box is Tocated.

The number of penetrations for glove box services should be minimized.
The fittings shall provide a positive seal to prevent the migration of radio-
active material. For the same reason, penetrations for rotating shafts shall
not be permitted except where rotating shafts have seals. Seals for rotating
shafts are very reliable and are preferred to motors inside the glove box.

Vacuum systems connected to a glove box shall be designed to prevent an
evacuation and possible implosion of the glove box.

Any gas supply system connected directly to a glove box shall be designed
to prevent pressurization, flow in excess of the exhaust capacity, and back-
flow. Flammable or combustible gases should not be used in glove boxes but,
if required, shall be supplied from the smallest practical size of cylinders.
Flammable gas piped to a plutonium processing building shall not enter the
building at a pressure exceeding 6 in. water (DOE 1983a). Vacuum pump exhaust
shall be filtered and exhausted to the glove box or other acceptable ekhaust

system.
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[f process water is provided to a glove box and the water must be valved
ON when the box is unattended, a system shall be installed to automatically
close a block valve in the water supply line if a buildup of water is detected
on the box floor or in the box sump.

Process piping to and from glove boxes should be equipped with backflow
prevention devices and should be of welded stainless steel construction.
Vacuum breaker type devices are generally more reliable than other types.

Glove box components, including windows, gloves, and sealants, shall be
of materials that will resist deterioration by chemicals and radiation.

Glove ports shall be designed to allow for the replacement of gloves
while maintaining control of radicactive material. The ports should be
lTocated to facilitate both operating and maintenance work. The need for
two-handed operation, depth of reach, mechanical strength, and positioning
with respect to other ports should be considered in the design. Covers or
plugs should be provided for each port. The covers or plugs should provide
shielding equivalent to the glove box walls.

Bag-out ports, sphincter seals, and air Tocks shall be designed and
installed to facilitate the introduction and removal of equipment and supplies
without compromising contamination control. Air lock gaskets at the bottom
rim shall be protected from any physical damage potentially incurred by
removing items. Air locks shall be designed to be at negative pressure'with
respect to the work station and positive pressure with respect to the glove
box.

Windows shall be constructed of noncombustible or fire-resistant mater-
ials that resist scratching, breaking, and radiation degradation. Wire glass
should be considered except where precluded by requirements for visual acuity.
In those instances, tempered or safety glass may be suitable. Windows should
be kept as small as possible while still meeting visual requirements. A
push-in window design should be considered for ease of replacement. Use of
PVDF Tining or Taminations on windows may reduce their degradation and
increase the ease of their decontamination.w The windows shall be securely

fastened and gasketed or sealed. The gasketing material should be resistant




‘ to degradation by radiation or other materials to which it will be exposed.
Lighting fixtures shall be mounted on the glove box exterior to the extent
practicable.

Generally, organic (plastic) materials are not recommended for use in
plutonium glove boxes. However, when dealing with process streams containing
large quantities of fluorides or chloride ions, organic (plastic) pipe and
equipment are sometimes required. When using organics in the glove box, care
must be exercised in the selection of the material to minimize alpha
deterioration.

Fire protection shall be provided in the glove box, enclosure, and con-
veyor systems to meet DOE improved-risk objectives. Automatic fire suppres-
sion shall be considered when a credible fire could produce a loss (including
decontamination) in excess of $250,000. When the potential Toss might exceed
$1 million, an automatic fire-suppression system is mandatory (DOE 1983a).
Discrete work stations within an enclosure should be separated from each other
by fire stops to prevent the spread of fire. Fire stops should be designed to
be normally closed. For systems in which fire stops must normally be open,
closure should be automatic upon actuation of the fire-sensing system.
Fire-sensing systems should be fast acting and highly reliable (DOE 1983a).
Instead of a fire-sensing system, an oxygen-deficient atmosphere may be
provided as the normal or required operating atmosphere within the enclosure.
Where automatic fire suppression systems are not required, a fire-detection
system shall be installed. Provisions shall also be made for manual fire
suppression where it is deemed necessary.

The actual sources inside the glove box should be shielded, if possible,
jnstead of shielding the glove box, However, the glove box should be
equipped with or capable of accepting any necessary neutron and/or gamma
shielding.

3.4.4 Controlled Area

A11 support facilities that have a potential for periodic low-level
contamination shall be located in the controlled area. These facilities
include change rooms and decontamination rooms for personnel; health physics
laboratories; facilities for the receipt, temporary storage, and shipment of
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radioactive and potentially contaminated materials; maintenance rooms for
regulated equipment; mechanical equipment rooms; and other laboratory
facilities.

In controlled areas where radiation exposure is not a necessary part of
the work being performed, shielding shall be provided to reduce the dose rate
to occupants to less than 0.5 mrem/h in accordance with DOE 5480.11 (DOE
1988).

Air locks between controlled and uncontrolled areas shall be used to
provide confinement of the controlled area if an inadvertent release of
radioactive materials or a fire occurs. Air locks should also be provided in
controlled areas where there is a potential for radioactive contamination to
be spread from an area of high contamination to one of lower contamination.

Where possible, each controlled area shall have a single access and exit
point for personnel during normal operation. Access points shall be
accessible through change rooms. Other access and exit points shall be
available as required for emergencies and in compliance with the NFPA Life
Safety Code (NFPA 1985a).

Space for step-off pads and radiation monitoring and survey equipment
shall be provided at the exit from controlled areas that are potentially
contaminated and between high- and low-level contamination areas. The space
provided should be sized to accommodate the expected work force.

Change Rooms

Change rooms shall be available for both men and women, with lockers to
~support the anticipated number of workers and support personnel. Change rooms
should include facilities for storing and dispeﬁsing clean protective
clothing, a well-defined ventilated area near the exit from the controlled
area for the temporary storage of potentially contaminated clothing, and
adequate shower facilities. The clean side of the change room shall be easily
separable from the potentially contaminated side of the room.

Space for step-off pads and radiation monitoring survey equipment shall
be provided for personnel and equipment leaving the controlled portion of the
change room.
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Liquid wastes from potentially contaminated showers shall be routed to
the 1iquid radioactive waste system or to a holding tank that may be sampled
before the waste is released.

The ventilation system should be designed to prevent the spread of
contamination from the controlled to the uncontrolled portion of the room.

Personnel Decontamination Room

A personnel decontamination room (or station) shall be provided for each
plutonium facility. It should be located near or in the change rooms. A
decontamination room with the capability to decontaminate male and female
personnel simultaneously should be considered. The use of installed
partitions or curtains should be considered for this purpose. An adequately
equipped decontamination room should have communications equipment, a
workbench with a cabinet for decontamination supplies, an examination chair, a
sink, and showers. Both the sink and showers shall be connected to a holding
tank for sampling or routed to the process waste. The room should contain
equipment for performing nasal irrigations and initial surveys of nasal
swipes.

Health Physics Lab Office

Health physics personnel in a plutonium facility should be assigned Tlab
office space at or near the exit from the process area into the controlled
area. As a rule of thumb for determining space needs, one radiation protec-
tion technologist (RPT) should be available for every 10 radiation workers.
Space should be included for the readout of radiation protection instru-
mentation, survey records documentation, counting equipment, and portable
instruments.

Mechanical Equipment

Where possible, mechanical equipment (motors, pumps, valves, etc., that
may be a source of radioactive contamination) shall be located in the process
area. Enclosures that will contain the contamination should be placed around
the equipment. Such enclosures should be easy to decontaminate.
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3.5 SERVICE AND UTILITY SYSTEMS

Utility services shall be designed to provide reliability that is con-
sistent with 1) the operational requirements for the control and confinement
of radioactive materials and 2) the potential hazards under all probable
conditions. The services and utilities that are important to the continuity
of essential plant functions shall be designed to the same integrity level as
the function they serve. Some service or utility systems are connected to
other systems or structures that are essential to prevent the release of
radioactive materials. Such service or utility systems must be designed so
that if they fail, connecting systems will remain functional.

3.5.1 Ventilation Systems

Ventilation systems include the supply and exhaust systems and the asso-
ciated ductwork; fans; air cleaning, tempering, or humidity control devices;
and associated monitoring instrumentation and controls required to confine
radioactive materials within the ventilation system. The design of ventila-
tion system components does not include process vessels, primary confinement
or containment housing, or the building structure.

Design Objectives

The ventilation system shall be designed to confine dispersible radioac-
tive material within prescribed areas of the facility. It shall also be
designed to Timit airborne concentrations of radioactive material in occupied
areas of the facility and in effluents that reach the public to less than the
applicable concentration guides and ALARA.

The ventilation system, which serves as an engineered safety and control
system, shall be designed to remain operational or fail safely under all oper-
ational and DBA conditions. The failure of any single component shall not
compromise the ability of the system to maintain confinement of radioactive
materials or control their release to the environment. Specific response
requirements of the system and its components shall be identified through a
safety analysis. v
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Air Flow and Balance

The design of ventilation systems shall ensure that, under all normal
conditions, the air flows toward areas of progressively higher radioactive
material inventories. Air-handling equipment shall be sized conservatively
enough that minor fluctuations in air flow balance (e.g., improper use of an
air lock, occurrence of a credible breach in a confinement barrier, etc.) do
not result in air flowing from higher to lower radioactive material inventory
areas. To prevent the movement of contamination from high radioactive
material areas to low radioactive material areas in case of a flow reversal,
HEPA filters shall be provided at ventilation inlets in confinement area

barriers.

A minimum of two negative-pressure zones should exist within a process
building. Thevfirst, the process confinement system, should serve the spaces
within the glove boxes, conveyors, transfer boxes, and other spaces that may
contain plutonium during the course of normal operations. The second should
serve the process areas and other potentially contaminated areas adjacent to
the process confinement system. Controlled areas that are contiguous to
process areas and potentially free of contamination constitute a third zone.
Some facilities have aAminimum of three zones and frequently four.

A minimum pressure differential of between 0.75 and 1.0 in. (1.9 and
2.5 cm) WG, negative with respect to the room, shall be maintained in all
process confinement systems. A negative pressure differential of at Teast
0.1 in. (0.25 cm) WG shall be maintained between process and controlled areas
and between controlled areas and uncontrolled areas. Air locks between zones
should be provided where necessary to ensure that proper differential
pressures are maintained. Differential pressure between the containment
enclosure and the outside atmospheric pressure may be as great as 3 in. of
water (ERDA 1976b).

The design of the ventilation system shall include an analysis to
demonstrate that the system is capable of,operating under the DBF conditions.
To the maximum extent practicable, the system shall be designed to ensure that
the products of combustion are not spread beyond the room of origin unless
directed through appropriate ventilation channels. The exhaust system shall
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be designed to provide cleanup of radioactive material and noxious chemicals ‘

from the discharge air and to safely handle the products of combustion.

Provisions should be made for independent shutdown of ventilation systems
where this could be an advantage to operations, maintenance, or emergency
procedures such as firefighting. 1In assessing the desirability of providing
for shutdown of a ventilation system under such conditions, full consideration
shall be given to all possible effects of the shutdown on air flows in other,
interfacing ventilation systems. It may be more appropriate to provide for
drastically reduced flow rather than system shutdown. For example, reducing
air supply to 10% and exhaust flow to 20% of operating values would minimize
ventilation and maintain negative pressure. Positive means of controlling the
backflow of air, which might transport contamination, shall be provided. The
ventilation system and the associated fire-suppression system shall be
designed for fail-safe operatijon.

‘The ventilation system shall be appropriately instrumented and alarmed,
with readouts in continuously occupied control rooms. A listing and the
function of required and recommended instrumentation are given in ANSI
N509-1980, Table 4-1 (ANSI 1980a).

Building penetrations for ventilation ducts should be kept to a minimum
and should be designed to protect the critical systems against a DBA. No
penetrations should be permitted, if the barrier around the process area is
the outside wall of the building.

Room air in controlled and process areas may be recirculated if the recir-
culating air system is provided with two HEPA filter banks in series. One of
the filter banks should be in the exhaust duct Teading from the room(s) where
airborne activity might be introduced. An air monitor shall be located
between the two filters and set to alarm when the air concentration reaches a
preset point. Air flow should then be diverted either manually or automatic-
ally to a once-through system using the air monitor alarm indication to trip
the system. Recirculation from a zone of higher contamination to a zone of
Tower contamination shall be prohibited.
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Air Supply

Supply air shall be appropriately filtered and conditioned in accordance
with operational requirements and with the Tevels recommended for comfort.

The ventilation rate in process areas, where uncontained radioactive
materials are handled, should be from 12 to 60 air changes per hour (ORNL
1970) depending on whether the area is normally occupied by workers, the need
for removal of process or decay heat, and the need for removal of decay fumes.
A minimum of 8 air changes per hour should be provided in support facilities
within the process area. Adequate air filters shall be used at the intake of
the ventilation supply system to minimize dust in the process area and to
reduce the dust loading on HEPA filters.

A downward airflow pattern should be provided at worker locations to
direct air from any potential leak point down and away from the worker's face.
Consideration should be given to the distribution of inlet air through a
number of small ports or by slot-type distributors to decrease the possible
occurrence of "dead spots" with little air circulation.

Glove boxes, conveyors, and other systems that require a controlled
atmosphere may be equipped with a recirculating air system. A1l parts of the
system should operate at air pressures that are negative with respect to the
room. Process enclosures that use normal air may receive their air supply
from the room through dust-stop and HEPA filters mounted on the glove box.

Consideration should be given to isolating process rooms from each other
during accidents. The principle of compartmentation and separation should be
extended to systems handling ventilation in working areas, by the most
practicable use of individual ventilation systehs. Emergency back-up should
be provided through combinations of manifolds and damper cutovers between
adjacent individual ventilation systems. Redundancy can be minimized by the
provision of a back-up unit for each two individual systems.

Exhaust Systems

»

The number of required exhaust filtration stages from any area of the
facility shall be determined by analysis to limit quantities and concentra-
tions of airborne radioactive or toxic material released to the environment
during normal and accident conditions. Materials released shall be in
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conformance with applicable standards, policies, and guidelines. In general,
each exhaust filter system should consist of a minimum of two HEPA filters for
room air and three HEPA filters in series for glove box or hood exhaust air.
Only two stages of glove box or hood exhaust filters need to be equipped for
in-place testing.

The filtration system shall be designed to allow for reliable in-place
testing of the HEPA filters and ease of filter replacement to the extent
practicable.

The exHaust system for a glove box or hood shall be separate from the
exhaust system for room air. The hood exhaust system need not be separate
from room exhaust ventilation if ventilation is once-through. Exhaust air
shall be drawn through a HEPA filter at the glove box or hood exhaust point to
maintain primary control at that point and minimize contamination of ductwork.
This filter shall not be counted as a confinement barrier unless it is
testable in place. Additional HEPA filters in series should be separated at a
sufficient distance to permit in-place testing of each stage of the filters.

Dampers should be installed in the glove box, hood, and room exhaust
ducts so that required air-pressuré differentials can be maintained. Auto-
matic backflow dampers should be installed in series with the exhaust dampers.
Manual controls, or automatic controls with manual override, should be pro-
vided as needed for ventilation systems or their components for flexibility of
operation.

Integral fire-suppression equipment shall be provided as needed within
each ventilation system to ensure that a DBF could not degrade the integrity
of the high-efficiency air C]eaning system. Where appropriate, a cool-down
chamber with water sprinklers, a prefilter-demister, and a spark arrestor
screen should precede the first stage of the final HEPA filtration system.
The water spray from a cool-down chamber should be automatically actuated by
appropriate temperature- and smoke-sensing devices as determined by the
accident analysis.

A1l potentially contaminated air should be exhausted through a common
stack. Continuous monitoring and a representative, redundant sampling cap-

ability shall be provided on exhaust stacks that may contain radioactive or
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toxic materials. The ventilation exhaust stack shall be located as far away
from any air intake as is reasonably possible. Design criteria for effluent
monitoring and sampling and elements for consideration in effluent radio-
activity measurement are described in DOE/EP-0096, A Guide for Effluent
Radiological Measurements at DOE Installations (DOE 1983b). International
Electrotechnical Commission (IEC) Standard 761, Parts 1 and 2, provides

requirements for equipment for continuously monitoring radioactivity in
gaseous effluents (IEC 1983).

System Testing and Control

The ventilation system is considered an essential safety and control
system and should be designed in accordance with ANSI/ASME N509-1980 (ANSI
1980a). The minimum acceptable response requirements for the ventilation
system, its components, instruments, and controls, shall be established based
on results of safety ana]yées for normal, abnormal, and accident conditions.
These requirements shall include system and component design characteristics,
such as the installation of standby spare units, provision of emergency power
for fans, installation of tornado dampers, seismic qualification of filter
units, and fail-safe valve positioners.

The ventilation system shall be designed to operate effectively and to
permit servicing or filter replacement while operating. The system's effec-
tiveness shall be assessable during operation by means of installed testing
and measurement devices.

Air-cleaning systems shall be designed for the convenient, repetitive,
and reliable in-place testing of each stage of the system for which credit is
taken in accordance with ANSI N510-1980 (ANSI 1980b). Provisions for in-place
testing shall include aerosol injection ports, sampling ports, and connecting
and bypass ductwork. Independent inspection and testing of HEPA filters prior
to their installation shall be performed by DOE-approved organizations Tisted
in Chapter V (page V-16) of DOE 6430.1 (DOE 1983a). Each filter bank also
shall be tested upon installation and annually thereafter and anytime when
conditions have developed that may have damaged the filter, i.e., pressure
drop, over pressure, water spray, etc. The filter or filter bank shall
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demonstrate a particle-removal efficiency of at least 99.95%, for all par-
ticles having a mean aerodynamic diameter (MAD) >0.3 micron, on a count basis.

The portions of the ventilation system that are essential to preventing
releases of radioactive materials shall continue to function (or automatically
change to a safe failure mode) under abnormal or DBA conditions. The ventila-
tion system fans shall produce a maximum exhaust rate that is greater than the
maximum supply rate. Exhaust fans shall be provided with emergency power in
the event of loss of normal electrical power supplies. Exhaust and supply
fans should be redundant. If the system fails, exhaust control dampers shall
fail in the open position and the supply control dampers shall fail in their
preset closed position. Supply fans should automatically cut off when the
exhaust fan capacity in service is not sufficient to maintain the proper pres-
sure differential. Alarms shall be provided to signal the loss of fan
capacity or improper air balance. System components or devices that must
function under emergency conditions shall be able to be tested periodically,
preferably without interruption of operations.

Appropriate surveillance instrumentation and manual system operation
controls should be provided at one common location. In addition, surveillance
instrumentation should be located in an external or prbtected area that would
be accessible during and after all types of DBA events.

3.5.2 Electrical Power

Both normal and emergency power supplies shall be available to a
plutonium facility to ensure that critical systems can continue to operate
under both normal and accident conditions.

Normal Power

A plutonium facility's normal electrical power needs shall be met by two
primary feeders. The preferred primary feeder shall provide basic service to
the facility and consist of a radial feeder connected directly to the main
substation serving the area. To minimize power outages, this feeder shall be
an express feeder and shall not have any other loads connected to it.
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The alternate primary feeder shall be in ready standby to provide back-up
power to the preferred primary feeder power supply. In the event of a forced
outage or planned maintenance of the preferred primary feeder, the power load
shall automatically transfer to alternate feeder. The alternate primary
feeder should also be a radial feeder connected directly to a substation and
should have no other Toads connected to it. To minimize simultaneous outages
of the preferred and alternate primary feeders due to lightning or other
physical damage, the two feeders shall have maximum physical separation.

Emergency Power

The facility shall be provided with a reliable, local source of emergency
power if both primary sources fail. The emergency power source shall be
completely independent of the preferred and alternate primary feeders. The
emergency power should be generated onsite by turbines or diesel generators
with automatic starting and switch-over equipment. The emergency system
should be physically separated from the normal power systems, except at
the automatic transfer switch, so that any electrical or mechanical breakdown
of the normal power system will not render the emergency system inoperative.

The time lag between electrical power failure and the resumption of emer-
gency power should not exceed 20 seconds, and the emergency system should
remain energized for at Teast 5 minutes after the restoration of primary
power to allow for an orderly transition. The emergency power sources should
have sufficient capacity and sufficient fuel supplies stored onsite to main-
tain the integrity of all critical building systems for approximately
48 hours. The amount of time that emergency power is necessary should be
determined by the requirements for bringing the.processes to safe shutdown
condition. Chemical and thermal inertia also should be considered. The emer-
gency power system should be able to carry identified critical loads such as
air exhaust and supply systems, fire-detection and fire-suppression systems,
related instrumentation and control functions, necessary criticality and radi-
ation monitoring instrumentation, certain processing equipment, and any other
essential building systems identified during safety analysis. Sensitive
safety equipment shall be tested to verify that it will remain operable during
the switchover and after enduring the electrical transient.

Noncritical uses of emergency power shall be avoided.
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3.5.3 Water Supply

Water storage tanks with multiple or back-up supplies shall be provided
to simultaneously meet the needs of fire protection, process, and potable
uses.

The design of the water supply system shall provide water for fire-
fighting and automatic sprinkler systems in accordance with the criteria in
Chapter X of DOE 6430.1 (DOE 1983a) and Factory Mutual and National Fire
Protection Association Standards. The fire-protection water supply and
distribution design required for critical item protection shall ensure the
continuity of protection in the event of a DBA.

Potable water shall be distributed to drinking fountains, eyewash foun-
tains, showers, emergency showers, lavatories, and noncontaminated labora-
tories. Raw water may be used in toilets and urinals. The potable water
system shall be protected against contamination in accordance with Chapter V
of DOE 6430.1 (DOE 1983a). Water mains should not pass through process or
controlled areas. Branch lines may be permitted in process areas for safety
showers and fire-protection sprinkler systems only. Drinking fountains may be
Tocated in controlled areas, adjacent to the process areas, where
contamination is not likely to occur.

The facility water system preferably should be isolated from primary
water mains by an air gap to prevent any possibility of contamination of
public water supplies. If an air gap is not possible, reduced pressure type
of backflow prevention devices meeting the requirements of the American Water
Works Association C506-78-1983 [AWWA 1983] shall be used. Process water
supplied to the process and controlled areas must be isolated from the potable
water system. Cross-connections shall not be permitted.

3.5.4 Fire Protection

Each area in the plant building shall be equipped with fire-detection
devices that are best suited for that area, as described in Chapter X of DOE
6430.1 (DOE 1983a) and in NFPA National Fire Codes 71 and 72A through 72D
(NFPA 1985b, 1985c, 1986a, 1986b, 1986¢c). All equipment shall be approved by
a recognized testing laboratory. The spacing, sensitivity, and location of
the detectors should be given careful consideration to ensure rapid response.
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Most areas of the plant shall have automatic fire-suppression systems;
exceptions are identified in DOE 6430.1 (DOE 1983a). As a minimum, these
systems and the structural design of the facility shall meet the requirements
of the NFPA's National Fire Codes listed previously, Chapters X and XXI of DOE
6430.1 (DOE 1983a), Chapter VII of DOE 5480.1B (DOE 1986a), and DOE 5632.4
(DOE 1985). The minimum requirements shall include the provisions of com-
pletely automatic sprinkler systems or equivalent coverage throughout the
facility, with fire control measures for any special hazards. An ensured
water supply, adequate for firefighting and fire-suppression needs over a
4-hour period, shall be provided.

A11 fire detectors and/or automatic fire-suppression systems shall be
connected to fire alarm annunciators. The annunciator system should be
sufficiently subdivided to identify the location of a fire.

Fuels and combustible materials should be stored at a central facility
that is remote from the plutonium processing building(s). Piped natural gas
shall not be provided to plutonium process or storage areas. Separate bottled
gas systems should be provided where required.

The ventilation system of the facility shall be designed to withstand any
credible fire or explosion. It shall be constructed of non-combustible mater-
ials and have fire-detection and fire-suppression equipment, including heat
and smoke detectors, alarms, fire doors and dampers, and heat removal systems.
The final filter bank of the building's air exhaust system should be protected
from damage by hot gases, burning debris, or fire-suppression agents that may
be carried through the exhaust ducts during a 4-hour fire.

Over-pressure protection should be considered for critical items such as
glove boxes, cells, and ventilation ducts.

3.5.5 Waste

Waste from plutonium handling facilities includes radioactive, radio-
active mixed, and hazardous (nonradioacting) materials and will be in the form
of 1iquid or gaseous effluents and solids packaged for shipment offsite. A
principal design objective for the process systems shall be to minimize the
production of wastes at the source. A principal design objective for the
waste management systems shall be to provide facilities and equipment to
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handle the wastes safely and effectively. The design of the facility shall
1imit the environmental release of radioactive, radioactive mixed, and
hazardous materials to less than the DOE and EPA regulations. Emphasis shall
be placed on reducing total quantities of effluents (both radioactive and
nonradioactive) released to the environment.

Sanitary Waste

Sanitary waste includes the nonradioactive wastes usually found at a
facility, e.qg., discharges from noncontaminated chemical laboratories,
showers, and lavatories. The sanitary waste system shall not be Tlocated in
the plutonium handling area where radioactive material could enter the system.
Sanitary sewers should discharge into an onsite, approved, sanitary sewage
treatment system. Current federal, state, and local codes regarding the
discharge of sanitary wastes shall be met. The sanitary wastes shall be
sampled for radioactivity (DOE 1983a).

Potentially Contaminated Wastes

Potent1a11yAcontaminated wastes include process coolant water, blowdown
from heating and cooling systems, process steam condensates, and discharges
from mop sinks and personnel decontamination sinks and showers. Natural
runoff from the roofs of process buildings may be included in this category.
Sufficient holdup capacity shall be provided so that wastes can be retained
until they are sdmp]ed, analyzed, and shown to be within acceptable Timits for
release. Holdup capacity shall also be provided for water that is collected
from firefighting activities, including sprinkler activation. While providing
holding tank capacity for the full volume of.firefighting water may not be
economically feasible, consideration should be given to ensuring that the
water is retained onsite and can be sampled prior to release.

Potentially contaminated liquid wastes shall be sampled prior to their
discharge to the environs. Batch sampling and analysis of liquid waste holdup
tanks may be used.

If liquid waste is discharged to the eﬁVirons, the effluent concentrations
of plutonium shall not exceed the Radioactivity Concentration Guide (RCG) of
DOE 5480.1B (DOE 1986a) for uncontrolled areas measured at the point of dis-
charge during normal operation and shall be ALARA.

3.40




Contaminated Waste

Any contaminated waste (solid, liquid, or gas) that does not meet the
criteria for release either shall be held onsite and decontaminated to the
point that it meets release limits or disposed of as radioactive waste.

3.6 SPECIAL SYSTEMS AND EQUIPMENT

Special systems and equipment shall be incorporated in plutonium
facilities to ensure the safety of the worker and protection of the public.
As a minimum, the following systems shall be included:

e air sampling and monitoring

e breathing air

e personnel monitoring

e criticality safety

e nuclear accident dosimeters

e monitoring and alarms.
These systems and equipment plus some that may not be directly related to
personnel safety and radiation protection are discussed in the following
subsections.

3.6.1 Air Sampling and Monitoring

Airborne alpha activity can be measured by either air sampling or contin-
uous air monitoring. The use of both is required for an effective program.
An air sampling systém may involve the use of a central building vacuum system
with the sample heads located near positions that are frequently occupied by
operating personnel. Alternatively, individual portable samplers could be
used. The use of flexible intake lines to sampTe heads will allow placement
of the sample head near the worker's breathing zone. Continuous air monitors
(CAMs) shall be located throughout the areas where radioactive materials are
handled to alert personnel of sudden increases in airborne plutonium. The air
sampling and monitoring systems shall be located and operated such that the
air concentrations measured are representative of those that could be breathed
by workers. Many facets of air sampling, such as isotopic composition,
particle size, and solubility, that affect the potential intake by workers
shall be considered. Specific information may be found in Sections 1.0 and
4.0, in the references and bibliographic materials for this manual, and in
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(a)

settings established so that significant increases in airborne activity are

Mishima et al. Continuous air monitors shall be positioned and alarm
detected and alarms are triggered to alert personnel to any changed condi-
tions. DOE 5480.11 (DOE 1988) states that ambient air monitoring shall be
performed in areas with the potential to exceed 10 percent of any derived air
concentration (DAC). The air sampling and monitoring systems shall comply
with ANST N317-1980, Performance Criteria for Instrumentation Used for
In-Plant PTutonium Monitoring (ANSI 1980c) and ANSI N13.1-1969, Guide to
Sampling Airborne Radioactive Materials in Nuclear Facilities (ANSI 1969).

The applicable sections of draft ANSI Standards N42.17A-D9, Performance Speci-

fications for Health Physics Instrumentation - Portable Instrumentation for
Use in Normal Environmental Conditions(b) and N42.17B-D5, Performance Specifi-

cations for Health Physics Instrumentation - Occupational Airborne Radjoactiv-

c)

ity Monitoring Instrumentation( shall also be considered.

A11 air and gaseous effluents that may contain radioactivity shall be
exhausted through a ventilation system designed to remove particulates. A1l
exhaust ducts and stacks that may contain plutonium contaminants shall be
provided with a continuous-monitoring system and a fixed sampling system.
These systems may be a combination unit. The air intake probes should be
designed for representative sampling. The fixed sampling system should
contain the filter sample which would hormal]y be the record sample. System
design, location, installation, and operation shall follow the guidance pro-
vided in ANSI N13.1-1969 (ANSI 1969), ERDA 76-21 (ERDA 1976b), and DOE/EP-0096

(a) Mishima et al. 1988. Health Physics Manual of Good Practices for the
Prompt Detection of Airborne PTutonium in the WorkpTace. Draft Report,
Pacific Northwest Laboratory, RichTand, Washington.

(b) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation
for Use in Normal Environmental Conditions. Draft ANSI N42.17A-D8,
American National Standards Institute, New York, New York.

(c) American National Standards Institute (ANSI). 1987. Performance Speci-
fications for Health Physics Instrumentation - Occupational Airborne
Radioactivity Monitoring Instrumentation. Draft ANSI N42.17B-D5,
American National Standards Institute, New York, New York.
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(DOE 1983b). Each of these systems shall be connected to an emergency power
supply in accordance with DOE 6430.1 (DOE 1983a). The requirements of

Parts 1 and 2 of IEC Publication 761, Equipment for Continuously Monitoring
Radioactivity in Gaseous Effluents (IEC 1983) should also be met. Effluent
monitoring systems should provide a continuous recording of effluent concen-

trations and be equipped with alarm annunciation of abnormal radioactivity
levels in the effluent discharge stream.

3.6.2 Breathing Air

For facility design, confinement of airborne radioactive materials shall
be the required method of preventing internal deposition of radioactive
particulates. However, during operation and maintenance of the facility,
situations may occur (accidents, special maintenance, spill recovery, etc.)
where air-supplied respiratory protection is required.

A plutonium facility should be provided with a system that is capable of
supplying breathing air to a number of work stations in each occupied area

where the following conditions exist:

e (Gaseous or airborne radioactive material may exceed the concentra-
tions listed in DOE 5480.11 (DOE 1988), for occupational exposure.

e Potentially dispersible plutonium compounds exceeding 100 mg are
handled outside of containment devices.

e Personnel may be required to enter cells or other areas that contain
large amounts of loose radioactive material for repair, maintenance,

decontamination, or operation.

Breathing air systems may be portable or sémiportab1e bottled systems or
installed compressor systems. The facility design requirements shall be

determined by the system selected.

Breathing air supply systems shall meet the requirements of ANSI 788.2-
1980 (ANSI 1980d) and 29 CFR 1910 (CFR 1985b). Air line connections for the
breathing air must be unique to preclude connecting other gas supplies to the
breathing air lines or the breathing air lines to other gas supplies. Addi-
tional criteria for design of breathing air systems found in the references

mentioned above shall be considered.
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3.6.3 Personnel Monitoring

The facility design shall provide for location of personnel monitoring ‘
devices in the vicinity of the workplace in accordance with DOE 6430.1 (DOE
1983a). To minimize the potential spread of radioactive contamination,
personnel survey instruments shall be available at suitable Tocations within
the process area, such as for personnel exiting from glove boxes, at bag-out
stations, and at exits from compartmentalized facilities. Survey instruments
or monitoring instruments shall be available at contamination control change
rooms and at exits from controlled areas.

3.6.4 Criticality Safety

Criticality alarm systems (gamma or neutron) shall be provided in each
area where an accidental criticality is possible. The requirements of DOE
5480.5, Safety of Nuclear Facilities (DOE 1986c), ANSI/ANS 8.3-1986, Critical-
ity Accident Alarm Systems (ANSI 1986), ANSI/ANS 8.1-1983, Nuclear Criticality
Safety in Operations with Fissionable Materials Outside Reactors (ANSI 1983),
and ANSI/ANS 8.19-1984, ANS Administrative Procedures for Nuclear Criticality
(ANSI 1984) shall be met.

3.6.5 Nuclear Accident Dosimeters

A11 DOE facilities that possess sufficient quantities and kinds of fissile
material to potentially constitute a critical mass shall provide nuclear
accident dosimetry (DOE 1988). The number of dosimeters needed and their
placement will depend on the nature of the operation, structural design of the
facility, and accessibility of areas to personnel. An analysis of the
dosimeters and their placement shall be conducted and documented to
demonstrate that they meet the criteria listed beiow. The analysis shall
include the number of dosimeters, their locations, and the effect of
intervening shielding. Ease of recovery after a criticality event should be
considered in the placement of the fixed dosimeters. Remote retrieval
mechanisms may be appropriate.

Each fixed nuclear accident dosimeter shall be able to

e determine the neutron dose in rad at its location within 25%
accuracy




e measure the approximate neutron spectrum to permit the conversion
of rad to rem

e measure the neutron components of the total dose in the range from
10 rad to about 10,000 rad

e measure the fission gamma radiation in the presence of neutrons
at its location within approximately 20% accuracy

e measure the gamma component of the total dose in the range from
10 rem to about 10,000 rem.

3.6.6 Monitoring and Alarms

So that abnormal conditions can be interpreted correctly and remedial
action can be taken promptly, all monitoring system readouts and alarm indi-
cators that relate to personnel safety or the integrity of a building should
be centralized at a location that is continuously staffed and has guaranteed
accessibility. The inclusion of the following specific alarms and signals
should be considered:

e fire, criticality, evacuation, and security alarms
e gaseous and liquid waste monitors

e ventilation system performance monitors for airflow and pressure
differential

e room air monitors

e process monitors for flow, pressure, temperature, and other process
parameters that have an impact on safety

e power monitors for power failure or loss of power to critical fans
and pumps.

Essential monitoring and alarm systems shall be supplied with emergency
power if normal power fails, because they must remain functional at all times.
Reliability should be ensured by designed features such as redundant circuits,
and instruments that perform self-checks and are tamperproof. A1l monitoring,
surveillance, and alarm systems should be tested periodically.
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3.6.7 Other Systems

Many systems employed within a plutonium facility are not directly ‘
related to personnel safety and radiation protection. However, because of the
special impact that these systems may have on a plutonium facility, indiv-
iduals responsible for personnel protection shall be aware of them. Some
examples are:

e process instrumentation and control indicators to monitor and main-
tain control over the process and to detect and indicate abnormal
and accident conditions

e surveillance systems to ensure the integrity of all process piping,
tanks, and other containment equipment, including those used for
liquid eff]uents

e vacuum, airlift, or gravity systems to transfer toxic or corrosive
1iquids or slurries.

Special controls should be provided for flammable, toxic, and explosive
gases, chemicals, and materials that are used in plutonium handling areas.
Gas and chemical storage facilities, including distribution piping systems,
should conform to good design practice and applicable codes and standards.
Consideration shall be given to compatible groupings that, under accident or
leakage conditions, would minimize any adverse combining of materials. Means
for remote shutoff of piping should be provided. In addition, the following
rules should be observed:

e Nonflammable hydraulic and lubricating fluids should be used in the
plutonium handling area.

e Protective barriers should be provided around high-pressure or other
potentially dangerous systems.

e Incompatible chemicals, materials, and processes should be isolated
from one another.

® Pressurized gas lines used in the plutonium handling areas must be
properly vented.

Facilities for equipment maintenance should be provided.
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4.0 RADIATION PROTECTION

The radiation protection field is concerned with the protection of indi-
viduals, their progeny, and humanity as a whole, while still allowing for
necessary activities from which radiation exposure might occur. The aim of
radiation protection is to prevent nonstochastic effects and to limit the
probability of stochastic effects to acceptable levels. Most decisions about
human activities are based on an implicit form of balancing risks and benefits
leading to the conclusion of whether or not the conduct of a particular prac-
tice produces a positive net benefit. In radiation protection the application
of the above concept does not always provide sufficient protection for the
individual worker. For these reasons, the ICRP, in its Publication 26 (ICRP
1977), recommended the following criteria for a system of dose limitation:

e No practice shall be adopted unless its introduction produces
a positive net benefit.

e ATl exposures shall be kept as low as reasonably achievable, with
economic and social factors being taken into account.

e The dose equivalent to individuals shall not exceed the limits
recommended for the appropriate circumstances.

The successful operation of a plutonium facility requireé maximum atten-
tion to providing adequate radiation protection and maintaining contamination
control through thevimp1ementation of a quality health physics program. (In
the context of this document "health physics" and "radiation protection" can
be used interchangeably when referring to programs or personnel.) A health
physics program in a plutonium facility shall énsure the detection of all
types of radiation (i.e., alpha, beta, gamma, x-ray, and neutron) over large
energy ranges. The radiation detection instruments shall be properly cali-
brated and routinely checked. Emphasis shall be on establishing controls for
internal and external radiation exposure using ALARA guidelines. Prompt
and accurate dose assessment is important.in determining each worker's risk
immediately and in establishing a historical record. This section defines the
basis for the establishment of a sound health physics program at a plutonium
facility.
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4.1 PERSONNEL REQUIREMENTS

The individuals who are responsible for health physics programs at plu-
~tonium facilities agree that experienced health physics personnel are neces-
sary for a successful program. Experienced personnel can train others. The
selection of operating personnel is also important. Operating personnel shall
follow the rules and procedures established by the safety and health physics
departments to ensure their own personal safety and that of others. Health
physics personnel shall have the authority to balance operations with safety.
An attitude that a worker's safety and protection comes first shall be
reflected in the support provided by operating management and in the authority
given to health physics managers and supervisors.

Maragement commitment to safety is the most important characteristic
of an effective radiation protection program. If the management commitment
to safety is strong, the radiation protection program will be valued and
respected. The radiation protection program shall be provided adequate
authority to permit performance of necessary assignments and program imple-
mentation. Management commitment to the ALARA concept is particularly
important (DOE 1980a). Adequate personnel, equipment, and funding shall be
available when this commitment exists.

4.1.1 Staff Selection

A cadre of operating and maintenance personnel that has experience in the
operation of a plutonium facility shall be established during the construction
of a new facility. The remainder of the operating and maintenance staff
should be hired as soon as possible and should receive formal and informal
training from the experienced personnel. This step is extremely important to
enable all personnel to grow with the facility and learn the details of the
operations. Once operations start, potential problems already shall have been
identified and engineering or administrative changes should have been made to
resolve them.

At Teast one professional health physicist shall be on the staff of each
major plutonium facility. This individual shall have several years of health
physics experience in the operation of plutonium facilities. As a rule of
thumb, the facility should be staffed with one non-professional RPT for each




10 operating personnel. However, the exact number of RPTs should be based
upon analyses of the operating processes and facilities. The complexity of
the process or the facility, inherent problems associated with facility
operation, and the age of the facility may increase the number of RPTs needed.

Where possible, the RPTs and other members of the health physics staff
shall have a minimum of one vear's experience working at a plutonium facility.
Such experience is an important prerequisite to allowing them to work
unsupervised. Personnel hired without such experience shall work an intern-
ship of six months under the leadership of a qualified RPT or supervisor with
experience in that facility.

Staffing in the health physics organization requires technicians and
professionals in many support areas. A successful health physics program is
highly dependent on the availability of adequate staff support in areas such
as environmental monitoring, instrument maintenance and calibration, internal

and external dosimetry, meteorology, safety analysis, and risk management.

4.1.2 Performance Standards

Personnel working at a plutonium facility should be able to perform the
work required in a safe and efficient manner. In accordance with Report 91 of
the NCRP (NCRP 1987) and DOE 5480.11 (DOE 1988), radiation workers shall be
advised that, "During the entire gestation period, the maximum permissible
dose equivalent to the fetus from occupational exposure of the expectant
mother should not exceed 0.5 rem." The NCRP (1987) further recommends that
"once a pregnancy becomes known, exposure to the embryo-fetus shall be no
greater than 0.05 rem in any month (excluding medical exposure)."

Individuals with skin breaks or open wounds shall be required to check
with medical personnel before working with unencapsulated plutonium. The
medical personnel along with supervisory personnel shall determine whether the
work to be performed can be conducted safely considering the nature of the
wound.

Performance standards for personnel agsigned to plutonium facilities
shall be extremely high. This means that personnel shall
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e know and follow rules explicitly
e not take procedural shortcuts

e be sure that decisions and procedures are properly reviewed prior to
initiating any new activities.

Because the entire operational and safety program depends heavily on the
staff's attitude and commitment, emphasis shall be placed on the maintenance
of good morale.

4.1.3 Health Physics and Operations Organizations

The management of a plutonium facility shall establish a clear organiza-
tional chain of command. Because health physics personneT shall have the
authority to balance operations with safety, they shall not report directly to
the administrators of opérations. When shift work is involved, the operations
shift supervisor may make minor health physics decisions in support of the
shift's RPTs; however, decisions involving basic policies and procedures
shall be directed to a separate health physics organization.

A system of guides, policies, and procedures shall be established to
clearly identify the interrelationships, responsibilities, and authorities of
those involved with the development, operation, and maintenance of the facil-
ity and the health and safety of the employees. These guides, policies, and
procedures shall be documented and should be reviewed at least once every
year.

The radiation protection program shall be audited by independent review-
ers at least biennially to determine its adequacy in meeting both operations
and regulatory requirements. Contractor internal audits of all functional
elements of the radiation protection program shall be conducted as often as
necessary, but no less frequently than every three years in accordance with
DOE 5480.11 (DOE 1988). The program for following up on deficiencies jdenti-
fied during audits and inspections should include an automatic internal review
every 30 days until all deficiencies have been corrected. DOE 5482.1B (DOE
1986a) states that the internal audit system shall be reviewed by management a
minimum of once every three years to ensure the adequacy of its performance.
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4.2 INSTRUMENTATION CONSIDERATIONS

The radiation from the radioactive decay of plutonium includes alpha,
beta, gamma and x-ray (photons), and neutron radiation (see Section 1.0). An
~effective monitoring program for. plutonium requires radiation detection
instruments that are responsive to all of these forms of radiation. The
instruments shall meet the performance criteria outlined in the applicable
U.S. and international standards and be properly calibrated for their intended
use.

4.2.1 Types of Instruments and Measurements

Alpha-sensitive instruments are necessary for most contamination control
surveys. Exposure rate surveys are normally conducted with photon-sensitive
instruments with known energy responses for photons with energies greater than
or equal to 10 keV. Neutron surveys become important when processing tens of

grams of 238

Pu or hundreds of grams of mixed isotopes of plutonium, partic-
ularly compounds (i.e., Pu02, PuF4, etc.). The neutron survey is important in
instances where photon shields, such as leaded glass, are used; such shields
normally stop all of the charged particles, most of the low-energy photons,
and essentially none of the neutrons. Under these circumstances, neutron

radiation is likely to be the major contributor to whole body dose.

Continuous air monitors have been used extensively in plutonium facili-
ties. Continuous air monitors and sample extraction lines that go to CAMs and
continuous radiation dose monitors should be placed outside the glove boxes
and hoods. With the advent of new separation processes, new wastes are being
introduced in plutonium facilities. In-Tine processing instrumentation is
critical to accurately monitor the work stationé, and a safety analysis review
should be performed to determine instrument locations. Continuous air mon-
itors may not have adequate detection capabilities for real-time monitoring
~at the DAC Tevel. For 239Pu, the annual 1imit on intake (ALI) is 5.4 nCi for
Class W compounds based on the DAC of 2 x 10'12
5480.11 (DOE 1988). Representative manufagturers' specifications on the

uCi/mL as given in DOE

performance level of such a CAM, range from 1 DAC in 4 hours (4 DAC-h) to

1 DAC in 8 hours (8 DAC-h) for alarm. Continuous air monitors typically have
poor large-particle response due to particle loss during transport to the
filter inside the system. Background levels of radon-thoron decay products
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mav be present in concentrations up to 50 to 100 times greater than the level
of plutonium of interest. If calibrated properly, alpha CAMs will subtract
background levels of radon-thoron decay products; however, in practice the
detection limit is at least a factor of 2 higher due to fluctuations in radon
Tevels.

Transuranic aerosol measurement units have been developed and adapted to
be used in the workplace. These units avoid preferential plate-out of larger
particles by using an in-line filter. Higher flow rates than those normally
used with CAMs may be used. Increased detection is obtained on a quasi-real
time basis by high-volume air sampling and counting in a separate vacuum
chamber. Detection levels of less than 0.5 DAC-h have been quoted for these
units. It has been demonstrated that high-volume impact samplers used at some
facilities have demonstrated detection capabilities of 0.1 DAC-h in the
Taboratory and 1 DAC-h in the field. Other monitoring systems that use diffu-
sion, impaction, or electronic discrimination to reduce the effect of back-
ground resulting in an increased detection capability, have also been used and
are being improved upon. Swinth et al. (1987) reported on new developments in
continuous monitoring of airborne activity.

4.2.2 General Performance Criteria for Instruments

Programs for in-plant monitoring of plutonium consist mainly of airborne
and surface contamination surveys and dose rate surveys. The general and
specific performance criteria for the instrumentation needed to conduct these
programs are described in ANSI N317-1980 (ANSI 1980a). Performance specifica-
tions are also given in ANSI N323-1978 (ANSI 1978), draft ANSI N42.17A—D9(a),
and draft ANSI N42.17C-D4(b) for portable health physics instrumentation and
IEC PubTlication 325 (IEC 1983a) for alpha and beta contamination meters and
monitors. Criteria for air monitoring instrumentation are contained in ANSI

(a) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation
for Use in Normal Environmental Conditions. Draft ANSI Nd2.17A-D9,
American National Standards Institute, New York, New York.

(b) American National Standards Institute (ANSI). 1987. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation
for Use n Extreme Environmental Conditions. Draft ANSI N42.17C-D4,
American National Standards Institute, New York, New York.
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N13.1-1969 (ANSI 1969), ANSI N13.10-1974 (ANSI 1974), IEC Publication 761-2
(1983b), draft IEC Publication 761—6,(a) and draft ANSI N42.17B-DS.(b)
ticality alarm systems are discussed in ANSI/ANS 8.3-1986 (ANSI 1986). The
criteria discussed in the following subsections are specified in these

Cri-

- standards as referenced.

Portable Survey Instruments

ANST N317-1980 (ANSI 1980a) discusses several criteria related to the
performance of portable survey instruments; these include the following

requirements:

e The overall accuracy shall be within +20%, and the precision shall
be within +10% at the 95% confidence level.

e The response time (i.e., the time for the instrument reading to go
from zero to 90% of full scale) shall be <10 seconds on the most
sensitive scale and <2 seconds at readings of 100 mrem/h, 100 mR/h,
and 500 dpm or greater.

e The instrument shall be able to maintain accuracy and precision for
a minimum of 24 hours of continuous operation.

e The instrument shall have a minimum battery Tifetime of 200 hours
of continuous operation.

More current standards, such as ANSI N42.17A-D9(C), will, when issued,

give specifications that differ slightly.

(a) International Electrotechnical Commission (IEC). 1983. Equipment for
Continuously Monitoring Radioactivity in Gaseous Effluents - Part 6:
Specific Requirements for Transuranic Aerosol EffTuent Monitors. Draft
IEC PubTication 761-6, International Electrotechnical Commission, Geneva,
Switzerland.

(b) American National Standards Institute (ANSI). 1987. Performance Speci-
fications for Health Physics Instrumentation - Occupational Airborne
Radioactivity Monitoring Instrumentation. Draft ANST N42.17B-D5,
American National Standards Instituter New York, New York.

(c) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation
for Use in Normal Environmental Conditions. Draft ANST N42.17A-DJ,
American National Standards Institute, New York, New York.

4.7




e The response of the instrument shall not change by more than +15%
from a reference value taken at 20°C over the anticipated tempera-
ture range for operation.

e The instrument system shall function within specifications over all
anticipated combinations of temperature and humidity (e.g., 15 to
65°C, 40 to 95% relative humidity).

ANST N317-1980 (ANSI 1980a) states that the minimum detection capability
for alpha survey instruments ideally should be 220 dpm/100 cm2 of surface area
and shall not be more than 500 dpm/100 cm2. This requirement shall be met in
the presence of a radiation field of 0.10 rem/h of neutrons in the energy
range of thermal to 10 MeV, and/or in the presence of 0.10 rem/h of photons in
the energy range of 0.010 to 1.25 MeV. The operating range should be from
0 dpm to at least 100,000 dpm/100 cm2 of surface area. The response of the
instrument to beta-interfering radiation is an important specification that
shall be stated by the manufacturer.

Photon survey instruments shall meet the accuracy requirements stated in
ANST N317-1980 (ANSI 1980a) over the energy range of 0.01 to 1.25 MeV. The
angular response of this type of instrument should be within +15% over a 2m
steradian frontal direction using at least two photon sources with energies
ranging from 0.06 to 1.25 MeV. Experience has shown that this response
specification is not met by most instruments at Tower energies due to
attenuation of the photon. The energy dependence shall be within £15% over
the range of 0.01 to 1.25 MeV and the operating range shall be from 0.5 mR/h
to at Teast 5000 mR/h. Experience has shown that +20% over 0.01 to 1.25 MeV
is more realistic. This specification applies to a specific window selection,
(e.g., below 0.05 MeV the electron equilibrium cap or beta shield must be
removed). ' ‘

According to ANSI N317-1980 (ANSI 1980a), the response of neutron survey
instruments for neutron energies in the range of thermal to 10 MeV shall
approximate the dose equivalents given in thgt standard for instruments that
are designed for dose equivalent rate measurements. The angular response for
neutron instruments should be within +15% in a 2n steradian frontal direction
for 252Cf energy neutrons or equivalent. The operating range shall be from 0

to at least 2000 mrem/h.
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Draft ANSI N42.17A-D9(a) has a broader scope than ANSI N317-1980 (ANSI
1980a) but the criteria in it apply to portable survey instruments. Addi-
tional criteria include geotropism (maximum change of 6% from reference read-
ing for all orientations), temperature shock, mechanical shock, vibration, and
ambient pressure (maximum change of 15% from reference reading for these last
four criteria). Some differences exist between draft ANSI N42.17A-D9 and ANSI
N317-1980 (ANSI 1980a). In most cases the criteria for the new standard are
more applicable because these criteria are based on substantial testing, which
was sponsored by DOE. In draft ANSI N42.17A-D9, precision is tied into a
measurement level; for example, it quotes a precision of 15% <500 cpm and 10%
>500 cpm. Also, with the advent of liquid crystal displays and other digital
readouts, "response time" is defined as the time it takes for the reading to
move from 10 to 90% of the equilibrium or steady-state reading. Another
significant difference in the proposed standard is that the battery Tifetime
specification is 100 hours instead of 200 hours.

For direct alpha contamination surveys the use of audible signals
(headphones or speaker) greatly facilitates the detection of "hot spots.”

The IEC Publication 325 (IEC 1983a) provides additional guidance on the
uniformity of probe response for alpha and beta contamination meters. Surface
sensitivity measurements are also discussed in this standard.

Fixed Monitoring Instruments

Airborne contamination monitors, surface contamination monitors, photon
and neutron area monitors, and emergency instrumentation are discussed in the
following subsections.

Airborne Contamination Monitors. Airborne contamination monitors,

normally of the continuous type commonly referred to as CAMs, must meet the

following criteria according to ANSI N317-1980 (ANSI 1980a). The minimum

239

detection level of Pu, in terms of maximum permissible concentration (MPC),

shall be 8 MPC-h (8 DAC-h) at the point of sampling in the presence of nominal

»

(a) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Tnstrumentation
for Use in Normal Environmental Conditions. Draft ANST N42.17A-D9-1988,
American National Standards Institute, New York, New York.
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amounts of naturally occurring alpha emitters such as radon and thoron and

their decay products. (No guidance is provided on what a "nominal" amount is, .
however.) The operating range shall be at lTeast 100 minimum detection Tlevels

[i.e., up to 800 MPC-h (800 DAC-h) for 237
exceed +20% of the reading over the upper 80% of the operating range. The

Pul. Instrument error shall not

reproducibility of the system for any given measurement should be within +10%
at the 95% confidence level for a mid-scale or mid-decade reading. The
instrument shall be capable of operating with less than a 5% change in
calibration over the ambient temperature range expected. The instrument shall
be equipped with an adjustable alarm set point (audible and visible alarms)
that can be set at any point over the stated range. The air flow rate shall
be indicated and adjustable. Voltage and frequency variations of +15% within
design values shall result in reading variations of no greater than 5% at the
minimum detection level.

The primary purpose of any CAM is to detect the presence of airborne
radioactivity and activate an alarm to warn personnel in the area so that
actions can be taken to minimize personnel exposures (ANSI 1980a). The goal
for any CAM should be to perform this function as quickly as possible and at
the lowest detectable level of radioactive airborne concentration. The
quantity of airborne radioactivity that will result in an alarm within a given
time interval is defined in units of DAC per hour (DAC-h) for a particular
radionuclide and is a function of the nuclide's airborne concentration in
DACs, the sampling rate, the Tower 1limit of detection of the instrument, and

(a)

the time needed for the alarm to occur. Mishima et al.'? provides guidance

on each of these functions.

Draft ANSI N42.17B—DS(b) provides additional performance criteria for air
monitors used to detect plutonium. This standard provides specifications for
general criteria (sampler design, units of readout, alarm threshold, etc.),

(a) Mishima et al. 1988. Health Physics Manual of Good Practices for the
Prompt Detection of Airborne Plutonium in the WorkpTace. Draft Report,
Pacific Northwest Laboratory, RichTand, Washington.

(b) American National Standards Institute (ANSI). 1987. Performance Speci-
fications for Health Physics Instrumentation - Occupational Airborne
Radioactivity Monitoring Instrumentation. Draft ANST N42.17B-D5,
American National Standards Institute, New York, New York.
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electronic criteria (alarms, stability, response time, coefficient of vari-
ation, and line noise susceptibility), radiation response, interfering
responses (radiofrequency, microwave, electrostatic, and magnetic fields),
environmental criteria (temperature, humidity, and pressure), and air-circuit
criteria. More detailed specifications are provided in draft ANSI N42.17-D5
than in ANSI N317-1980 (1980a); however, the environmental criteria and the
1imits of variation are not as restrictive as those in ANSI N317-1980. With
respect to accuracy, ANSI N317-1980 requires <x20% and draft ANSI N42.178B
requires 40% at the 95% confidence level. For the environmental criteria,
ANSI N317-1980 requires that the readings change less than 5% under ambient
conditions, while draft ANSI N42.17B-D5 gives a 15% limit of variation. As
discussed previously, criteria from the draft standard are more applicable
because they are supported by instrument testing.

ANST N13.1-1969 (ANSI 1969) provides detailed guidance on sampling
methods. One criterion that relates to CAMs is that air sample lines between
air inlet and filter media shall be eliminated where possible and where not
possible they shall be designed to meet the sampling criteria contained in the
standard (e.g., short lines, proper sampling rate, smooth bends). The use of
tygon tubing as sample lines should be minimized or eliminated. Air
in-leakage from surrounding areas can be a problem when using sampling Tines.
Testing for air in-leakage shall be performed at least annually or when seals
or "0" rings are replaced.

Surface Contamination Monitors. Surface contamination monitors include

hand and/or shoe counters and instruments (or probes) with sufficient flexi-
bility to survey pieces of equipment, including. exterior clothing. ANSI
N317-1980 (ANSI 1980a) states that these instruments shall have an audible
alarm, a frequency that is proportional to the count rate or a preselectable
trip setting, and upon reaching that level shall activate an audible or

visible alarm, or both. These instruments shall be calibrated according to

the requirements in ANSI N323-1978 (ANSI 1978) and be equipped with a traceable
check source. Fixed instruments should be” powered by alternating current (AC)
and provided with an emergency power source.
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Photon and Neutron Area Monitors. Photon and neutron area monitors mea-

sure the intensity of photon and neutron radiation in areas where significant
quantities of plutonium are stored and/or handled. ANSI N317-1980 (ANSI
1980a) states that these monitors shall have a preselectable trip setting with
audible annunciators and shall provide electronic signals for remote alarms if
they are used as alarming devices. Each instrument shall also be equipped
with a visual meter or digital readout. A1l neutron and photon area monitors
should be AC-powered and provided with an emergency power source. Many of the
requirements that apply to portable survey instruments as stated in ANSI N317-
1980 (ANSI 1980a) and draft ANSI N42.17A(a) also apply to this type of instru-
mentation. Calibrations shall be performed according to the requirements in
ANST N323-1978 (ANSI 1978).

Emergency Instrumentation

Meeting the criteria for criticality accident alarm systems, fixed
nuclear accident dosimeters, and other emergency instrumentation is essential.

Criticality Alarm Systems. ANSI/ANS 8.3-1986 (ANSI 1986) discusses the
performance and design criteria for criticality accident alarm systems. The

criteria include the following:

e C(Criticality alarm systems shall be designed to detect immediately
the minimum accident of concern; the minimum accident may be assumed
to deliver the equivalent of an absorbed dose in free air of 20 rad
at a distance of 2 m from the reacting material within 60 seconds.

e Systems shall be designed so that instrument response and alarm
latching shall occur as a result of radiation transients of
1-millisecond duration. The alarm signal shall be for evacuation
purposes only and of sufficient volume and coverage to be heard in
all areas that are to be evacuated. Very high audio background
noise in some areas may require that the alarm be supplemented With

»

(a) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation
for Use in NormaTl Environmental Conditions. Draft ANST N42.17A-D9,
American National Standards Institute, New York, New York.
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visual signals; however, high background noise is a dangerous situa-
tion that should be prevented by design. Instrument response to
radiation shall be calibrated periodically to confirm the continuing
performance of the instrument. The calibration interval may be
determined on the basis of experience but shall be no less frequent
than annually. Tests should be performed at Teast monthly and the
results of testing shall be documented.

The standard does not quantify criteria for reliability or the rejection
of false alarms. Consideration shall be given to the rejection of false
alarms as accomplished by placing three detectors near the material of
interest and using a logic circuit. This circuit requires that two of the
three detectors shall read high for an alarm to sound.

Fixed Nuclear Accident Dosimeters. A1l DOE facilities that have suffic-

ient quantities and kinds of fissile material to potentially constitute a
critical mass shall provide nuclear accident dosimetry. Requirements for
fixed nuclear accident dosimeters are found in DOE 5480.11 (DOE 1988). A
review of these requirements is found in Section 3.6.5.

Effluent Monitors. Facilities that deal with unencapsulated plutonium

shall have continuously operating effluent monitors to determine whether or
not plutonium is being released to the environment. Effluent monitor criteria
in IEC Publication 761-1 (IEC 1983c) and IEC Publication 761-6(a) should be
performed. Similar to airborne contamination monitors, effluent monitors
shall be tested for air in-leakage at least annually or when seals or "0"
rings are replaced.

Other Emergency Instrumentation. Other ehergency instrumentation shall

provide ranges for all radiation dose rates and contamination Tevels potenti-
ally encountered at the time of an accident. Normally, dose rate capabilities
from a few millirem per hour to a few hundred rem per hour shall be required

(a) American National Standards Institute (ANSI). 1988. Performance Speci-
fications for Health Physics Instrumentation - Portable Instrumentation

For Use in Normal Environmental Conditions. Draft ANST N42.17A-D9,
American National Standards Institute, New York, New York.




while capability requirements for the contamination level may range upward
from 500 dpm/100 cm2 for alpha contaminants and 2000 dpm/100 cm2 for beta-
gamma emitters. Performance specifications for emergency radiological
monitoring instrumentation can be found in ANSI N320-1979 (ANSI 1979) and
BNWL-1742 (Anderson et al. 1974).

4.2.3 Instrument Calibrations and Testing

Radiation doses and energies in the work areas shall be well character-
ized. Calibration of instruments shall be conducted where possible under
conditions and with radiation energies similar to those encountered at the
work stations. Knowledge of the work area radiation spectra and instrument
energy response shall permit the application of correction factors when it is
not possible to calibrate with a source that has the same energy spectrum.

A1l calibration sources shall be traceable to recognized national standards.
Neutron energy spectral information shall be considered particularly important
because neutron instruments and dosimetry are highly energy dependent.

When the work areas have been well characterized, the calibration facil-
ity used by the plutonium plant shall be set up to represent as closely as
possible the work area's radiation fields. Californium-252 or PuBe calibra-
tion sources should be used for work areas that process plutonium metal and
plutonium oxide because their neutron energy distribution is similar to those
compounds. Facilities that process PuF4’shou1d try to use a PuF4 source.

Most work areas at processing plants are high scatter areas and thus have
significant quantities of Tow-energy neutrons. Because it may not be feasible
to have sources and scatter geometries representative of all work locations at
the facility, it shall be important to determine specific spectra and correc-
tion factors for work locations to correct for the calibration. Scatter
conditions shall be taken into account when setting up a calibration facility.
The effect of room scatter in a neutron calibration facility can be signifi-
cant and may account for as much as 20% of the measured dose equivalent rate.
The Schwartz and Eisenhauer (1982) methods shall be used to correct for room

»

scatter.

ANST N323-1978 (ANSI 1978) provides requirements on the calibration of
instruments. The reproducibility of the instrument readings shall be known
prior to making calibration adjustments. This is particularly important if
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the instrument has failed to pass a periodic performance test (i.e., the
instrument response varies by more than +20% from a set of reference readings
using a check source) or if the instrument has been repaired. The effect of
energy dependence, temperature, humidity, ambient pressure, and source-to-
detector geometry shall be known when performing the primary calibration.
Primary calibration shall be performed at least annually.

Standards referenced in Section 4.2.2 discuss specific performance test-
ing of radiation detection instruments. Testing procedures in these standards
shall be used for periodic requalification of instruments or detailed testing
of instruments.

The calibration of photon monitoring instruments over the energy range
from a few kiloelectron volts to several million electron volts is best
accomplished with an x-ray machine and appropriate filters (NBS 1986) that
provide known x-ray spectra from a few kiloelectron volts to approximately
300 keV. Radionuclide sources shall be used for higher energies. Most ion
chambers used to measure photon radiations have a relatively flat energy

137Cs or 60Co are typically used to calibrate

response above 80 to 100 keV;
these instruments. These sources also shall be used to calibrate Geiger--
Mueller (GM) type detectors. It should be noted that some GM detectors (e.g.,
those with no energy compensation) can show a large energy dependence
especially below approximately 200 keV.

The calibration of alpha-detection instruments normally shall be per-

239 230

formed with Pu or Th sources. Several sources of different activities

shall be used to calibrate different ranges.

Whenever possible, beta detectors shall be calibrated to the beta
energies of interest in the workplace. A natural or depleted uranium slab
source can be used for calibration of beta detectors when beta radiations in
the workplace have similar energies to the uranium. International Standards
Organization beta sources (ISO 1983) shall be used for all other purposes.
The energy dependence of beta detectors cap be tested using the calibration

90... 90, 204

sources listed in the ISO publication (1983); these include “"Sr-""Y, T1,

and 147Pm.
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The calibration and testing of crucial monitoring systems are extremely .

important to the overall radiation protection program but have often been
neglected. Effluent monitoring and sampling systems and remote area monitoring
systems (RAMS) shall be given several tests. The radiological, environmental,
and mechanical characteristics of the instrumentation portion of the system
shall be fully evaluated prior to its first use to ensure its compatibility
with performance requirements and facility operating conditions. The effluent
sampling losses from the sample probe to the collector/detector shall be
determined. This test shall be repeated at least annually and when a signi-
ficant change in the sampling equipment is made. The sample probe should be
examined at Teast once a year to verify that its design or performance has not
been changed by corrosion. The recorder of the sample flow rate shall be
calibrated when it is installed and annually thereafter. The operability of
-the overall system should be completely tested once, with répeat tests only
after modification, repair, or maintenance. Operability checks shall be
scheduled at least monthly and calibration performed at least annually.

The operation of criticality or other radiation alarm signal systems
shall be checked periodically to ensure that the alarms are audible at all
potentially occupied locations. To prevent any desensitizing of staff, the
staff shall be aware that the tests will be performed, and where possible,
tests shall be scheduled during off-shift hours. Building systems shall be
tested semiannually and the area-wide system shall be tested at least
annually. Any portion of the detector/alarm system that is affected by the
test shall be reconfirmed for operability after the test is completed (e.g.,
if a detector is disconnected and a signal is injected at that point, the
detector shall be tested immediately after it has been reconnected).

4.3 RADIATION PROTECTION PROCEDURES

A plutonium facility shall have a written policy on radiation protection
including ALARA. A1l radiation protection procedures and controls shall have
recognizable or formal technical bases for ?1mits, methods, and personnel
protection standards. Procedures shall be adequately documented, updated
periodically, and maintained in a centralized historical file. A control
system shall be established to assure accountability of all copies and that
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‘ all new procedures are included in the historical files. A designated period
of time for maintaining historical files shall be established. DOE 1324.2
(DOE 1980b) and ANSI N13.6-1972 (ANSI 1972) provide guidance on how long to
maintain historical files. In addition, radiation protection procedures shall
have a documented approval system and established intervals for review and/or
revision. A tracking system should be developed to ensure that the required

reviews and revisions occur.

Radiation protection procedures shall be provided for but not limited to
the following topics:

e posting and labeling of facilities

e development and maintenance of all radiation protection recbfds
e reporting of unusual radiation occurrences

e use of radiation monitoring instruments

e use of radiation sources (e.qg., reference calibration)
e tracking of personnel medical exposures

e reporting of radiation exposures

e use of protective clothing '

e responding to radiological emergency events

e surveying and monitoring

e counting room equipment and use

e instrument maintenance and control

e development and use of radiation work procedures

e responsibilities of operations staff for contamination control and

personnel surveys.

Two topics, radiation work procedures (RWPs) and facility posting and
labeling are discussed in more detail. v

4.3.1 Radiation Work Procedures

Radiation work procedures (sometimes referred to as radiation work per-
‘ mits) shall be used for all radiation work. Each RWP shall contain provisions
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for protective clothing, work limitations, job descriptions, radiological
conditions, and special instructions. Radiation work procedures shall be
written by health physics staff with assistance from operating personnel who
provide the information on the job to be performed. A1l RWPs shall be
approved by the health physics staff and should be reviewed at least annually
or more frequently under changing radiological or job conditions.

Radiation workers shall read and understand the applicable RWP before
performing work in a radiation area. Radiation work procedures should be
lTocated at the access point to the controlled area (change room) for workers
to review prior to entering the work area. To assure that workers read the RWP
prior to entry, some facilities have a sign-off sheet that workers must sign
stating that they have read and understand the RWP. Radiation work procedures
should also be posted at the entrance to the work Tocation for quick refer-
ences by workers. Out-of-date RWPs shall be removed in a timely manner.

4.3.2 Facility Posting and Labeling

Areas in plutonium facilities shall be posted in accordance with the
requirements in DOE 5480.11 (DOE 1988). The technical criteria and dose rate
and/or levels for defining radiation, high radiation, very high radiation,
contamination, and airborne radioactivity areas shall be established, docu-
mented, and consistently applied. The health physics staff shall establish
and document the radiation levels that require

e areas to be barricaded and marked to prevent personnel from
inadvertently entering them

e areas to be physically locked to preclude unauthorized personnel
from entering them.

Entrance to areas where radioactive materials are used or stored shall be
restricted based upon established criteria.

The health physics staff shall post or have readily available current
radiation surveys of radiation areas at the,health physics access control
point for use in pre-job planning. Airborne activity areas shall also be
posted to alert personnel of possible respiratory protection reguirements.
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4.4 CONTAMINATION CONTROL

The primary control for contamination in a plutonium plant is the facil-
ity design. Contamination is confined by enclosing the process areas and the
ventilation systems. Section 3.0 of this manual addresses the different
levels of confinement in a plutonium facility. The design objective for the
confinement system shall be an essentially zero exposure of plant personnel
and the public to airborne contamination as stated in DOE 6430.1 (DOE 1983)
and DOE 5480.11 (DOE 1988). To ensure that this objective is met, additional
requirements shall be implemented in the form of operational controls,
radiation surveys, and the use of protective clothing.

In this section, the terms process area, controlled area, and uncon-
trolled area are used as defined in Section 3.4.

4.4.1 Operational Procedures

This section addresses the importance of procedures for housekeeping,
maintaining accountability and personnel protection related to processing
technology, using and storing gloves properly, and vacuuming in a plutonium
facility.

Housekeeping

The three housekeeping practices listed below shall be followed in a
plutonium facility:

e The inventory of contaminated and potentially contaminated scrap and
equipment shall be kept to a minimum because all such materials are
subject to special monitoring and accountability.

e Radioactive contamination shall be controlled and the spread of
contaminants and the potential for accidents involving contaminants
shall be minimized. (In at least one instance, poor housekeeping
contributed to a serious criticality accident.) Management at all
levels shall continuously emphasize the importance of good house-
keeping and operating procedures shal1l be written to ensure good
housekeeping practices.

e C(onditions that Tead to personnel exposure shall be minimized.
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Where possible materials that are not absolutely necessary to an ’

operation shall be kept out of the contaminated or potentially contaminated
area. A1l packaging and unnecessary protective coverings shall be removed
before materials are introduced into the process area. Likewise, items that
are not necessary to the process shall be promptly removed, particularly from
glove boxes, and not left to accumulate and become safety hazards, potential
fire hazards, sources of radioactive (dust) accumulation, or sources of

exposure.

Good housekeeping practices inside glove boxes should emphasize fire and
explosion control. Only metal or nonflammable plastic containers shall be
used for the accumulation of scrap and wastes of any kind in the glove boxes
and throughout plutonium facilities. Accumulation of combustible materials in
glove boxes shall be minimized. When explosive, flammable, or volatile
liquids are allowed, they shall be rigidly controlled and used only in inert
gas atmospheres unless a safety analysis review shows otherwise. A1l residues
shall be removed immediately at the conclusion of each job or cleaning
operation.

Considerable effort has been expended on the development of coated and
corrosion-resistant tools. Some efforts have been marginally successful, but
in most cases throw-away tools shall be favored. Electropolishing of
contaminated metal tools and equipment has been shown to be a good method of
decontamination and allows for their reuse in some cases. Where possible all
tools with sharp edges or points (e.g., screwdrivers, ice picks) shall be kept
out of glove boxes.

Management shall constantly demand good housekeeping. Mandatory,
routine, cleanup periods are becoming more common due to the increasing cost
of storing and disposing of contaminated materials. Better housekeeping is
required due to real-time, computerized accountability for nuclear materials.
It has been demonstrated that kilogram quantities of plutonium oxide dust can
accumulate in glove boxes unless they are roytine1y cleaned. Much of the
exposure to workers originates from layers of plutonium oxide dust on the
surface of gloves and the internal surfaces of glove boxes. In processes
where plutonium oxide powder is handled, the glove boxes should be cleaned
weekly to reduce the accumulation of dust layers and reduce worker exposure. .
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Processing Technology

The processing technology that is unique to plutonium has resulted from
the substance's radiotoxicity coupled with criticality restrictions. Security
measures have resulted in additional, far-reaching restrictive complications
in some areas. Special aspects of accountability and personnel protection
impose many restrictions and require complicated process machinery and
complicated maintenance.

Problems in the handling of plutonium solids are unique. The intro-

240Pu) is providing new

duction of high-exposure plutonium (i.e., >10 wt%
challenges to the solids-handling industry with respect to the technology for

personnel exposure control and automation.

The laser isotope separation process (Section 1.4.2) that produces pure
plutonium isotopes has been developed recently. This process and its resul-
tant waste streams present new and unique problems from a radiation protection
standpoint. Where near-absolute containment will be required to avoid contam-
ination of the workplace, the short half-life radionuclides (relative to pro-
duct contamination, handling, methods, and equipment) shall be considered.

238 239Pu if

equally low activity levels are to be maintained in work areas (see Table 1.2).

For example, Pu will require 300 times better containment than

Gloves

To create a double barrier between the source and all extremities, sur-
geon gloves shall be worn in addition to the glove box gloves.

In general, black neoprene gloves are the standard glove box glove and
the most economical to use where process conditions do not produce rapid glove
deterioration. However, alpha particles from surface dust Tayers can induce
surface cracking in black neoprene. Hypa]on® is more resistant to surface
cracking, acid deterioration, and ozone effects, and this characteristic will,
in many cases, make Hypalon gloves the most economical, despite their higher
unit cost.

® Hypalon is a registered trademark of dePont E. I. de Nemours, Wilmington,
Delaware.
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In recent years many new types of glove box gloves have been developed. ‘

Glove usage should be tailored to the particular needs of the job. For
processes that require maximum dextefity, the 0.0l4-1n.-(0.038-cm) neoprene
gloves are still superior. Coated Hypalon gloves are superior to neoprene for
glove box process operations that involve nitric acid or ozone levels that may
cause deterioration. Ethylenepropylenediamine monomer (EPDM) gloves are used
in some facilities and have good flexibility and are resistant to degradation
caused by radiation and ozone. Greenhalgh, Smith, and Powell (1979) reported
that Hypalon and EPDM gloves have greater than 30 times the longevity of
neoprene in low-level ozone concentration atmospheres. Viton® gloves have
proven to have a longer Tife than neoprene gloves under many operating
conditions, but suffer somewhat from stiffness. Where high gamma radiation
Tevels are encountered, lead-loaded gloves may be necessary. However, their
stiffness and workers' loss of manual dexterity shall be considered in
determining their influence on work efficiency and the total dose received.

238Pu, coated

Persons who perform operations that involve microspheres of
or uncoated, shall be aware that the heat generation of a single 100- to
200-um-dia sphere can melt through glove material. In addition, containment
of a quantity of microspheres, especially coated microspheres, is difficult
because of electrostatic repulsion. Microspheres have been observed climbing

the walls of a glass beaker and spreading throughout a glove box.

Glove storage problems occur occasionally. Experiments and static tests
have not provided an adequate explanation of the sporadic problems that have
been encountered. Test results in which gloves were stored under different
lighting conditions (ultraviolet and fluorescent). and under stressed condi-
tions (creased or bent) have not been consistent. Tests of gloves seem to
indicate that glove degradation is caused by the combined effect of ionizing
radiation, ozone, and lighting. The glove inventory shall be rotated to pre-
vent the inventory from becoming outdated while on the shelf.

A11 gloves in normal use at plutonium processing installations should be
inspected prior to each use. A1l operating personnel shall perform contamina-
tion surveys of themselves after every glove usage. The glove inspections

® Viton is a registered trademark of duPont E. I. de Nemours, Wilmington,
Delaware. .
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should be made each time by the same team of trained individuals, and the
condition of each glove shall be recorded so that glove failures can be
anticipated and preventative measures can be taken. The development of a
statistical basis for establishing the frequency of glove changes shall be
considered because it may be cost effective. For example, the change-out
frequency could be planned so that gloves are changed at some fraction of the
mean time between failures or more preferably some fraction of the minimum
time between failures. This type of change-out program could also eliminate
personnel doses and potential contamination spread incidents associated with
too-frequent glove replacement. This procedure may require that each glove
use be categorized. A routine replacement program will not replace an
inspection program, but it is a supplement to the inspections. The surgeon's
gloves should, of course, be surveyed after the inspection of each glove box
glove. Gloves that are in questionable condition should be changed without
delay. Gloves that are not in use for the remainder of that shift should be
capped off with a glove cover or plastic bag. Gloves not in use should be
stored inside the glove box in such a manner that they do not interfere with
operations.

Vacuuming

The subject of vacuuming within the glove box is somewhat controversial.
Experience has shown vacuuming to be the most effective and quickest way to
clean a controlled-atmosphere (dry) glove box. It is not particularly effec-
tive for high-humidity or wet-process glove boxes, particularly those that
involve acids. After acids have been used in a glove box, washing and wiping
is the only method to clean the etched surfaces.

Vacuuming is particularly effective in dry-atmosphere and inerted enclo-
sures where the levels of radioactive dust quickly increase personnel expo-
sure. In many cases, vacuuming reduces the exposure level more than a wipe-
down with a damp cloth, and it can be done more quickly and with less waste
material generated. Two factors weigh against vacuuming: possible safety
hazards from electrical sparks, and the oé@asiona] difficulty of operating in
inert atmospheres (although the last item need not be of importance). How-
ever, in dry glove boxes with dusty operations using high-exposure plutonium,
personnel exposure control is a problem and vacuuming is a quick and effective
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method of keeping the dust and exposure rates under control. Under these
conditions consideration shall be given to the use of dust removal by

vacuuming.

4.4.2. Radiation Surveys

Radiation workers are often assigned tasks that conceivably could expose
them to radioactive material. It is not sufficient to rely exclusively on
equipment design to minimize contamination and exposure in the workplace. A
radiation protection program shall include monitoring of both the workers and
the conditions in the workplace. Both functions are essential to a good
radiation monitoring program.

Monitoring the Workplace

Monitoring of the workplace is an essential element of every routine
surveillance program. It can be effectively accomplished using any or all of
the techniques that are discussed in this section. The rigor with which all
of the various elements of a radiation monitoring program are applied shall be
tailored to meet the needs of the individual work areas and shall depend on
the kind and quantity of radioactive material present and its potential for
dispersibility. Each program shall be designed to meet existing needs, but
also shall be flexible to allow for incorporation of the possible advantages
to be provided by the various available monitoring practices. Monitoring
practices include, but are not limited, to the following:

® contamination surveys of the workplace
e release surveys

e external exposure surveys

® airborne contamination surveys

e routine surveillance by an RPT.

Contamination Surveys of the Workplace. To characterize the various

aspects of a radiation monitoring program, the process area and controlled
areas have been further classified into Class A, B, or C work stations as

»

presented here:

e At a Class A work station, work with plutonium is conducted in one
or more glove boxes and the annual exposures might exceed 10% of the
dose equivalent limits.
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e At a Class B work station, work is performed in open-face hoods and
the annual exposure will exceed 1% but not more than 10% of the dose

equivalent Tlimits.

e At a Class C work station, normally found in a controlled area, work
with very small quantities of plutonium (Tevels of activity on the
order of environmental contamination levels) is performed in

ordinary laboratory facilities.

The radiation monitoring program based on this classification of work
stations is suagested only for reference. The values of 10% and 1% of the
basic 1imit for occupational exposure are thus a reference level used for
managing worker exposures; they are not a limit. Variations in the program
should be based on the operating experience, training of the operating people,
age of the facility, type of work that is involved, and any environmental
conditions that could affect the contamination status (i.e., the presence of
ozone, excess heat, chemical fumes that could deteriorate the barrier, or
the presence of sharp objects or rough surfaces that could penetrate the
barriers). Where a mixture of work stations exists in one room, the features
of the program should encompass the requirements of the highest classification
of work station in that room.

The radiation monitoring program shall include documented survey pro-
cedures, a system for maintaining survey results, and contamination control
Timits for "fixed" and "removable" contamination.. The results of contamina-
tion surveys should be reported in activity per area (e.g., dpm/100 cmz).
This permits interpretation of the recorded data without requiring knowledge

of instrument efficiency or geometry.

A1l workplaces shall be monitored for contamination levels on a regularly
scheduled basis. The frequency of such surveys will depend on the potential
for dispersibility of the radioactive material. As a minimum, all gloves,
work surfaces, floors, equipment, etc., within the workplace should be
surveyed according to the frequencies listed below.

e Class A - Daily survey if there is >1 mCi within the work station
- Weekly survey if there is <1 mCi

e (lass B - Weekly survey

e (lass C - Monthly survey
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The change room and other support facilities within the controlled area .

shall be surveyed for contamination daily. Continuous air monitors, step-off
pads, and hand and shoe counters should be surveyed daily or once per shift in
support of the weekly and monthly surveys. These frequent surveys are also
part of the routine surveillance program and permit immediate follow-up if
Tow-Tevel contamination is detected to minimize major incidents. Some fix-
tures and support areas outside the controlled area, such as door knobs and
the Tunchroom, should also be surveyed daily. Other support areas should be
surveyed monthly. If routine survey results are elevated for a given area,
more detailed surveys should be performed to determine the extent of the
contamination. The cause of elevated readings also should be investigated.

In order to preclude the possibility that contaminated waste would be dis-
posed of as ordinary waste, 1) all process and controlled area waste shall be
considered contaminated, and 2) mechanisms shall be established that prevent
the mixing of contaminated and non-contaminated waste.

Release Surveys. DOE 5480.11 (DOE 1988) provides requirements for the
release of materials and equipment for conditioned use in controlled areas.(

a)

Material and equipment shall not be released from radiation areas to con-.
trolled areas if either of the following conditions exist:

e Fixed or removable contamination levels on accessible surfaces
exceed, on the average, 100 dpm/100 cm2 or 20 dpm/100 cm2,
respectively.

e C(Contamination levels on inaccessible surfaces are likely to exceed,
on the average, 100 dpm/100 cm2 fixed contamination or 20 dpm/
100 cm2 rempvab]e contamination based on pribr use of the material
or equipment in the radiation area.

The requirements for unrestricted release of materials and equipment are
found in draft DOE 5400.XX.(b) Material for unrestricted release shall have

(a) As defined in DOE 5480.11 (DOE 1988) a tontrolled area is "any area to
“which access is controlled in order to protect individuals from exposure
to radiation and radioactive materials."
(b) U.S. Department of Energy (DOE). 1988. Radiation Protection of the
Public and Environment. Draft DOE 5400.XX. U.S. Department of Energy,

Washington, D.C. .
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less than 20 dpm/100 cm2 removable transuranic contamination and, on the
average, less than 100 dpm/100 cm2 of fixed transuranic contamination. More
detailed guidance on conditions for unrestricted release can be found in HPSSC
N13.12-1988 (Health Physics Society Standards Committee 1988) and NRC
Requlatory Guide 1.86 (1974).

External Exposure Surveys. Measurements of external exposure should be

made at all Tocations where personnel exposure occurs at the time a program is
established, to delineate the levels involved. Additional photon and neutron
measurements should be made at the same frequency as the contamination surveys
for a Class A facility to identify the buildup of plutonium in HEPA filters

and glove boxes. Glove box exhaust filters should be changed with sufficient
frequency to ensure that the resultant exposure from filter buildup will con-
tribute less than 10% per year to the total exposure of operating personnel.

Airborne Contamination Surveys. Airborne contamination surveys should be

performed for:
e prompt detection of airborne contaminants for worker protection
e personnel exposure assessment
e monitoring of trends within the workplace
e special studies.
Of primary importance is the prompt detection of airborne contaminants.

The rapid, early detection of airborne releases requires knowledge of the
potential sources and characteristics of the airborne material, the locations
of the personnel who are at risk, and the capabilities of the detection
devices. Optimally, the samples shall be taken between the source and the
person to intercept the airborne materials beforé they reach the individual.
With the numerous sources and mobility of the workers, interception under all
conditions is difficult, if not impossible, to achieve. Samples of airborne
materials shall be taken as close to their points of origin as practicable to
maximize the probability of their detection (airborne concentrations are at a
maximum at-their points of origin).

Fixed probes that are positioned to intercept releases from recognized
major potential sources should be used along with portable air samplers for
planned activities with known potentials for airborne release of contaminants
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and for temporary storage of contaminated materials in areas of low air flow. '

[f the workplace exhaust system can be shown to provide rapid, essentially
quantitative clearance of airborne contamination, fixed probes that sample the
exhaust system may be adequate for routine coverage of nonplanned activities.
[f justified by documented studies, other sampling arrangements that provide
improved "total" coverage of the workplace environment for the early detection
of airborne contamination may be used.

Mishima et a].(a) provide additional guidance on airborne contamination
surveys. The document indicates that those responsible for the rapid and
reliable detection of airborne plutonium shall consider the following areas in
evaluating monitoring systems and working environments:

e the source and characteristics of the airborne plutonium released to
the workplace

e the airflow patterns and airborne transport of plutonium in the
workplace

e the location of personnel within the workplace during various
processing procedures

® the location at which the airborne plutonium sample should be
intercepted before the sample is inhaled by workers

e the ability of the system to transport an undistorted sample to the
collection media or measurement device

‘e the collection and retention efficiency of the collection medium

e the efficiency of the measurement device in measuring the plutonium
collected and differentiating the plutonium from other materials
present

e the accuracy and reliability of the system.

Guidance for each area listed above is provided in Mishima et a1.(a)

v

(a) Mishima, J. et al. 1988. Health Physics Manual of Good Practices for
the Prompt Detection of Airborne PTutonium in the WorkpTace. Draft
Report, Pacific Northwest Laboratory, RichTand, Washington.
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Routine Surveillance by a Radiation Protection Technologist. Continuous

radiation monitoring shall be provided during the periods of high or unusual
risk associated with the work in the area. Periods of high or unusual risk
include the potential or actual breaching of the integrity of the glove box or
associated systems, including breaching for maintenance (replacement of
panels, glove changes, bag-out operations, replacement of filters, or repair
of vacuum systems). Work that involves the use of temporary enclosures
(greenhouses) shall be provided with continuous coverage by an RPT,

Monitoring of the Worker

Monitoring the worker is necessary, not only to ensure that a potential
intake is detected promptly and that the resulting internal dose is assessed,
but to ensure the effectiveness of the overall radiation protection program
and confirm the integrity of the engineered containment system.

There are several types of worker monitoring, some during and immediately
following work with radioactive material and some scheduled for a Tater time
at a preset frequency. This section addresses only the methods of monitoring
the worker at the work station. Other methods are discussed in the section
that deals with internal and external exposure controls.

Techniques to monitor the individual worker at the work site include:
e frequent/routine surveys of gloves
-® exit surveys
e nasal swipes
e personal air sampling.

Surveys of Gloves. Instrumentation shall be provided and persons enter-

ing a plutonium work station shall be required to survey themselves at estab-
lished frequencies. As a minimum, workers shall survey their gloves and
coverall sleeves each time they are withdrawn from a glove box (or similar
containment system) and after each glove replacement or bag-out operation.

Exit Surveys. Personnel monitoring for contamination shall be mandatory

at the egress from controlled areas and shall be conducted in a verifiable
manner. Assurance shall be provided that personnel are monitored prior to
breaks, meals, or exists from the plant site. Portal monitors, hand-and-shoe
counters, and/or portable survey instruments may be used for this purpose. If
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employees are instructed to perform self-monitoring, the equipment should be
set up in a "go/no-go" mode and employees shall be clearly instructed in the
required actions to take if predetermined action levels are exceeded.
Frequent audits shall be performed to verify that controls are adequate.
Limiting the number of egress points and controlling personnel movement can
minimize the numbers of locations where positive control of personnel
monitoring must be maintained.

A contamination survey of shoes, clothing, and hands shall be required
prior to leaving a plutonium work station. Following routine work,
self-surveying upon exit usually shall be considered adequate, if the person
has received proper training in the use of the instrument provided. The
instrument shall clearly detect an unacceptable level of contamination.

After performing work that involves a high potential for intake of
radioactive material (where continuous coverage by an RPT has been required),
the RPT shall provide an exit contamination survey of the worker.

Nasal Swipes. After performing work that, in retrospect, involved a high

potential for intake of radioactive material, each worker shall be required to
provide a swipe of the nasal passages, which shall be counted immediately. If
respiratory protection was worn there is no need for nasal swipes unless a
breach of the respirator seal is suspected. If facial contamination is
detected at the exit contamination survey, a nasal swipe should be counted
immediately. Guidance on the actions to be taken if a nasal swipe is positive
can be found in Sections 4.6 and 4.7.

Personal Air Sampling. Radiation protection programs at plutonium and

uranium processing facilities in Europe have effeétive]y used personal air
sampling for the past decade (Jones et al. 1983). Experience in this country
suggests that while this could be very useful, the low flow rate of currently
available models Tlimits their usefulness due to problems in obtaining
representative samples. An evaluation of the relative merits of personal air
samplers was performed by Ritter et al. (1984). The use of personal air
sampling programs should be considered to monitor individuals workers for
exposure to airborne plutonium.
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4.4.3 Protective Clothing

Various types of protective clothing, including laboratory coats, shoe
covers, gloves, coveralls, underwear, plastic or rubber suits, and air-
purifying or atmosphere-supplying respiratory protective equipment, may be
required for operations with transuranic radionuclides. The use of company-
issue shoes and clothing for employees with work assignments in process areas
can be a major aid in contamination control.

As a minimum, personnel who perform operations in controlled areas should
wear coveralls and shoe covers. For inspections or visits, lab coats and shoe
covers may be permissible. When contaminated wet areas are to be entered,
water-repellent (plastic or rubber) clothing shall be worn. No personal outer
clothing should be permitted under coveralls.

Shoe covers or company-issue shoes shall be worn except where wet
operations are involved; in these areas, rubbers or waterproof shoe covers
shall be provided.

Hands shall be protected by a minimum of two barriers, for example, at
least one pair of surgeon's gloves and one pair of glove box gloves. Where
manual dexterity is not required and the work involves a potential for pierc-
ing one or both layers of rubber gloves, leather gloves should be worn over
the surgeon's gloves. Automated methods should be considered for replacing
routine manual methods that have a high risk of piercing the gloves.

Protective clothing should be removed at the radiation zone step-off area
and personnel monitoring for contamination shall be performed. If this is not
practical, strict control of the movement of personnel from the stép—off area
to a location where protective clothing can be removed shall be maintained.
personnel wearing protective clothing shall not be allowed to mingle with
individuals in personal (street) clothing. Protective clothing shall not be
-a1]owed in non-controlled areas such as offices, lunchrooms, control rooms,
etc.

Special Maintenance Requirements

For special maintenance work that involves significant quantities of plu-
tonium, a double barrier concept shall be implemented. An example of minimum
requirements for protective clothing is provided below:
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e two pairs of coveralls (and sometimes a plastic suit)

e canvas boots taped to the inner pair of coveralls, with rubbers over
the canvas boots

e one pair of surgical gloves taped to the inner coveralls, with a
Teather, cotton, or rubber outer pair of gloves

e respiratory protective device with hood taped to respirator.

Respiratory Protection

Respiratory protection shall be readily available. Respiratory protec-
tive equipment should be used for all bag-out operations, bag and glove
changes, and any situation involving a potential or actual breach of confine-
ment. Protection, in the form of air-purifying or atmosphere-supplying
respirators, shall be used whenever concentrations of radionuclides in the air
are likely to exceed the DACs. For good performance, the respirator shall fit
closely on the facial contours and make an impenetrable seal so that all air
enters through the filter or is supplied by the breathing-air supply. ANSI
288.2-1980 (ANSI 1980b) describes qualitative and quantitative tests that
shall be used to ensure that the respirator fits the individual; only the
quantitative test shall be used for verification of respirator fit at
plutonium facilities. Respirator fit tests shall be performed annually.
Respirators shall be approved by the National Institute of Occupational Safety
and Health (NIOSH).

The approved, full-face, high-efficiency-filter, air-purifying respirator
may have a maximum protection factor of up to 1000 as measured using a quan-
titative fit test on each person. If only a qualitative test is performed, a
maximum protection factor of 100 is permitted. Filter type respirators are
considered ineffective against radioactive materials in gaseous form. In its
Publication 87-11-6, Guide to Industrial Respirator Protection, NIOSH recom-

mends that a protection factor for filter-type respirators be lowered from 100
to 50 (NIOSH 1987).

Full-face, supplied-air respirators have protection factors as measured
on each person but generally Timited to a protection factor of 10,000. The
protection factor for full-face, supplied-air respirators shall be applicable
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for either particulate or gaseous materials, except for those gaseous
materials that may be absorbed through the skin. '

For air concentrations that exceed those permitted by the protection
factor for the respirator used, either an air-supplied hood or a self-
contained breathing apparatus shall be used. Self-contained breathing
apparatuses (positive pressure closed-circuit type) have a protection factor
of at least 10,000 (ANSI 1980b).

Air-supplied hoods are becoming more popular because a fitting is not
required and facial hair does not prohibit their use. Protection factors
greater than 1000 have been determined with air-supplied hoods. Air-supplied
hoods require NIOSH approval.

Half-face respirators should not be used in plutonium facilities because
of the difficulty in maintaining a seal during typical work activities.

The elements of a satisfactory respiratory protection program are
described in ANSI 788.2-1980 (ANSI 1980b). Some of the features that are
important to plutonium facilities are described below.

e All respirators and filters shall be tested for adequate performance
prior to their use.

e Individual fit tests shall be performed. If glasses are worn by the
individual, respirator glasses shall be purchased and worn
during the fitting.

e After each use, respirators shall be retested for proper operation,
surveyed to ensure that they are not contqminated, and sterilized
prior to reuse.

e Employees who use respirators shall receive training in the per-.
formance features of the respirators'and how they shall be used.
Emphasis shall be given to proper donning of the respirators and
testing for a good face fit after donning the respirators.

»

e C(Care shall be taken to ensure that every air-purifying respirator is
equipped with a filter and that every atmosphere-supplying respi-
rator is used with approved air supplies. (Serious accidents have
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resulted when respirators were used with filters not in place or

when atmosphere-supplying respirators were connected to improper
supplies.)

e Standard fittings that meet the recommendations of national
standards groups shall always be used. However, fittings for
personal breathing air equipment shall be unique to the personal
breathing air equipment and shall not fit any other gas supplies in
the facility.

e A1l respirators whose performance is suspected to be defective
shall be removed from service.

4.5 CRITICALITY SAFETY

The health physicist staff should also have a basic understanding of pro-
gram structure, engineering criteria, and administrative controls as related
to nuclear criticality safety. However, the health physicist's primary
responsibilities with regard to nuclear criticality safety include emergency
instrumentation and emergency response. The health physics staff should be
knowledgeable in the following areas: '

e criticality alarm systems, including alarm design parameters, types
of detectors, detector area coverage, alarm set-points, and basic
control design

e postulated criticality accidents, including information on types of
criticality accidents (e.g., burst, multi-burst)

e magnitude of accidents (number of fissions, neutron flux, energy
distribution, fission gamma rates, and potential fission gas
release)

e Jocations and scenarios for designing the fixed nuclear accident
dosimetry program and formulating plans for emergency response.

The health physics staff shall maintain®an adequate monitoring capability
~for a nuclear criticality accident. In addition to the criticality alarm
systems and the fixed nuclear accident dosimeters, remotely operated high-
range gamma instruments, personal alarming dosimeters for engineering
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response/rescue teams, neutron-monitoring instrumentation (in case of a
sustained Tow-power critical reaction), and an air sampling capability for
fission gases shall be maintained.

The health physics staff shall assure that emergency response personnel
are trained in quickly identifying criticality situations and potential
additional hazards. Response personnel must be able to quickly determine the
type of criticality, the difference in exposure hazard, and the methods for
quickly estimating exposure levels for rescue or mitigation of the incident.
The health physics staff also shall provide support to medical personnel in
treatment of exposed/injured workers.

For additional information on critical safety requirements and guidance,
the reader is referred to DOE 5480.5, Safety of Nuclear Facilities (DOE
1986b), ANSI/ANS 8.3-1986, Criticality Accident Alarm Systems (ANSI 1986),
ANSI/ANS 8.1-1983, Nuclear Criticality Safety in Operations with Fissionable
Materials Outside Reactors (ANSI 1983), and ANSI/ANS 8.19-1984, ANS Adminis-
trative Procedures for Nuclear Criticality (ANSI 1984).

4.6 INTERNAL DOSIMETRY AND EXPOSURE CONTROL

Internal dosimetry is an essential part of a quality health physics
program at every facility where plutonium is handled or processed. The
purpose of an internal dosimetry program is to monitor workplace activities,
to assess accidental or inadvertent intakes of radioactive material, and to
conduct internal dose assessments from biocassay measurement data.

It is DOE policy that facilities are designed and operated to prevent
intakes of radioactive materials. Radio]ogica]icontro]s for the workplace
should ensure that radionuclides are contained and handled properly, and that
intakes, if they occur at all, are negligible to the extent achievable with
state-of-the-art technology.

Internal exposure to radionuclides may occur, however, as the result of
inadvertent intakes of radioactive material. Experience has shown that the
most common route for inadvertent plutonium deposition in man is by
inhalation. Intakes may also occur by accidental ingestion or by wound
contamination. Surveillance programs should be designed to rapidly detect a
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release in the event of a loss of radioactive material containment. Internal
dosimetry programs should be tailored to the needs of each plutonium handling ‘
facility so that inadvertent intakes are discovered and quantified, and the

worker's effective dose equivalent is determined by appropriate methods.

When workers are inadvertently exposed to radioactive material,
appropriate corrective action should be taken to ensure that control and
containment have been re-established. To control occupational exposure, an
early assessment of probable severity, preferably within the first two hours
of the intake, is desirable to facilitate a decision on decorporation therapy.
Preliminary assessment of severity (based on estimates of probable intakes) is
necessary to provide guidance to both the medical professionals involved and
to the employee. The probable severity of each suspected intake is to be
evaluated as soon as possible using whatever data are available. Examples of
such data that may be of use in specific cases include:

e a description of the internal exposure scenario
e air concentration and exposure duration

e skin and clothing contamination

e nasal or saliva smears '

e direct (in vivo) bioassay measurements

e indirect (in vitro) bioassay measurements.

4.6.1 Performance Capabilities for Internal Exposure Monitoring

The requirements in this section define the minimum capability for
internal exposure monitoring programs. Internal exposure monitoring programs
should include both prospective monitoring and retrospective monitoring and
dose assessment.

The objectives of the prospective monitoring program are to verify the
integrity of the process containment and to detect inadvertent releases of
radioactive materials in the workplace. Prospective monitoring should also
indicate possible intakes of radionuclides by workers. The objective of the
retrospective monitoring program is to follow up with measurements of radio-
active material in the body and in samples of excreta collected from workers
with known or suspected intakes so that appropriate dose assessment may be
performed. Retrospective monitoring also involves measurements to confirm a
suspected intake of radioactive material, to identify radionuclides involved, .
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to quantify the magnitude of confirmed intakes, to verify biokinetic

models used with bioassay data to estimate intakes, and to document the annual
effective dose equivalent and the committed effective dose equivalent received
by the worker from such intakes.

Performance Capabilities for Workplace Monitoring Programs

(Prospective Monitoring)

Programs for prospective monitoring of the workplace should be designed
and operated to detect potential intakes of radioactive materials by workers
that could result in a committed effective dose equivalent of 100 mrem,
considering all occupationally derived radionuclides to which the individual
may be exposed during the year in the workplace. The primary method of
monitoring the workplace is air monitoring (Sections 4.2.2 and 4.4.2).
However, prospective bioassay measurements may complement the air monitoring
program.

In the design and evaluation of the monitoring required to meet DOE
5480.11 (DOE 1988), the specific characteristics of the contaminants potenti-
ally involved should be considered, including radionuclide composition,
particle size distribution, potential modes of intake, transportability from
the lung to other organs, and absorption into the systemic circulation. If
such information is not available, assumptions based on conservative evalua-
tion of facility operations and recommendations of advisory groups such as the
NCRP and the ICRP should be applied. The most current ICRP guidance on
plutonium behavior in the body may be found in ICRP 48 (1986). The ICRP
models were primarily designed for prospective radietion protection planning.
The average systemic compartment partitioning and clearance half-times for
plutonium given in ICRP 48 are shown in Table 1.7. No generalized model is
appropriate for retrospective dose assessment when specific data are
available.

If a release of radioactive material is detected that could result in an
intake delivering a committed effective dose equivalent of 100 mrem or more,
then workplace monitoring results should be used initially to estimate intakes
by the workers involved.
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[t is difficult to meet the above performante capabilities for some ' ‘

radioactive materials such as enriched uranium oxides, thorium oxides, and
insoluble transuranics. If the performance capabilities cannot be achieved,
the following should be applied in Tieu of the above requirements:

® The best practicable (state-of-the-art) prospective monitoring
capability should be used.

e Internal exposures should be prevented by enhanced facility design,
operation, controls, and personnel protection equipment.

® Exposure control measures should be documented for auditing
purposes.

Performance Capabilities for Individual Dose Assessment

(Retrospective Monitoring)

Performance capabilities for retrospective monitoring and dose assessment
are specified in terms of the internal component of the annual effective dose
equivalent. The minimum detection capability does not include contributions
from external dose, and therefore as a minimum, the measurements used to
assess and document internal dose should be capable of confirming and
assessing:

1. exposures that could result in an annual effective dose equivalent
in excess of 100 mrem from all intakes of radionuclides occurring
during the calendar year

2. the presence of radionuclides in the body from all previous intakes,
irrespective of the year of intake, that would deliver an annual
effective dose equivalent in excess of 500 mrem.

If these retrospective performance objectives cannot be achieved, the
organization responsible for radiation protection should take administrative
action to:

® ensure that additional control measures are applied to prevent
intakes of radioactive material

e document these additional control measures for auditing purposes
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e upgrade bioassay measurement systems and air monitoring equipment to
provide state-of-the-art measurements

e ensure that the best technology is available for internal dose

assessments.

A1l confirmed occupational internal exposures, regardless of magnitude,
should be assessed. The results of all bioassay and other measurements needed
to support the quality of measurements and dose assessment should be recorded
and maintained. Recording and reporting requirements for internal dosimetry
data are set forth in DOE 5480.11 (DOE 1988) and DOE 5484.1 (DOE 1987a). Fur-
ther guidance on recording and reporting is given in Guide to Implementation

(a)

of DOE Orders for Internal Dosimetry.

The assessed calendar year effective dose equivalent resulting from
intakes of radionuclides during the year, based on confirmed bioassay meas-
urements, should be recorded. With respect to evaluating conformance to
occupational exposure limits, DOE 5480.11 (DOE 1988) requires provisions for
assessing the annual effective dose equivalent for as long as the annual
effective dose equivalent is 10 mfem or greater. Separate recording of the
calendar year individual organ dose equivalent is not required if it is less
than 100 mrem. However, the dose contribution from all organs must be
considered in the computation of the effective dose equivalent. The committed
effective dose equivalent should be recorded for any confirmed intake.

4.6.2 Protection of the Unborn, Minors, and Students

Additional administrative controls to protect the unborn should be
established for radiation workers who have declared their pregnancy. Enhanced
control of internal exposure to minors and students should be exercised
because the effective dose equivalent limits for these individuals are the
same as for the general public.

4,.6.3 Guidelines for Establishing Internal Dosimetry Programs

The need for an internal dosimetry program is determined by the potential
for plutonium intakes and the associated risks to health. An internal

(a) Currently in preparation by the DOE Expert Group on Internal Dosimetry.
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dosimetry surveillance program is required for all work with unencapsulated
plutonium. The type of surveillance procedures used to monitor the workplace
and the type and frequency of bioassay measurements chosen should be based on
the previously discussed performance capabilities for workplace monitoring
programs and the probability of inadvertent releases that could result in
intakes by workers.

The internal dosimetry program should include the following:

® internal exposure surveillance to ensure that engineered confinement
(Section 3.4.3) and facility monitoring programs (Section 4.4) are
effective and that there is no evidence of a loss of control

e intake detection and assessment capability for prompt evaluation of
accidental intakes

e procedures to ensure that prompt therapeutic measures are taken
following a significant intake of plutonium

® retrospective bioassay measurements to estimate the internal
deposition and determine the effective dose equivalent.

These procedures should verify that engineered safequards and administrative
controls have been effective. A prospective monitoring program should be
implemented even though work involves only encapsulated plutonium. A minimum

program will involve an annual check of the integrity of encapsulated sources.

Bioassay Sample Collection

Bioassay samples or measurements should be classified according to their
primary purpose, as follows:

1. Baseline (pre-employment) bioassay measurements to establish the
individual's status relative to any previous radionuclide intakes.
Such measurements should be made for newly hired employees,
intra-company transferees, and other workers transferring from
facilities where bioassay measurements were also required.

2. Prospective (or "routine") bioassay measurements to detect intakes
of plutonium and other radionuclides. These measurements also may
verify the effectiveness of containment and airborne contamination
monitoring programs.
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3. Retrospective (or "special") bioassay measurements for the assess-
ment of plutonium and its decay products in the body. These
analyses provide an estimate of the intake or deposition of radio-
nuclides for dose calculations and for long-term follow-up and
management of such intakes.

4. Termination bioassay measurements to document the status of
plutonium deposition at time of termination of employment.

Bioassay sample classification is important because the purpose of a
sample may affect the collection method chosen and the subsequent method of
analysis. Single void urine samples, for example, are not adequate for
plutonium exposure control purposes; samples representative of excretion
over a 24-hour period should be collected for intake assessment. The
date of sample collection is also important; however, the specific times
when prospective bioassay samples are collected are usually not important
for plutonium. Time of sample collection may be very important, however,
in the interpretation of retrospective bioassay results.

Appropriate baseline samples and measurements should be obtained from all
newly hired employees who will be working with plutonium and other radio-
nuclides. The results of these measurements should be available and reviewed
before the newly hired employee begins to work with plutonium. Measurements
made by a previous facility upon termination of employment may be acceptable
for this purpose.

Termination bioassay samples and measurements document the amount of
radionuclides being excreted, and may be used in estimating the amounts
deposited in internal organs of a terminating or transferring employee at the
time of separation.

Air Sampling

Air sampling programs should be designed to rapidly detect any inadver-
tent release of plutonium (Sections 4.2.2 and 4.4.2). Air monitoring detec-
tion capabilities should be sufficient to hetect releases of airborne
plutonium, which, if inhaled by a worker, could result in a committed
effective dose equivalent greater than 100 mrem.

4.41




Source Containment

Encapsulation or containment integrity should be verified periodically;
the time interval between checks should be established in the facility's
Quality Assurance and Radiation Protection plans. Containment integrity is
verified by conducting periodic leak tests of the encapsulated source. Plu-
tonium sources with removable alpha contamination greater than 10 pCi/100 cm2
should be considered to be leaking. Appendix A of ANSI N542-1977 (ANSI 1977)
describes several methods that may be used to test the integrity of encapsu-
lated sources.

4.6.4 Prospective Internal Dosimetry Surveillance

Routine internal dosimetry surveillance consists of:

® baseline bioassay measurements to establish the status of employees
relative to previous intakes

® routine measurements of surface contamination in the workplace

® continuous air monitoring to evaluate the potential for intakes of
plutonium

® prospective bioassay measurements to detect inadvertent intakes of
plutonium.

The first step in the design of a prospective surveillance program is to
characterize the potential for intakes of plutonium and other radionuclides
that may be present in the facility. Considerations should address the
following:

1. radionuclide descriptions, including
a. range of activities
b. mixtures of plutonium isotopes

241Am)

c. plutonium daughters (such as
d. other radionuclides
2. chemical and physical form descriptionsy including
a. chemical forms of plutonium
b. expected Tung clearance rates
c. physical forms of plutonium
d

particle size distributions
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3. evaluation of intake mechanisms, including
a. possible routes of intake
b. activity dispersal mechanisms
c. intake rate (acute or protracted).

The second step is to maintain a quality program for routine measurement
of the workplace, such as surface contamination monitoring, air sampling, and
continuous air monitoring. The results of these measurements should be used
to indicate when retrospective bioassay measurements are needed. The routine
bioassay measurements program should show that workplace measurements are:
effective in identifying conditions that result in confirmed intakes of
plutonium. '

Workplace Measurements

Levels of surface contamination, airborne radioactivity, skin contamina-
tion, and nose swipe activity that are expected to result in a committed
effective dose equivalent of 100 mrem to a worker should be determined. When
these levels are exceeded, the individuals involved should be placed on a
retrospective bioassay program. Surface contamination monitoring, air
sampling, continuous air monitoring, and surveys of skin and clothing of
workers should be performed routinely or whenever necessary to determine the
effectiveness of radiological control efforts.

Surface Contamination Monitoring. Rooms and work areas in plutonium

facilities occupied by workers should be surveyed routinely for removable and
fixed plutonium contamination using alpha survey meters. Section 4.4.2

provides detail on surface contamination monitoring, including classification
of work stations, survey procedures, survey frequencies, and release surveys.

The amount of removable contamination may be related to airborne
contamination using resuspension factors. Resuspension factors are dependent
on the type of surface contaminated, such as smooth paint, rough concrete, or
porous wood, and on the nature of activities taking place in the room or area
measured. There are presently no well-established contamination-control
levels that, when exceeded, will require follow-up bioassay measurements.
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Each facility should determine the relationship between. surface contamination .

Tevels and the probability of a resulting intake to determine trigger levels
for initiating retrospective bioassay.

Air Sampling and Continuous Air Monitoring. Rooms or work areas that

contain plutonium in unsealed form should have air sampling and continuous air
mohitdring systems if there is a potential for internal exposure that could
result in a committed effective dose equivalent exceeding 100 mrem, consider-
ing all radionuclides to which the individual is potentially exposed during
the year.

The results of air sampling and continuous air monitoring should be used
to initiate retrospective bioassay to assess intakes of plutonium (greater
than 40 DAC-h for the year from all radionuclides). Analyses should be made
and documented to determine the degree to which air sampling and continuous
air monitoring results are representative of air breathed by individuals
(Mishima et al. 1987) in that area.(a)

Continuous air monitoring and air sampling systems for particulates
should be evaluated to determine the appropriate type of collection filter to
be used, the minimum detectable air concentration, the frequency of filter
change, and the dust-Toading correction factor. This evaluation should be
documented. Room-air exhaust samplers should be isokinetic to insure that a
representative sample enters the inlet of a sampling tube when sampling from a
moving aerosol stream; an isokinetic sampler is one that sdmp]es at the same
velocity as the air stream passing the sampler and is aligned parallel to the
stream. Air sampling system calibration and quality control procedures should
be maintained and reviewed periodically. ‘

[f air sampling and continuous air monitoring cannot provide results that
are reasonably representative of the air concentrations to which individuals
are exposed, a program of breathing-zone air sampling should be initiated.

»

(a) Mishima, J. et al. 1988. Health Physics Manual of Good Practices for
the Prompt Detection of Airborne PTutonium in the Workplace. Draft
Report, Pacific Northwest Laboratory, RichTand, Washington.
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The air sampling program may include both fixed-location and lapel breathing-
zone air samplers. Breathing-zone air samples are more representative of
actual exposure conditions than are samples collected at fixed locations.
Sections 4.2.2 and 4.4.2 provide further detail on air sampling and monitoring
and include discussion of measurement performance criteria, appropriate
monitoring locations, and use of breathing-zone samplers.

Personnel Contamination. Measurements of contamination on workers may be

useful as indicators of when to perform bioassay measurements. The criteria
used for initiating these retrospective measurements should be documented.

Plutonium contamination on skin surfaces, particularly on the face,
indicates that an intake may have occurred. Contamination in the nostrils may
be detected by gently wiping a cotton swab or other absorbent material on the
inside of each nostril. A separate swab is necessary for each nostril. The
amount of plutonium contamination removed can be determined by alpha counting.

Contamination on protective clothing, particularly the layer of clothing
nearest the skin, may also be useful as an indicator that an intake of
plutonium has occurred. If plutonium contamination is found on the inside of
respirators worn by workers, then bioassay should be initiated immediately.
Procedures for monitoring plutonium contamination on protective clothing and
the inside of respirators should be documented.

Personnel Monitoring and Bioassay Measurements

~ The prospective bioassay program should attempt to meet the previously
discussed performance capabilities for workplace monitoring programs.
Bioassay measurements may be classified as "direct" in vivo counting or
"indirect" excreta analysis. The prospective bioassay program should be
documented.

In Vivo Counting. Direct bioassay (in vivo counting) is the measurement

of radiations emitted from radioactive material taken into and deposited in
the body. Lung, whole body, and wound counting are examples of direct
bioassay. Direct bioassay is appropriate fsr detection and measurement of
photons emitted by plutonium and its decay products.
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Some low-energy x rays emitted by plutonium decay products are energetic
enough to escape the body. When direct bioassay is used, the detection system .
should be calibrated for the radionuclides to be measured and the appropriate

organs. All calibration procedures, calibration records, and quality control

data should be maintained. Retrospective lung counting for plutonium is

discussed further in the section on Tung counting.

In Vitro Analyses. Indirect bioassay is the measurement of radioactivity

in biological material removed from the body, such as urine, feces, blood,
mucus, and biopsy tissue samples. Radioactive material in bioassay samples
is measured by a variety of techniques: Tliquid scintillation counting,
fluorescence measurements, gamma spectrometry, chemical separation followed
by electrodeposition, and counting with radiation detectors. Urinalysis and
fecal analysis for plutonium are further discussed in ensuing sections.

Bioassay results should be used with biokinetic models to estimate
internal dose. Procedures describing details of the bioassay program should
be documented. These procedures should include a description of sample
collection, analysis, calibration techniques, quality control, biokinetic
modeling, and dose calculational methods used.

Selection of Individuals for Prospective Bioassay Programs. A1l indi-

viduals who work with unencapsulated plutonium should participate in the
prospective bioassay program. Other workers who have potential for inadver-
tent intakes by inhalation, ingestion, or entry through the skin should also
participate. The criteria for selection of employees for internal dosimetry
monitoring should be documented.

Bioassay Measurement Frequency. The prospective bioassay measurement

frequency should be based on 1) the potential "missed dose," and 2) the

potential risks associated with internal exposure. The missed-dose concept

refers to the dose that could be "missed" at a given measurement interval.

The pattern of retention of activity in the body, the minimum detectable

amount (MDA) for a bioassay measurement technique, and the frequency with

which that technique is applied define a quantity of intake that could go

undetected by the bioassay program. An intake of such a magnitude would not

be detected if it occurred immediately after a bioassay measurement and if it

were eliminated from the body at such a rate that nothing was detected during ‘
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the next scheduled measurement. The dose resulting from such an intake would
be the "missed dose" for that particular measurement technique and frequency.

Estimates of missed committed effective dose equivalent for each measure-
ment technique should be documented for each measurement frequency and MDA per
sample. Retention functions specific to the various chemical forms and par-
ticle size distributions found in the facility should be used. In addition,
the estimated annual effective dose equivalent missed from intakes of pluton-
jum that might not be confirmed by retrospective bioassay measurement program
should be documented.

The rationale for the selected prospective bioassay measurement frequency
should also be documented. It is appropriate to evaluate the probability of
intake and to modify the sampling frequency based on that probability.

The frequency of bioassay measurements should normally not be decreased
because analytical results are below the detection level. The bioassay pro-
gram should be maintained to confirm the proper functioning of the overall
internal exposure control program, and to document the absence of significant
intakes of radionuclides.

4.6.5 Retrospective Internal Dosimetry Surveillance

Direct (in vivo) and indirect (in vitro) retrospective bioassay capabil-
ities are important for evaluating the worker who has received a potential
intake of plutonium. Retrospective bioassay measurements are made to confirm
positive measurements and to allow for making estimates of the amount of
radioactivity taken into the body or deposited in organs of concern. Because
estimates of initial deposition are based on time-dependent retention func-
tions, the dates and times of sample collection are important information.

The retrospective internal dosimetry program should ensure that all com-
bined intakes resulting in an annual effective dose equivalent in excess of
100 mrem from all radioactive materials are quantified and recorded. The dose
assessment should be based on the isotopic composition, quantity of plutonium
taken into the body, and the chemical and 5hysica1 properties of the material.

For acute intakes, direct bioassay measurements may be taken before and
after the period of rapid clearance of activity. Urine and fecal samples
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collected after known or suspected inhalation incidents may also be used to
estimate the magnitude of the intake. Initial assessment of intakes from
contaminated wounds are based primarily on urinalysis data.

Retrospective bioassay measurement programs for workers with known or
suspected acute inhalation intakes of plutonium or other alpha-emitting radio-
nuclides should include both urine and fecal sampling. Retrospective bioassay
measurements should be initiated for each employee in a contaminated work area
when surface contamination is detected by routine surveillance if it is pos-
sible that the contamination resulted in a committed effective dose equivalent
of 100 mrem or greater. Excreta samples-should not be collected where they
may be contaminated by external sources of plutonium.

A1l employees suspected of having received an intake of plutonium should
be referred for retrospective bioassay measurements. Because a fraction of an
intake by inhalation may be retained in the nasal passages for a few hours
after exposure to airborne radioactive materials, any level of contamination
on a nasal swab is indicative of an intake that should be followed up by a
retrospective bioassay measurement program. Retrospective bioassay should
also be initiated if plutonium contamination is found on the worker in the
vicinity of the nose or mouth.

If a significant intake is indicated, the worker should not be further
exposed to p]utonium. This is particularly important because a small or
recent new intake may confound the interpretation of bioassay measurements for
previous intakes of plutonium. The bioassay measurement program should be
capable of meeting the.performance criteria for bias, precision, and MDA
required by draft ANSI N13.30.(2) ‘

Lung Counting

A plutonium facility should have the capability to detect and assess
depositions of plutonium in the lungs of radiation workers. The major objec-
tive of lung counting is to provide retrospective measurements of suspected

»

(a) Health Physics Society Standards Committee. 1987. Performance Criteria
for Radiobioassay. Draft ANSI N13.30, Health Physics Society Standards
Committee, McLean, Virginia.
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intakes triggered by workplace monitoring results. Lung measurements should
be made to provide an early estimate of the magnitude of the intake and
resulting Tung deposition.

Two methods have been used to detect plutonium in the lung: the L x-ray
method and the americium-tracer method. The L x-ray method is based on the
measurement of L x rays following the decay of plutonium. This method
provides a direct measurement of plutonium. The detection capability of the
method may be on the order of tens of nanocuries for 239Pu and requires an
accurate measurement of the chest wall thickness (because of the large attenu-
ation of the lTow-energy x rays by the rib cage and overlying tissues). Other
problems that complicate the measurement of L x ?ays are 1) the difference in
attenuation in muscle and fat, 2) the possibilitv of nonuniform distribution
of the plutonium in the lung, and 3) interferences from radionuclides in other
organs or from other radionuclides in the Tung.

The americium-tracer method has the advantage of better detection capability
for some mixtures of plutonium. The typical MDA for 241Am lung counting is
0.1 nCi. The americium-tracer method depends on the plutonium/americium
ratio, which must be independently determined or estimated for each intake.
The detection Tevel for this method with a plutonium/americium ratio of 15 is
typically 2 nCi plutonium in the lung. The americium-tracer method also has
the advantage of being less affected by attenuation in the chest wall or by
variations in the muscle/fat ratio. It has the disadvantage of requiring an
estimate of the plutonium/americium ratio, both initially and at long times
241Am as the
Pu, or because americium may naturally clear from the

post intake. This ratio may change over time due to ingrowth of
decay product of 241
Tungs and translocate among internal organs at a rate different than that for

plutonium.

Several different detector systems may be used for lung counting. The
most widely used systems are high-purity germanium detectors, thin sodium-
jodide detectors, phoswich detectors, and proportional counters. Multiple
high-purity germanium detectors have advantages over the other detector
systems because of their good resolution that allows better identification of
the radionuclide, better detectability, and better background prediction
capability. The main disadvantages of germanium detector arrays are their
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higher cost relative to other types of in vivo detectors, and their lower .

reliability. Germanium detectors also must be continuously cooled with 1iquid

nitrogen.
Urinalysis

Urine sampling provides useful information about the amount of plutonium
excreted following an intake. After chemical isolation, the plutonium in
urine samples may be determined by alpha spectrometry (gas-flow proportional
or surface-barrier detection), alpha counting (zinc sulfide or liquid scin-
tillation counting), or track counting. Analytical procedures for in vitro
measurement of plutonium and other radionuclides have been published (Volchok
and dePlanque 1983; Gautier 1983).

Urine samples should be collected away from the plutonium facility to
minimize cross-contamination. Samples should be collected in contamination-
free containers; measures should be considered for minimizing plateout on
walls of container surfaces (such as by addition of trace amounts of gold,
oxalate, or nitric acid).

Fecal Analysis

Fecal analysis is a useful procedure for evaluating the excretion of
plutonium and many other radioactive materials because more than half of the
material deposited in the upper respiratory tract is cleared rapidly to the
stomach and GI tract.

The total fecal plus urinary elimination for the first few days after
exposure, combined with in vivo counts that might be obtained, may provide the
earliest and most accurate assessment of intake. ' Fecal samples taken during
the second and third day after an inhalation incident are likely to provide
the most useful data because the gastrointestinal hold-up time may vary from a
few hours to a few days.

Fecal sampling is primarily a retrospective monitoring procedure for
confirming and evaluating suspected intakes,,but is used at some plutonium
facilities for prospective monitoring as well. Workers may find fecal
sampling unpleasant or objectionable, and laboratory technicians may also have
aversion to fecal sample analysis. Some of these problems may be minimized if
commercial fecal sample collection kits are used for convenient collection and
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handling of samples (Fisher et al. 1982). Collection kits also provide a
means for collecting uncontaminated samples. Fecal samples may require addi-
tional sample preparation prior to analysis.

Wound Counting

Measurement equipment to detect and measure plutonium contamination in
wounds should be available at all plutonium facilities. Instrumentation used
for this purpose may include thin-crystal NaI(T1), intrinsic germanium, or
Si(Li) detectors. The detection level for plutonium wound measurements is

typically 0.1 nCi for 23°

Pu. Correction for depth due to absorption of
photons in the overlying tissues should be considered. Collimated detectors

are useful for determining the location of the plutonium in wounds.

Estimates of the depth of plutonium contamination in a wound may be made
using solid-state germanium (GelLi) or silicon (Si[Li]) detectors to measure
the relative absorption of the low-energy x rays emitted by plutonium.
Information about depth is important for determining whether tissue excision
is necessary to remove the contamination.

4.6.6 Indicators of Intake

The health physicist must make important decisions for prompt action at
the site of an accidental or suspected intake of plutonium or other
radioactive materials. Often these decisions must be based on limited data.
Information that may be available for initially estimating the amount and type
of intake may include the following:

e Jlevels of measured contamination in the work area

e skin contamination levels, the affected skfn areas, and whether or
not the skin is damaged or punctured

wound contamination levels
e chemical form of the material involved
e results of air monitoring v
e nasal smear activity levels

e sputum and/or mouth contamination.
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The retrospective monitoring program is initiated following a known or
suspected intake. This information is needed for dose assessment and future
exposure management. The intake is confirmed if follow-up bioassay measure-
ments indicate positive measurement results. Additional bioassay measurements
may be needed to quantify the intake and provide data for determining the
effective dose equivalent. The frequency of bioassay monitoring will depend
on the specific case to be evaluated. Selection of the appropriate sampling
frequency is based on the previously discussed performance capabilities for
workplace monitoring program, consultations with internal dosimetry special-
ists, and the cooperation of the affected employee.

4.6.7 Estimating Intake from Bioassay Measurements

Biokinetic models may be used with bioassay data to evaluate the intake,
uptake, and retention of plutonium in the organs and tissues of the body.
Intake assessments may then be used to calculate committed and annual
effective dose equivalent.

Methods for Estimating Intake

There are several published methods for estimating intake from bioassay
data (Skrable et a].(a); Skrable 1983; King 1986; Johnson and Carver 1981).
These methods each employ an idealized mathematical model of the human body
showing how materials are retained in and excreted from the body over time
following the intake. An intake retention model is a simplified mathematical
description of the coﬁp]ex biokinetics of a radioactive material in the human
body. These models are used to predict the fraction of an intake that will be
detected in whole body or chest measurements and in urine or fecal samples.
Intake retention models consist of an uptake reténtion model that relates
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